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Abstract. On the occasion of the 130th anniversary of the outstanding Russian scientist Nikolai Nikolaevich Semenov, the
winner of the Nobel Prize in Chemistry in 1956, the main milestones of his biography are described and the main scientific
achievements are shown. N.N. Semenov is the discoverer of chain reactions in chemistry, the creator of the theory of chain
processes, the theory of branched chain reactions, and the law of the increase in the concentration of active centers over
time. From 1931, N.N. Semenov created and continuously led the Institute of Chemical Physics for 55 years; now the
institute bears his name. The research and administration work of N.N. Semenov and his personal qualities are described.
The paper presents materials about N. N. Semenov preserved at the International Nobel Information Center, which has
been honoring the scientist’s memory for half a century. It also provides detailed information about Semenov’s nomination
for the Nobel Prize in Chemistry, as well as the people he himself nominated for the award.
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AnHotranus. K 130-nmetuio BeIgaromerocsi oredecTBeHHOro ydeHoro Hwuxonas Hukomaesmua CemEHoBa, naypeara
HoGeneBckoii mpemun mo xuMuu 1956 rona, onucaHbl OCHOBHbIE BeXu ero Ouorpaduu u 1mokasaHsl IVIaBHbIE Hay4HbIE
noctiokenus. H. H. CeMEHOB — nmepBOOTKpHIBATENbh LEMHBIX PEaKIMi B XUMMHU, CO3/aTeNlb TEOPUH LEMHBIX MPOIECCOB,
TEOPUH Pa3BETBICHHBIX LIEMHBIX PEAaKLMH, 3aKOHA POCTa KOHLEHTPAIMM aKTUBHBIX LIEHTpOB co BpemeHeM. C 1931 r.
H. H. CeménoB co3zan n 6eccMEeHHO pyKOBOIMA MHCTHTYTOM XUMHYECKOH (DU3UKH B T€UEHHE 55 JIeT; HbIHE WHCTHUTYT
HocuT ero umMda. OnucaHa Hay4dHO-opraHu3anuoHHas JestenbHocTs H. H. CeménoBa, ero nuunble kauecTBa. IlokazaHsbl
marepuaisl 0 H. H. CeménoBe B Mexxaynapoanom Mudopmarmonnom HoGenesckom LleHTpe, KOTOPHBIH MOJIBEKAa XpaHUT
naMaTe 00 ydeHoM. JletasbHO packpbIThl cBejeHus o HomuHupoanun H. H. CeménoBa Ha HoOeneBckyio mpemuro mo
XHMMUH, a TAK)KE CBEACHUSI O TOM, KOTO OH CaM BBIIBUTAI HA 3Ty MIPEMHIO.
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Fig. 1. N.N. Semenov.
A gift from N.N. Semenov to the author
of the article in 1975

Fate gifted the author with the immense joy of
communicating with legendary Nikolai Nikolaevich
Semenov (Fig. 1), whom he met repeatedly, first in
1975, when Academician I.L. Knunyants introduced
us. The great scientist, founder of a new branch of
science - chemical physics - twice Hero of Socialist
Labor, Nobel Prize laureate, holder of the Lenin and
State Prizes, and Academician Nikolai Nikolaevich
Semenov turns 130 on April 15.

Nikolai Nikolaevich Semenov was born on April
3(15), 1896, in Saratov. After leaving school in 1913,
he enrolled in the physics department of the physics-
mathematics faculty at St. Petersburg University,
where he studied under the renowned Russian
physicist Abram Fedorovich loffe (1880—1960). After
graduating from Petrograd University in 1917,
Semenov worked as an assistant at the physics faculty
of Tomsk Technological Institute and the university
from 1918 to 1920. In 1920, he returned to Petrograd,
where he was appointed head of the laboratory of
electronic phenomena, and from 1922 to 1927 served
as deputy director of the State Physico-Technical
X-ray Institute (SPTXI). In 1926, he was sent to
Germany, England, and France to familiarize himself
with the leading physics laboratories, and in 1927 he
became the head of the physico-chemical sector of
SPTXI, on the basis of which the Leningrad Research
Institute of Chemical Physics of the USSR Academy
of Sciences (LRICP) was established on October 15,
1931. N.N. Semenov was appointed director of the
institute, holding the position for 55 years (in 1943,

the Institute of Chemical Physics (ICP) of the USSR
Academy of Sciences — ICP - relocated to Moscow,
settling on Vorobyovy Gory, where it continues to
operate today). In 1972, N.N. Semenov revived the
institute laboratory of chain processes and personally
headed it.

N.N. Semenov's entire life in science was
connected with the Academy of Sciences. When he
was elected a full member of the USSR Academy of
Sciences, he was only 36 years old! N.N. Semenov
was a member of the Bureau (1946-1957) and
Academician-Secretary (1957-1963) of the Chemical
Sciences Division of the USSR Academy of
Sciences, and Vice President of the Academy from
1963—-1971. For nearly 30 years (from 1957 until his
death), N.N. Semenov served on the Presidium of the
USSR Academy of Sciences, working on many of the
Academy's councils, sections, and commissions,
including those on free radicals, macromolecular
compounds, philosophical issues of modern natural
science, the physicochemical foundations of
producing new heat-resistant inorganic materials,
chemical engineering, and biological sciences, among
others.

N.N. Semenov completed his first two scientific
papers, “On the Collisions of Slow Electrons with
Molecules” and “On the Theory of the Passage of
Electricity through Gases”, under the supervision of
A F. loffe and published them in 1916 in the Journal
of the Russian Physical-Chemical Society.
After 1922, the young scientist's publications began
to appear regularly in Soviet and foreign journals.
N.N. Semenov's (1921-1926) physical research
focused on three areas: electric fields, molecular
physics, and electronic phenomena. To explain
phenomena observed in experiments on the oxidation
of phosphorus vapor with oxygen, which were
incomprehensible from the standpoint of classical
concepts of transformation mechanisms,
N.N. Semenov in 1926-1927 proposed the theory of
branched chain reactions: if the number of chain
branches exceeds the number of terminations, the
reaction accelerates sharply, leading to ignition of the
mixture of reactants, i.e., a ‘“chain explosion”.
The scientist developed a rigorous theory of chain
termination on the walls and in the volume of
a reaction vessel, establishing that the reaction rate is
proportional to the square of the vessel diameter or
the first power of the pressure within it. He then
discovered limiting phenomena in the oxidation of
sulfur, hydrogen, carbon monoxide, carbon disulfide,
and other vapors, demonstrating the prevalence of
chain reactions in inorganic chemistry. Based on
experimental results, he developed a general theory
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of chain chemical reactions and discovered the law of
increasing concentration of active centers over time.

In 1934, N.N. Semenov's fundamental
monograph, “Chain Reactions”, was published, in
which he described his discoveries in detail (Fig. 2).
From that time on, chemical physics emerged [1-6].
In 1956, N.N. Semenov, the first Soviet scientist, was
awarded the Nobel Prize in Chemistry (which he
shared with the English scientist S.N. Hinshelwood)
"for his research into the mechanism of chemical
reactions." Speaking in Stockholm after receiving the
Nobel Prize, N.N. Semenov said: “Natural
phenomena know nothing about the fact that we have
dividled our knowledge into sciences... Only
a comprehensive examination of phenomena from the
point of view of physics, chemistry, mechanics, and
sometimes biology will allow us to recognize their
essence and apply them in practice...” [7].

In 1951, N.N. Semenov proposed a chain
mechanism for processes occurring on the surface of
solid catalysts. Since 1955, problems of controlling
homogeneous and heterogeneous catalysis of chain
reactions have played a significant role in his work.
However, within two decades, this area of research
gave way to the kinetics of combustion and
explosions. From 1958, N.N. Semenov intensively
pursued research in molecular biology and
biochemistry, particularly the kinetics of biological
processes. In 1967, he was the first in the world to
clearly formulate and substantiate the problem of
preserving, protecting, and improving the quality of
natural waters as one of the most important in modern
science. In the 1970s, on N.N. Semenov's initiative,
the Institute of Chemical Physics (ICP) began
research on chemical bionics (an idea conceived in
1960) — applying the principles of enzymatic catalysis
to carry out new catalytic reactions (photosynthesis,
nitrogen fixation, etc.) using solar energy.

Jwas Wl Comonos
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Fig. 2. Cover of N.N.Semenov's monograph, 1934

From 1944 until the last years of his life,
N.N. Semenov headed the Department of Chemical
Kinetics at the Faculty of Chemistry at Moscow State
University. From 1951 to 1957, he simultaneously
headed the department at the Moscow Engineering
Physics Institute, and from 1957 to 1959, he was
a professor in that department. His talent as a teacher,
scientific advisor, and director is widely recognized.
He created the largest, world-renowned scientific
school in chemical physics and trained a whole
galaxy of Soviet kineticists, including academicians,
corresponding members, doctors, and candidates of
science.

In December 1960, at the regular Pugwash
Conference in Moscow, N.N. Semenov delivered
a brilliant report, clearly and unambiguously entitled:
Eliminating Wars from the Lives of Nations. Using
simple mathematical equations, he clearly
demonstrated that the longer the time between the
start and end of disarmament, the greater the danger
of war. N.N. Semenov's participation in the Pugwash
movement of scientists was only one aspect of his
work aimed at averting the threat of nuclear war from
humanity.

Even in the last years of his life, N.N. Semenov
remained a scientific enthusiast, a creative individual
distinguished by boundless energy. He was tall and
lean, enjoyed hunting and gardening, and was
passionate about architecture, theater, music, and
painting. He was kind, sympathetic, easy to talk to,
and accessible to anyone who needed his advice, as
the author of this article repeatedly witnessed during
visits to his office at the Institute of Chemical Physics
or to his home. A scientist must always remember
that neither rank, nor age, nor scientific merit should
have any significance in their scientific
communication with students, no matter how young
they may be. When I think of Nikolai Nikolaevich
Semyonov, the same thought always comes to mind:
the most important thing in a scientist's personality is
not so much what he accomplished himself (after all,
others would have made the discoveries), but what he
gave to others — students, colleagues, friends, and
simply ordinary people (Fig. 3).

In April 1986, during the celebration of the great
scientist's 90th birthday, we spent four hours talking
at his home on Frunzenskaya Naberezhnaya. Nikolai
Nikolaevich talked at length about his life, the
difficulties of developing chemical physics, his
involvement in the Soviet atomic project, and his
meetings with scientists. Ashtrays were scattered
throughout his office, as N.N. Semenov smoked
almost nonstop, lighting one Novost cigarette after
another. When the author of the article dared to
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Fig. 3. Portrait of N.N. Semenov by the artist A.M. Shilov

say: “Nikolai Nikolaevich, you smoke a lot. You
know that carcinogenic substances form at the phase
boundary in a cigarette; it's a classic chain reaction...”
The great scientist listened calmly and then sternly
replied: “You, son, first live to be 90, and then you
can talk about the dangers of smoking!” This phrase
stuck with me for life. Nikolai Nikolaevich Semenov
died on September 25, 1986, in Moscow at the age
of 90. He is buried at the Navodevichy Cemetery

(Fig. 4).

Fig. 4. N.N. Semyonov's grave at Novodevichy Cemetery.
Photo by the author in April 2006

The International Nobel Information Center
(INIC) has been preserving the memory of our great
scientist for half a century. The Nobel Scientific
Library, the Nobel Museum, and the INC archives
contain a vast amount of material on the life and
work of N.N. Semenov (Figs. 5, 6) [8-11].
It is significant that Nikolai Nikolaevich read,
corrected, and personally endorsed the author's first
anniversary article about him in April 1976 [8].
Numerous books and articles have been written about
him [9-16].

From the now-declassified materials of the
Nobel Committee in Chemistry for 1901-1974:
It became known that N.N. Semenov was nominated
for the Nobel Prize seven times: in 1946 by the
English physical chemist S.N. Hinshelwood; in 1947
and 1948 by the Swedish physical chemist
T. Svedberg, winner of the 1926 Nobel Prize in
Chemistry; in 1950 by S.N. Hinshelwood again; in
1955 and 1956 by the Swedish professor L.G. Sillen.
The only nomination from the USSR, from
Academician A.P. Vinogradov, arrived in Stockholm
late and was therefore only taken into account in
1957, when N.N. Semenov had already become
a Nobel Prize laureate after six nominations!

It is interesting that N.N. Semenov himself
nominated 13 Nobel Prizes by 1974: twice in physics
(1957 — P.L. Kapitsa; 1964 — E.K. Zavoisky and
K.Ya. Gorter from the Netherlands), 11 times in
chemistry (1964 — A.P. Vinogradov and A. Holmes
from Great Britain, then A.N. Frumkin, and
M. Volmer from Germany; 1965 — A.N. Frumkin and
M. Volmer, then A.P. Vinogradov and A. Holmes;
1967 — AN. Frumkin; 1968 — A.N. Frumkin,
American B. Lewis and Ya.B. Zeldovich; 1970 —
N.M. Emanuel; 1971 — N.M. Emanuel; 1972 -
A.E. Shilov and M.E. Volpin; 1973 — N.M. Emanuel,
1974 — N.M. Emanuel, A.E. Shilov and
M.E. Volpin).
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Study of evolution and phase formation at the 08Cr18Nil10Ti-AIMg6
weld interface after explosive welding and heat treatment
via layer-by-layer XRD analysis
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Abstract. The phase evolution in the joint zone of the 08Cr18Nil0Ti—AIMg6 bimetal obtained by explosive welding
followed by isothermal annealing at 500—550 °C was investigated using the method of layer-by-layer XRD analysis. It was
established that after explosive welding, a metastable quasicrystalline phase, AlggFej4, forms in the near-surface layers.
This phase decomposes during isothermal annealing, leading to the formation of equilibrium intermetallic compounds
AlsFe; and Alj3Fes. Additionally, after annealing, the formation of a ternary phase, CrpMg3Al;g, is detected, indicating
the activation of diffusion interaction between the components of the steel and the aluminium alloy. Thus, a sequential
evolution of the phase composition in the joint zone after explosive welding and thermal exposure is demonstrated.
The results obtained expand the understanding of the mechanisms of phase formation and diffusion processes at the joint
interface in the 08Cr18Nil0Ti—AlIMg6 bimetal during explosive welding, as well as the influence of thermal exposure on
phase evolution.
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AHHOTanusi. MeToIoM THOCIIOWHOrO peHTreHoCTpyKTypHoro ananu3a (PDA) uccnenoBana (azoBasi SBOJIOLHUS B 30HE
coequaenus ommerammia ctanb 08X18H10T-AMr6, noiay4eHHOr0 CBapKOW B3PHIBOM, C MOCTEIYIONIUM H30TEPMHUYECKIM
omkurom npu 500-550 °C. YcraHOBICHO, YTO TMOCHE CBAapKH B3PHIBOM B MPHUIIOBEPXHOCTHBIX CIOSX (opMupyercs

MeTacTaOWiIbHas KBasWKpucTauimdeckas (aza AlggFers, KoTOpas pacmamaercss NpU  H30TCPMUYECCKOM  OTXKUTE
¢ o0pa3oBaHKEM PaBHOBECHBIX HHTepMETaTHueckux coequnenuii AlsFey u AljzFes. Takke mocie oxura Gukcupyercs
dopmupoBanue TpoiHoit (assl CryMg3Aljg, uTo cBuAeTenbcTBYeT 00 akTUBH3aLuK AW(G(GY3MOHHOTO B3aUMOJACHCTBUS
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KOMITOHEHTOB CTaJlil M AJIIOMHHHEBOTO cCIUIaBa. TakuMm o0pa3oM, NOKaszaHa IOCIeAoBaTeNbHas SBOJIOLUS (Ha30BOro
COCTaBa B 30HE COCMHEHUS IOCIIE CBAPKH B3PBIBOM M TEPMHYECKOTO BO3ACHCTBU. [1oydeHHBIE pe3ysIbTaThl PaCIIUPSIOT
MPEICTaBICHUS O MeXaHm3Max (pa3oo0pazoBaHMS U IUQPQPY3NOHHBIX MPOIECCOB HA TPAHUIE COCTUHEHHUS B OMMeETalIe
cranb 08X 18H10T-AMr6 npu cBapke B3pHIBOM, a TAK)KE O BIUSHUN TEPMUUECKOTO BO3ACUCTBUS Ha IBOJIONHNIO (pas3.

KioueBbie cioBa: cBapka B3pbIBOM; (a3oBoe m3meHeHme; ctamb 08X18HI0T; cruraB AMro6; mocnoiiublit PDA;

PEeKpHUCTAIUIN3AIIHNS.

s murupoBanusi: Malakhov AYu, Kovalev DYu, Seropyan SA, Niyozbekov NN, Denisov 1V, Saikova GR. Study of
evolution and phase formation at the 08Cr18Nil0Ti-AIMg6 weld interface after explosive welding and heat treatment via
layer-by-layer XRD analysis. Journal of Advanced Materials and Technologies. 2026;11(2):104-117. DOI: 10.17277/jamt-

2026-11-02-104-117

1. Introduction

Aluminium alloys are widely used in aircraft,
mechanical engineering, marine construction and the
chemical industry [1]. For example, aluminium-
magnesium (Al-Mg) alloys are used due to their high
corrosion resistance, low density and high strength
[2-4]. At present, bimetallic transition joints
consisting of Al-Mg alloy and stainless steel enable
weight reduction in various structures [5, 6].
The bimetallic transitions have significant potential
for transport equipment and large-scale chemical
vessel production [7,8]. These transitions are
produced by using friction stir welding [9], cold
rolling [10], gas tungsten arc welding [11], spot
welding [12], diffusion welding [13], explosive
welding (EW) [14], and magnetic pulse welding [15].
In contrast to other methods, EW enables the joining
of large-area plates without requiring complex high-
cost equipment [16, 17]. Welding Al-Mg alloys to
steels presents many challenges, inherent in all
welding methods. Primarily, there is a significant
difference in thermophysical properties between the
Al-Mg alloys and steels [18].

Furthermore, the formation of a strong joint is
complicated by: 1) the accumulation of Mg near the
weld interface, 2) the presence of MgO on the Al-Mg
alloy surface [19], and 3) the formation of brittle Fe—
Al intermetallic compounds resulting from the low
solubility of Mg atoms in Fe [20-22]. These factors
are important to consider when plastic deformation
occurs in EW [16, 23]. There are numerous scientific
works that have investigated phase formation
between Fe and Al [25-27]. These works show that
AlsFe and AlsFe, are the dominant phases.

One of the methods for reducing Fe—Al
intermetallic compounds at the weld interface
involves using interlayers (e.g., Ti, Cu, Al, Ta) [24].
However, using interlayers may not prevent the
formation of brittle Fe—Al intermetallic compounds
during service [16].

Chemical composition of the
compounds at the weld interface

intermetallic
is primarily

analyzed on cross-sectional planes [19]. However,
isolated particles and intermetallic compounds with
low concentrations cannot be detected by this
method.

This study investigates phase formation at the
AlMg6 alloy—08Cr18NilOTi steel weld interface via
layer-by-layer X-ray diffraction (XRD) analysis with
sequential layer removal. Thus, this study enabled
high-accuracy  detection of low-concentration
intermetallic compounds at significant distances from
the weld interface.

2. Materials and Methods
2.1. Materials

Initial materials included aluminium-magnesium
alloy AlMg6 sheet (4x200x300 mm) and
08Cr18Nil0Ti stainless steel sheet (3x200x300 mm).
Their chemical compositions are given in Table 1.

2.2. The basic setup for the EW experiment

Prior to the start of the experiment, the initial
sheets were cleaned from the oxide films and rusts.
Figure 1 shows the basic setup for the EW
experiment. The explosive used is a mixture of
microporous ammonium nitrate and diesel oil
(ANFO) at the ratio 96:4. The detonation velocity
was 2500 m-s . The distance between the flyer and
base sheets was 6 mm. For other details of the EW
experiments, see [28]. The EW parameters were
calculated using the formulas in [29].

) oy 1
elem

4 6
5 ]

Fig. 1. Basic setup for explosive welding:

1 — detonator; 2 — explosive; 3 — flyer sheet
(08Cr18Nil0Ti steel); 4 — support; 5 — base sheet

(AIMg6 alloy); 6 — anvil (low carbon steel)
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Table 1. Chemical compositions (wt. %) of initial materials

Element (wt. %)

Material
Fe Si C Ti Al Mg Cu Cr Ni Mn
AlMg6
(Russian Standard 0.4 0.4 - 0.1 Base 5.8-6.8 0.1 — — 0.5-0.8
4784-2019)
08Cr18Nil0Ti
(Russian Standard Base 0.8 0.08 1.0 - — 0.3 17-19 9-11 2.0
5632-2014)
2.3. XRD analysis specimens underwent the same procedure: grinding

Specimens for XRD analysis were prepared
following the methodology illustrated in Fig. 2a.
The wire cutting machine DK7725 was used to cut
the specimens. Specimens were heat-treated in air at
500 and 550 °C for holding times of 60, 90, and
120 min, respectively. The specimens were split after
EW and heat treatment (Fig. 2b). The surfaces of the
split specimens were analyzed using XRD analysis.

The XRD analysis of the specimens was
performed before and after the EW. On an automated
LAP-1000 grinding/polishing machine, a layer of
(30 +£5) um was removed from the analysis surface
of AIMg6 and 08Crl18NilOTi in two stages, with
approximately (15+5) pm removed per stage,
followed by XRD analysis (Fig. 3). Heat treated

(15+5) pm — XRD — repeat — total removal:

(30 £5) pum.

3. Results and Discussion

3.1. Analysis of initial materials
before explosive welding

The diffraction pattern from the initial surface
(pre-explosive welding) of O08Cr18Nil0Ti steel
reveals two phases — austenite and ferrite (Fig. 4).
A pronounced {220} austenite texture is observed,
evidently resulting from prior rolling. The
microstructure further indicates highly elongated grains.

The diffraction pattern from the initial surface of
the AIMg6 alloy (Fig. 5) reveals that the primary
phase is an aluminium-based FCC solid solution

Target surface

Sample

AlMg6 08Crl18Nil0Ti

(b)

Fig. 2. Specimen preparation:
a — specimen extraction; b — layer separation method; D — detonation direction; P — applied pressure direction

Cu/K{x CuKa CuKa
O I N | RE—— —— ] J \
I DR | e —— [ B _
30pm 115 pm 15 pa
After EW -15 um -15 um

Fig. 3. Schematic of stepwise layer removal
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Fig. 4. Microstructure of 08Cr18Ni10Ti steel with XRD pattern

(@)

1 - Aluminium
2- AlMg,
— 1 3- AlMn
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Fig. 5. Microstructure of AIMg6 alloy with XRD pattern

(a-phase). Reflections of the solid solution are shifted
relative to pure aluminium angular positions,
indicating dissolution of alloying elements —
principally Mg and Mn, per chemical analysis.
A strong {200} texture in the solid solution is
observed, consistent with elongated a-phase grains
and attributable to sheet processing via rolling.
The diffraction pattern also shows weak, near-
background reflections of secondary Al3sMg, (B-phase)
and AlgMn phases, present as dispersed inclusions at
grain boundaries and within a-phase grains.

08CR18NiI1OL

‘Iransition/layer;

(@

3.2 Analysis of the 08Cr18Nil10Ti-AIMg6
weld interface
after explosive welding

As a result of EW, a transition layer forms at the
AlMg6-08Cr18Nil0Ti weld interface (Fig. 6).
The layer thickness varies between 5 and 20 pm.
Due to the limited cross-sectional area of the
transition layer, the diffraction pattern shows only
reflections from the parent phases: the aluminium-
based solid solution (a-phase), austenite, and ferrite.

1 1- Aluminium
2 - Austenite
o 31 3 - Territe
- ehacioL o
2
Z
g |
=
5 | 2
k J\ 2 31
J Y 6‘ j“;_
30 35 40 45 50 53 a0 65 70
20, deg.

()

Fig. 6. Explosively welded AIMg6—08Cr18Nil10Ti interface:
a — Transition layer morphology; b — XRD pattern showing parent phases only (a-Al, y-Fe, 3-Fe)
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3.2.1. Analysis of the 08Cri8NilO0Ti fracture surface
after explosive welding

The diffraction patterns of the 08Cr18NilOTi
steel specimen after EW shows austenite reflections
(Fig. 7). The intensity of the strongest d-ferrite (110)
peak decreases to near-background levels compared
to the initial O8Cr18Nil0Ti steel. No new phases
were detected at the steel-side weld interface within
the detection limits of XRD.

It should be noted that the preferred {220} grain
orientation in austenite — initially induced by rolling —
is significantly reduced. The relative intensity of the
austenite (220) reflection at the welded surface
decreases by nearly half (2 times). This indicates
recrystallization of austenitic grains in the weld
interface region, likely induced by heat exposure and
severe plastic deformation during EW. The heat
exposure is caused by both plastic deformation and
the impact of shock-compressed gas in the welding
gap [30]. After removing a ~15 um surface layer, the
intensity of the austenite (220) reflection increases,
demonstrating that recrystallization is localized to
areas affected by shock loading.

The angular positions of austenite reflections
remain identical before and after EW, indicating no
change in its lattice parameter. This demonstrates the
absence of significant dissolved aluminium in the
austenitic phase within the 08Cr18NilOTi-side
transition layer. It suggests that either no solid
solution of Al forms in austenite, or its concentration
is insufficient to alter the austenite lattice parameter.
Notably, a-phase reflections (FCC Al-based solid
solution) appear after removing a 15 pm layer from

the 08Cr18Nil0Ti surface, despite this phase being
absent at the immediate weld interface. Furthermore,
a weak reflection of the AlggFej4 quasi-crystalline
phase emerges after the first layer removal — a phase
later identified in the surface layer of the AlMg6
alloy post-welding.

The appearance of aluminium-based phases
suggests material transfer of AIMg6 alloy grains into
the 08Cr18Nil0Ti steel subsurface layer. It should be
noted that the angular positions of several diffraction
peaks for the a-phase (FCC structure) and ferrite
(BCC structure) nearly coincide. Consequently, based
on the obtained data, the presence of ferrite in the
08Cr18Nil0Ti surface layer after explosive welding
cannot be confirmed. Thus, the primary phase in the
steel's surface layer remains austenite, alongside
phases transferred from the AIMg6 alloy during
shock loading.

3.2.2. Analysis of the AIMg6 alloy fracture surfaces
after explosive welding

Thus, this study demonstrates substantial phase
transformation in the AIMg6 surface layer following
EW. The diffraction patterns (Fig. 8) reveal not only
reflections from the original a-phase but also two
new phases: an FCC iron-based solid solution
AlggFeq4.
Removal of a 15 um layer does not significantly
reduce the intensity of these phases. The angular
positions of y-phase reflections match those of
08Cr18Nil0Ti steel's austenite, confirming austenite
grain transfer into the AIMg6 surface during welding.

(y-phase) and metastable icosahedral

1 - Austenite

1
2 - Ferrite
3 - solid solution based on Al
2320 1 4 - metastable phase Al Fe,
/—.\ p
< 2 203 , 3 1
= 200 311211222 Al 22
&
I
B cenc snar,
=
g
Before EW 2
20 4I0 6I0
2@, deg

Fig. 7. XRD patterns of the 08Cr18Nil0Ti steel before and after explosive welding
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Fig. 8. XRD patterns of the AIMg6 surface before and after explosive welding

The metastable AlggFe;4 phase — previously
reported by [31] — forms through rapid solidification
(2-106 K-s_l) of Fe—Al melt. It features an icosahedral
quasicrystalline structure lacking Bravais lattice
periodicity. Notably, its diffraction peaks exhibit
significant broadening, indicating nanocrystalline
grain size (< 50 nm).

Heating would inevitably decompose the
metastable AlggFej4 phase. The differential thermal
analysis in [31] demonstrated decomposition at 400 °C
via AlggFej4 — AlgFe + Al, followed by further
transformation AlgFe — AlsFe + Al at ~530 °C.
Thus, the altered phase composition in the AIMg6
surface layer results directly from shock-induced iron
transfer from 08Cr18Ni10Ti steel during EW.

500 °C L 1 - Austenite
2 - ALF
120 min 5€2
3-Aly5Fe
3 1 : !
S [32332 2/A32 A AL
E': 90 min
£ ____Aﬁ_‘n_juL__ e L T——
= .
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| ';u______‘,‘iA;VWiA_)_i‘u_‘_‘___mj l&___‘__i‘,f T ———— - _.-'h\_‘ o L | S
After EW J
k A Ji. e
20 30 40 50 60 70 80 90 100
20, deg
(a)
550°C 1 1 - Austenite
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3- Al Fe
oy 1 1 1
s | 32332 i L
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7 I
= ' w
g f\
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Fig. 9. XRD patterns of the 08Cr18Ni10Ti steel surface after explosive welding and isothermal annealing:

a—500°C; b—-550°C
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3.3. Analysis of specimens after explosive welding
and isothermal annealing at 500 and 550 °C

3.3.1. Analysis of the 08Cr18Nil0Ti steel surfaces
after explosive welding and isothermal annealing
at 500 and 550 °C for 60, 90, and 120 minutes

Isothermal annealing of explosively welded
AlMg6—08Cr18Nil0Ti specimens at 500-550 °C for
60—120 min alters the phase composition in the steel
interfacial region adjacent to AIMg6. Diffraction

patterns (Figs. 9a, 9b) reveal reflections of two iron
aluminides — AlsFe, and Al;,Fe — alongside the
dominant austenite phase. Intermetallic peak
intensities increase with higher temperatures and
longer durations. Given the absence of new phases at
the steel interface in the as-welded state, these
transformations confirm post-heating aluminium
diffusion into the steel substrate and subsequent
formation of iron aluminides upon cooling.

500°C 1 - Austenite
! 2 - Ferrite
. | 60 min, -30 um 3 - AlsFe, :
o 4- Al ke
3 2 J\ 1
=
&
‘@ N
=
o
2
s
:"\\ /f\\?
After EW _Jk
20 3I(J 4‘() 5‘0 ()I() '7IU S‘U 9I[J | (IIU
20, deg
(a)
500 °C 1 - Austenite 1
2 - Ferrite
3 - AlsFe,
—_ 90 min, -30 um 4 - Al Fe
3 ;
2
2 | 90 min, -15 pm
‘7
=
2 )
= 90 min
34 3 )
After EW
20 30 40 50 60 70 80 90 100
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(b)
500 °C 1 - Austenite 1
1 2 - Ferrite
3 - AlFe,
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C : 2 AL
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Fig. 10. XRD patterns of the 08Cr18Ni10Ti steel surface after explosive welding, isothermal annealing (at 500 °C),
and surface layer removal for: @ — 60 min; b — 90 min; ¢ — 120 min
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The layer-by-layer XRD analysis of the
08Cr18Nil0Ti steel surface confirms that removing
a 15 um layer eliminates reflections from iron
aluminides formed during 500 °C annealing for
60-90 min (Figs. 10a, 10b). Reflections of a-phase
(Al-based) and AlgsFe 4 — previously detected in the
steel subsurface after EW — also disappear. Critically,
post-anneal diffraction patterns after 15 um removal
lack the characteristic a-phase (111) reflection at

20 =~ 38.5°, which was prominent in the as-welded
subsurface layer. This demonstrates that annealing
dissolves aluminide phases through aluminium
diffusion into austenite and ferrite solid solutions.
For 120-minute treatments, aluminium penetration
depth increases significantly: iron aluminide
reflections persist until removal of a second steel
layer (Fig. 10c¢).

550 °C 1 1 - Austenite
2 - Ferrite
3 - AlsFe,
—_ 60 min, -30 um 4- Al Fe 1 ;
cs
: =il W
2 | 60min, -15 pm
= i
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= 4
i . L S | W ) W
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20 30 40 50 60 70 80 90 100
20, deg
(a)
550 °C 1 1 - Austenite
2 - Territe 1
. 3 - AlFe,
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Fig. 11. XRD patterns of the 08Cr18Nil10Ti steel surface after explosive welding, isothermal annealing (at 550 °C),

and surface layer removal for: a —

60 min; b — 90 min; ¢ — 120 min
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An identical trend occurs at 550 °C heat
treatment (Figs. 11a, 115). Iron aluminide reflections
virtually disappear after 30um layer removal for both
60- and 90-minute annealed samples. Layer-by-layer
analysis further reveals that material removal
progressively increases ferrite reflection intensity.
After grinding away 30 pm, the intensity matches the
pre-welding state of 08Cr18Nil0Ti steel (Fig. 11c¢).
The preferred {220} grain orientation in the bulk
08Cr18Nil0Ti steel persists after 500 and 550 °C
heat treatments. Consistent with this, removing
30 um of material increases the intensity of the
austenite (220) reflection (Figs. 10 and 11).

Thus, recrystallization of austenitic grains occurs
exclusively at the weld interface region, driven by
localized heating to high temperatures at the contact
zone between 08Cr18NilO0Ti steel and AIMg6 alloy
sheets following shock loading.

3.3.2. Analysis of AIMg6 alloy surfaces
after explosive welding and isothermal annealing
at 500 and 550 °C for 60, 90, and 120 minutes

Isothermal annealing of explosively welded
AlMg6—08Cr18Nil0Ti samples at 500-550 °C for
60—120 min alters the phase composition in the

AlMg6 interfacial region adjacent to the steel.
Diffraction patterns (Fig. 12) reveal reflections of
intermetallic phases AlsFe, and Alj3Feq — previously
identified in the steel interfacial layer after annealing-
alongside the primary o-phase (FCC Al-based solid
solution). Additionally, reflections of the ternary
phase Cr,Mg3Al;g are observed. This confirms that
heating to 500 °C decomposes the metastable
quasicrystalline AlggFe4 phase formed in the AIMg6
surface layer during EW, resulting in crystalline iron
aluminides AlsFe, and Alj3Fe4. This transformation
aligns with prior differential thermal analysis (DTA)
study [1], where AlggFe4 (produced by rapid Fe-Al
melt quenching) decomposed at ~530 °C. Formation
of the Cr,Mg3Al;g ternary phase during annealing
indicates chromium diffusion — a primary alloying
element in 08Cr18NilOTi steel — into the AIMg6
surface layer, where it reacts with B-phase (Al3Mg))
present in the alloy. Intermetallic peak intensities
increase with higher temperatures and longer
durations.

1 - solid solution based on Al 4 - Al Fe,
500 °C . 2-solid solution Fe[Al] 5 - Al,,Fe
120 min 3 - metastable phase Al l'e,, 6-Cr,Mg;Al, (I'd-3m)
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Fig. 12. XRD patterns of the AIMg6 alloy surface after explosive welding and isothermal annealing
for 60, 90, and 120 min at: a — 500 °C; b — 550 °C
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The layer-by-layer XRD analysis of the AIMg6
alloy surface reveals that removing 14-42 pm of
material does not fully eliminate intermetallic
reflections formed during 500 °C (Fig. 13) and
550 °C (Fig. 14) annealing for 60-120 min.
The thickness of the aluminide-containing layer
increases with prolonged annealing. Consequently,
even after grinding away two layers (~30 um) from
the AIMg6 surface, reflections from AlsFe;, Alj3Fey,

and CrpMg3Al;g retain significant intensity.

Thus, the explosive-welding-modified layer depth is
greater in AIMg6 alloy than in 08Cr18NilOTi steel,
attributable to localized melting of the AIMg6
surface. The presence of a liquid
phase — where bulk diffusion coefficients exceed
solid-state values by 4-5 orders of magnitude —
enables dissolution of iron and alloying elements
from the steel into the molten AIMg6 layer, followed
by formation of aluminium-based intermetallic

phases (Fig. 14).
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Fig. 13. XRD patterns of the AIMg6 surface after explosive welding, isothermal annealing (at 500 °C),

and surface layer removal for:

a— 60 min; b — 90 min; ¢ — 120 min
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Fig. 14. XRD patterns of the AIMg6 surface after explosive welding, isothermal annealing (at 550 °C),
and surface layer removal for: @ — 60 min; b — 90 min; ¢ — 120 min

the formation of new phases. In the surface layer of
the AIMg6 alloy after explosive welding, changes in
The observed recrystallization of austenitic  the phase composition are observed, associated with
grains in 08Cr18Ni10Ti steel near the weld interface  the transfer of iron from O8Cri8NilOTi steel.
is determined by the combined effect of plastic  This leads to the formation of an FCC iron-based
deformation and localized heating during explosive  golid solution (y-phase) and the metastable
welding. The presence of the a-phase and the .ocahedral AlggFe4 phase.
quasicrystalline AlggFej4 phase in the subsurface Isothermal annealing of the bimetallic sample
layer of 08Cr18Nil0Ti steel after removing a 15 um-  results in the diffusion of aluminium deeper into the
thick layer indicates the transfer of aluminium from  steel and the subsequent formation of iron aluminides
the AIMg6 alloy. This process likely occurs due to  upon cooling. It is evident that annealing leads to the
mechanical mixing and localized melting, promoting  dissolution of aluminide phases, forming solid

4. Conclusion
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solutions of aluminium in austenite and ferrite. Thus,
it is clear that the recrystallization of austenitic grains
occurs only in the weld interface region and is
associated with localized heating to high
temperatures in the contact zone of 08Cr18NilO0Ti
steel and AIMg6 alloy plates after exposure to plastic
deformation and shock-compressed gas. The layer-
by-layer XRD analysis revealed that the removal of
material layers leads to an increase in the intensity of
ferrite reflections. After removing a 30 um-thick
layer, the reflection intensity reaches values
characteristic of the material's initial state before
explosive welding. This indicates that the top layer,
subjected to the most intense impact during welding,
contains structural changes that can be eliminated by
removing a thin surface layer. The restoration of the
initial ferrite characteristics after removing 30 pm
confirms that these changes are localized in the
surface zone and do not affect the deeper material
layers. The findings extend the current understanding
of the mechanisms governing phase formation and
diffusion processes during explosive welding, and
also shed light on the effect of thermal exposure on
phase evolution.
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The influence of graphene oxide additives on the structure
of graphite/boron nitride filler and tribological characteristics
of anti-friction material
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Abstract. The influence of graphene oxide (GO) additives on the structure of the graphite/hexagonal boron nitride hybrid
filler and the tribotechnical characteristics of anti-friction composites obtained on its basis was assessed.
The nanocomposite preparation method included obtaining the filler (mixture) through mechanical activation of the
components, hot mixing the mixture with high-temperature coal tar pitch, pressing, and high-temperature firing. To ensure
hermetic sealing, the products were finally impregnated with a furfuryl alcohol solution, followed by polymerization at
300°C. Mixture samples were analysed using thermogravimetry and X-ray diffraction analysis. It was found that with
an increase in GO content to 2.80 wt.%, the thermal stability of the mixture increased, after which it began to decline.

The dependence of the crystal structure parameters of the filler components (L. and N) on the GO concentration also
exhibited an extreme behaviour. A sample of the charge containing 1.64 wt. % graphene oxide is characterized by
maximum L. and N values for boron nitride and minimum values for the graphite component. Furthermore, the filler of
this composition demonstrates maximum sorption capacity for pitch, which contributes to the formation of a high-density
and durable material. The finished nanocomposite demonstrates gas permeability of less than 1x10° em”s ' and
compressive strength equal to 197.5 MPa, which is 1.5 times higher than that of an analogue (NIGRAN-V). Bench tests
showed that due to the introduction of graphene oxide into the filler composition, wear intensity is reduced by 16 times
compared to a sample based on an unmodified charge. The nanocomposite of the optimal composition remains
hermetically sealed under extreme operating conditions and can serve as the basis for the creation of high-density and
ultra-strong anti-friction materials suitable for use in sealed friction units of pump and compressor systems.

Keywords: graphene oxide; graphite; boron nitride; nanocomposite; sealed anti-friction material.
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Bausinue 106aBok okcuaa rpadeHa Ha CTPYKTYPY HANIOJTHUTEJISI
rpaguT/HUTPUI 60pa U TPUOOTEXHUYECKHE XAPAKTEPUCTUKH
aHTHQPUKIMOHHOT0 MATEepPHAaJIa
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Annoranusi. [IpoBenena oneHka BiusiHHA J100aBok okcuja rpadena (OI') Ha CTPYKTYpy TMOPUIHOIO HAIOJIHHUTEIS
rpaduT/reKcaroHalbHbI  HUTPUI Oopa W TPUOOTEXHMYECKHE XapaKTepUCTUKH aHTH()PUKIMOHHBIX KOMIIO3HTOB,
MOJYYEHHBIX HA €ro OCHOBE. MeTo/anKa MPUrOTOBJICHHS HAHOKOMITO3UTOB BKJIIOYAJIa MOJTYYEHHE HANOIHUTENS (LIIMXTHI)
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MOCPEICTBOM MEXAaHUYECKOM aKTHBAllMM KOMIIOHCHTOB, TrOpsYee CMCIIMBAaHHE IIUXTHl C BBICOKOTEMICPATYPHBIM
KaMEHHOYTOJIbHBIM TIEKOM, TIPECCOBAHKE M BLICOKOTEMIIEPATYPHbIA 00KHUT. [l puIaHus repMETHIHOCTH Ha (DUHATIBHOU
CTaJM WM3JENUs MOJBEPrajluch MPOIMUTKE pacTBOpoM (GypdypHIOBOro CHHUpTa ¢ MOCIEAYIOUIeH MOoJUMepU3auel mpu
300 °C. Obpa3mp! MUXTH H3y4Yald METOJaMH TEPMOTPAaBUMETPHH M PEHTIeHO(]a30BOro aHaiam3a. Y CTAaHOBIEHO, YTO MPH
yBenmmuennu conepxkanna OI' mo 2,80 mac. % TepMuyeckas CTaOMIBHOCTh INHUXTHI POCNA, a IOCTE CHIDKAJIACh.

3aBHCHMOCTh MAPaMETPOB KPUCTAIUIMYECKON CTPYKTYpbI KOMIIOHEHTOB HamojHuTeNs (L. u N) or xoHueHtpamun OI
TaKKe MMeNa SKCTpeMallbHbIN xapakrep. OOpaser muxThl, cofepskamei 1,64 mac. % okcuaa rpadeHa, XapakTepu3oBaics

MaKCHMaJIbHBIMU 3HA4eHUsIMU L, 1 N ans HUTpraa Oopa ¥ MMUHUMAIbHBIMH — JUI TpaUTOBOrO KoMIioHeHTa. Kpome
TOTO, HAIlOJHUTENb JAaHHOTO COCTaBa JIEMOHCTPUPOBAJI MAaKCHMaJbHYIO COPOIMOHHYIO €MKOCTh II0 TIeKy, YTO
crocoOcTByeT (POPMHUPOBAHUIO BBICOKOIUIOTHOI'O M HPOYHOTO Marepuayia. ['0TOBBI HaHOKOMIIO3UT JEMOHCTPHPOBAI
ra30MpPOHUIIAEMOCTh MEHee 1x10° em¥/c u MPOYHOCTb TPU CXKaTHH, paBHYI0 197,5 MIla, uro B 1,5 paza Bemme, dem
y amanora (HUI'PAH-B). B pesynprare CTEHIOBBIX HCHBITAHWN YCTAHOBJICHO, YTO 3a CYET BBEIEHHS B COCTaB
HaIOJIHUTENS OKCHAa rpadeHa WHTEHCHMBHOCTh M3HOCA CHIKAaeTcsa B 16 pa3 Mo cpaBHEHHIO C 0Opas3iioM Ha OCHOBE
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1 KOMIIPECCOPHBIX CUCTEM.
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1. Introduction

Ensuring high ductility of the anti-friction layer
in dry friction units while simultaneously maintaining
the material’s structural density is an extremely
difficult task [1, 2]. Typically, when producing self-
lubricating composites, hermetic sealing is sacrificed
for a low friction coefficient, making such materials
unsuitable for use in modern high-pressure pump and
compressor systems [3, 4]. Therefore, the
development of composites with increased hermetic
seal is critical for the reliable operation of sealing
elements that prevent leaks in pumping units and
compressors of modern technical devices.

The challenge of achieving high sealing
performance combined with low friction remains
unresolved, as traditional graphite materials often
exhibit porosity that reduces their barrier properties
[5], and the incorporation of conventional fillers does
not always allow for the desired balance of
mechanical and tribological characteristics to be
achieved [6].

The advent of graphene and the subsequent
development of methodologies for producing diverse
nanostructures based on it have catalyzed research
endeavors aimed at utilizing such materials in the
field of tribology [7]. As demonstrated in studies
[8, 9], there is considerable potential for the
utilization of graphene oxide (GO) in anti-friction
composites. The presence of oxygen-containing
functional groups on GO facilitates chemical
interaction with matrices and fillers, thereby ensuring

uniform distribution of components throughout the
composite volume and, consequently, enhancing the
adhesive strength of the resultant material [10—12].
The utilization of GO additives in anti-friction
materials has been demonstrated to reduce the
coefficient of friction by forming a thin transfer film
on the counterface, thereby significantly enhancing
their sealing properties [13-14]. The low gas
permeability of the resulting composites is ensured by
the “labyrinth effect,” which is effectively realized
when the GO is uniformly distributed throughout the
volume [15-17].

At the same time, according to [18], using
graphene oxide alone as a filler generally fails to
provide the required load-bearing capacity and
thermal conductivity of the composite in the contact
zone. To achieve a synergistic effect, combinations of
GO with traditional solid lubricants — graphite [19]
and hexagonal boron nitride (h-BN) [20-21] — can be
used. Graphite provides high thermal conductivity
and excellent lubricity in a wet environment, while
boron nitride demonstrates high thermal stability and
chemical inertness, performing well in conditions
where graphite begins to oxidize [22-23]. The use of
a mixture of fillers allows for the production of
materials suitable for a wide range of operating
conditions [24].

Most of the known studies concentrate on binary
systems (graphene oxide—graphite or graphene oxide—
boron nitride). However, combining graphite, boron
nitride, and graphene oxide within a singular
compositional system may help achieve maximum
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effects [25]. The primary challenge in the formation
of such materials stems from the agglomeration of
dissimilar particles and the non-uniform distribution
of nanoscale GO between graphite microparticles and
h-BN [26-27]. The lack of fundamental knowledge
regarding the mechanisms of interphase interaction in
the “graphene oxide—boron nitride—graphite” ternary
systems hinder the creation of materials with
predictable tribotechnical properties [28-29]. Studies
generally overlook the influence of filler morphology
and orientation on the formation of tribolayers and
structural integrity, despite the fact that these factors
determine the sealing ability of the composite [30-33].
The objective of this research is to establish the
patterns through which graphene additives influence
the structure of “graphite—boron nitride” hybrid fillers
and the tribological characteristics of the final
composites.

2. Materials and Methods

2.1. Initial components

The starting components used to prepare the
filler were MPG-7 synthetic graphite (apparent
density 1.8 g-cm%) and hexagonal boron nitride
(particle size less than 30 pm). A 1% aqueous
suspension of graphene oxide (NanoTechCenter,
Tambov) was used as a modifying additive. High-
temperature coal tar pitch (softening point 148 °C)
was used to form the composite matrix.
The impregnating agent was a 95 % solution of
furfuryl alcohol (Pallav Chemicals).

2.2. Sample preparation method

The sample preparation procedure included a
mechanical activation step, carried out in a high-
speed pulverizing machine (RT-NO6SF, Rong Tsong
Precision  Technology, Taiwan), to ensure
a homogeneous distribution of graphite throughout
the charge. First, the graphite was ground into two
fractions: one with particle sizes up to 30 um and
another ranging from 30 to 63 um. Boron nitride and
fine-fraction synthetic graphite (<30 pum) were then
loaded into the pulverizing machine at a mass ratio of
59:100. The nanomodifier content was varied
between 0 and 3.66 wt. %. Mixing was performed at
a blade rotation speed of 25,000 rpm for 30 s.

The resulting batch was subsequently combined
with artificial graphite (particle size 30-63 pm) and
pitch at a mass ratio of 1:2:2. This mixture was
placed in a Z-blade mixer, heated to 230 °C, and
processed for 30 min. After unloading and cooling,
the mixture was ground in the pulverizing machine

(@)

Fig. 1. Photographs of cylindrical compacts (a)
and a finished sample ()

until a powder with particle sizes below 90 um was
obtained. The powder was then pressed in a 40-mm-
diameter mold at 200 MPa using an AUTO M-PL
3890 (Carver, USA) press. The resulting cylindrical
compacts (Fig. 1a) were finally fired at 900 °C.

To ensure tight seal, the samples were
additionally impregnated with a furfuryl alcohol
solution, followed by polymerization at 300 °C.
A photo of the finished sample is shown in Fig. 15.

2.3 Evaluation of mixture adsorption capacity
toward the binder and tribotechnical testing

The adsorption capacity of the mixture with
respect to the pitch was determined by the difference
in the optical density (OD) of the pitch solution in
toluene before (D) and after (D) contact with the
adsorbent, as measured on a UNICO 1201 (Unico,
USA) photometric colorimeter using a 540 nm filter.
Using a calibration curve, the concentrations
(mg-mLfl) of pitch Cy and C; corresponding to the

optical densities Dy and D; were determined.

The adsorption capacity of the filler (4, mg-mfz) was
calculated using the formula:

Co—-C)V
GRS

mSggt

where m is the mass of the batch sample, g; V is the
volume of the pitch solution in toluene, mL; and Sggt
is the specific surface area of the material according
to the BET method, m”- gﬁl.

Tribological testing and verification of the
sealing performance of the finished nanocomposite
samples were conducted on a high-pressure test
bench designed to simulate the operation of
a centrifugal pump’s mechanical seal. The “graphite
composite—anti-friction bronze” contact pair was
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tested at a constant rotational speed of 2000 rpm in
a water-alcohol mixture with a viscosity equivalent to
that of the sealed liquid. To assess the material’s leak
tightness in the friction zone, an overpressure of
29.4 MPa was maintained, which corresponds to the
extreme operating conditions of mainline equipment.

Seal tightness was assessed using a manometric
method based on pressure drop in the system and
detection of leaks through the seal joint. The wear
rate J was calculated as a dimensionless criterion
determined by the ratio of the linear wear of the
sample (/;, m), recorded by the micrometric method
after running-in and reaching a steady-state friction
regime, to the total sliding distance (L, m):

1
J=—
L
For illustrative purposes, the characteristics of
the experimental nanocomposite samples were

compared with those of the most widely used sealing
anti-friction material, NIGRAN-V [34].

2.4. Analytical methods

X-ray diffraction patterns of the mixture samples
were recorded using an ARL Equinox 1000
diffractometer (CuKa radiation, A=1.5406 A).
To determine the center and half-width of the
reflections, peak deconvolution was performed using
OriginPro software (calculation error ¥ < 1076).
The formulas used to determine the crystal structure
parameters of the samples, based on X-ray phase
analysis data with references to sources, are presented
in Table 1.

Table 1. Processing of the X-ray phase
analysis results

Parameter Formula Reference
D-space, doo2 A
dogy = [35]
2sin®
Cohesive KA\
scattering area, Lc = s
Le BcosO [36]
where K = 0.89,
B — half-width of a
reflection
Number of .
layers, N N = +1 [36]
dOOZ

The TG-DSC curves of the filler were recorded
on a STA 449 F3 Jupiter (Netzsch, Germany)
simultaneous thermal analyzer in air at a heating rate
of 10°C/min. Mechanical compression tests were
performed on an Allround Line Z250 SR Materials
Testing Machine (Zwick/Roell Group). The density
and open porosity of the composite samples were
determined by hydrostatic weighing in isooctane
(p=0.696 g-cmﬁS) according to the standard method
(Russian Standard 2409-2014). The specific surface
area (Sggr) was measured based on nitrogen
adsorption at 77 K using an ASAP 2020 analyzer
(Micromeritics, USA) via the BET method. Images of
the tribocontacting surfaces of anti-friction
nanocomposite products were obtained using an
Axiovert  metallographic  microscope  (Zeiss,
Germany) at 20x magnification.

3. Results and Discussion

X-ray diffraction patterns of charge samples
with varying graphene oxide content, compared with
graphite and hexagonal boron nitride, are shown in
Fig. 2.

The X-ray diffraction pattern of graphite shows a
distinct reflection of the (002) crystallographic plane
at 20 = 26.3°. Peaks of the (100) plane at 42.7°, (101)
at 44.3°, (004) at 54.2°, (112) at 83°, and (006) at 87°
are also identified but are less intense.

The X-ray diffraction pattern of the boron nitride
sample has a typical appearance. It shows an intense
reflection from the (002) basal plane at 26 = 26.4°,
Peaks for the (100) plane at 41.2°, (101) at 43.4°,
(102) at 49.6°, (004) at 54.6°, (110) at 76°, and (006)
at 88° are also present.

J 7
S
p 6
>
s J 5
5 J
2 4
[
J 3
2
e 1
z T . T » T i T i T > 1
0 20 40 60 80 100 120
20, deg

Fig. 2. X-ray diffraction patterns of graphite (/), hexagonal
boron nitride (2) and charge samples containing 0 (3),
0.50 (4), 1.64 (5), 2.80 (6) and 3.66 (7) wt. %
of graphene oxide
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Fig. 3. Fragment of the X-ray diffraction patterns
of experimental samples for the batch containing 0 (7),
0.50 (2), 1.64 (3), 2.80 (4) and 3.66 (5) wt. %
of graphene oxide. Additional designations:

m — boronnitride; ® — graphite

Thus, the most intense peaks on the diffraction
patterns of graphite and h-BN appear virtually
identical. The most distinct differences are observed
in the 20 range from 40 to 56°, which is why this
specific section of the patterns of the charge samples
was analyzed in greater detail (Fig. 3).

Analysis of the diffraction peaks of the
experimental samples confirms that the hexagonal
layered structure of the graphite and boron nitride
phases is preserved during mechanical mixing in a
pulverizing machine. Structural changes are most
clearly observed in the second-order reflections from
the (004) planes in the 54-55° range. The calculated

crystal structure parameters of the experimental
samples are presented in Table 2.

According to the obtained data, the introduction
of GO exerts a nonlinear influence on the calculated
crystallite parameters of the filler components
following the cold mixing stage. The concentration
dependence of both L. and N on GO content exhibits
an extremal character. At a GO content of 1.64 wt. %,
the maximum values of L. and N are observed
for h-BN crystallites, suggesting ordered aggregation
of this phase. In contrast, the graphite component
shows the opposite trend: at the same GO
concentration, its L, and N values reach a minimum.
Notably, the magnitude of these changes is
substantially more pronounced for h-BN than for
graphite.

It can therefore be assumed that, up to certain
concentrations, GO acts as a “binding agent” for
boron nitride particles, facilitating the formation of
larger and more oriented stacks of h-BN layers under
mechanical stress.

The decrease in the L. and N parameters at
graphene oxide concentrations above 1.64 wt. % is
likely due to the fact that graphene oxide begins to
act as a “dry lubricant” between the particles of the
macrocomponents. As a result, the efficiency of
mechanical energy transfer during grinding
decreases, leading to layer disorientation and local
disorder in the particle structure of the charge.
The constancy of the interplanar spacing values (dgg»)
for both components suggests that during the
mechanical activation process, GO does not penetrate
the interlayer spaces of graphite and boron nitride,
and its influence on the filler structure is due solely to
surface effects.

Table 2. Results of X-ray phase analysis of the experimental samples

Values Values for the experimental sample with graphene oxide content, wt. %
Component  Parameter for the pure
component 0 0.5 1.64 2.8 3.66
20, ° 54.2 54.0 54.0 54.0 54.1 54.1
. dooa, A 3.38 3.39 3.39 3.39 3.39 3.39
Graphite
Le, A 57.49 59.44 57.53 57.16 59.46 60.26
N, units 18 19 18 18 19 19
20, ° 54.6 54.8 54.9 54.8 54.9 54.9
nitride Le, A 111.00 168.82 213.10 218.29 194.57 190.43
N, units 34 51 65 66 59 58
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Fig. 4. TG (a) and DSC (b) curves of experimental samples
of the batch containing 0 (1), 0.50 (2), 1.64 (3), 2.80 (4) and 3.66 (5) wt. % of graphene oxide

Figure 4 presents the results of simultaneous
thermal analysis of the unmodified mixture and
samples with different GO contents.

All studied samples remain thermally stable up
to 600-650 °C, after which an intensive stage of
oxidative destruction of the carbon phase begins.
The effect of graphene oxide concentration on the
thermal stability of the mixture is nonlinear.
The sample containing 2.80 wt. % GO exhibits the
highest stability, with the onset of decomposition
shifted to 750 °C, whereas at other GO
concentrations, decomposition begins at considerably
lower temperatures. These differences in the onset
temperature of thermal oxidation are likely
attributable to the barrier effect of boron nitride
particles, which hinder oxygen diffusion toward the
graphite particles.

The DSC curves show distinct exothermic peaks
in the 750-850 °C range, which corresponds to
intense heat release during the oxidation of the
carbon phase and confirms the thermogravimetric
data on the material’s decomposition. The nature of
the curves suggests that the introduction of
a nanomodifier affects the kinetics of the thermal
oxidation process: for the sample with a content of
2.80 wt. %, the maximum heat release is shifted most
to the high-temperature region. The presence of less
pronounced exothermic peaks in the 100-600 °C
range may be due to processes of structural
rearrangement of graphene oxide or the removal of
functional groups.

The properties of the final composite are
significantly influenced not only by the structural but
also by the textural characteristics of the filler. In this
regard, as part of this work, the specific surface area

(Sggr) values of the experimental charge samples and

their adsorption capacity relative to carbon black (4;)
were determined and are presented in Table 3.

The Sggr dependence on GO concentration is
minimal for the sample containing 1.64 % graphene
oxide. Typically, materials with low specific surface
areas exhibit low sorption activity. However, in this
case, the sample with 1.64 % GO exhibits the
maximum A value. Such an effect can occur only if
the sorption of the pitch is specific in nature and takes
place not over the entire surface of the filler, but only
at active sites of a particular composition and
structure. Oxygen-containing groups of graphene
oxide can act as such active sites. At the optimal GO
content, a filler structure is formed with the
maximum number of functional groups available for
the pitch sorption (Fig. 5). As the concentration of the
nanomodifier (GO) increases, the filler structure is
being rearranged, which contributes to a decrease in
the number of active sites available for the adsorbate.
This assumption is generally confirmed by the X-ray
phase analysis data.

Table 3. Values of specific surface area
and adsorption capacity of the filler samples
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Fig. 5. Formation of a nanomodified
boron nitride-graphite-graphene oxide filler

From the perspective of the composite

manufacturing process, maximizing the A value
ensures optimal wetting of the filler by the pitch
binder during the hot mixing stage, which should
contribute to the formation of a dense anti-friction
material structure with minimal porosity.

During the next stage, the effect of the graphene
oxide content in the mixture on the most important
physical and mechanical properties of the
experimental composite samples after the firing at
900 °C was evaluated. According to the data
presented in Fig. 6, materials with a filler containing
1.64 wt. % of GO have minimum porosity and
maximum compressive strength.

Thus, there is a correlation between the change
in the filler structure upon modification with
graphene oxide, its sorption capacity relative to the
pitch, and the strength characteristics of the
composite.

The best sample after firing had a porosity of
12.7 %, which is insufficient to ensure the required
material impermeability. To reduce the porosity of
the fired specimens, they were subjected to single and
double impregnation with a furfuryl alcohol solution
using the method described above, with subsequent
polymerization at 300 °C.

16

p=s
[$)]

IS
Porosity, %

Compressive strength, MPa

13

T T T T T 12
0 0.5 1 1.5 2 25 3 35

GO content, wt.%

Fig. 6. The influence of graphene oxide content in the filler
on the compressive strength (/) and porosity (2)
of nanocomposite samples after firing at 900 °C

Table 4. Physical and mechanical properties
of the finished samples of anti-friction nanocomposite
in comparison with an analogous material

Number of impregnations

. Analogue
with furfuryl alcohol 1 2 (NIGRAN-V)
solution

Density, g~cm_3 .79  1.82 1.80
Porosity, % 3.89 1.01 -
Compressive strength,
MPa - 197.5 130
G bility, 107

as pelrmea ility, 107 < 5

cm™s

Thus, experimental samples of the final composite
based on filler with a GO content of 1.64 wt. % were
obtained. Their most important physical and
mechanical properties are presented in Table 4.

After a single impregnation, the material’s
porosity decreases to 3.89 %, but it remains
sufficiently gas-permeable. Double impregnation
results in the formation of a sealed anti-friction
composite that matches the density of its analogue
(NIGRAN-V), has a lower gas permeability, yet its
compressive strength of 197.5 MPa is 1.5 times
higher than that of NIGRAN-V.

Thus, the use of GO as a charge modifier leads
to the formation of a high-density and exceptionally
durable material. An additional advantage lies in the
relative simplicity of the nanocomposite production
process. In contrast, conventionally used methods
involve further processing of fired samples -
comprising a product of mechanical treatment of
synthetic fine-grained graphite and boron nitride
bonded with pitch coke — by impregnation with coal
tar pitch (softening point 65-110 °C), followed by
high-temperature treatment at 1500-2050 °C and
subsequent impregnation with a furfuryl alcohol
solution [37].

To evaluate the developed anti-friction
composite for use in sealed friction assemblies,
tribotechnical bench tests were conducted on
experimental samples based on both unmodified and
graphene oxide-modified mixtures.

Figure 7 presents photographs of the
tribologically mated surfaces of the disassembled
friction assembly after testing the composites.

Following bench testing, the surface of the
unmodified sample showed unacceptable defects in
the form of flaking and the initiation of cracks
concentric with the diameter. The observed
morphological changes are indicative of fatigue
failure processes occurring in the surface layer.
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Fig. 7. Photographs of tribologically mated surfaces after testing samples of nanocomposites based on unmodified (a, b)
and graphene oxide-modified (c¢) mixtures. Arrows indicate the presence of microcracks (MC) and spalling (S)

The sample based on a graphene oxide-modified
mixture shows virtually no wear. Presumably, GO
contributes to strengthening the bond between the
filler and the binder, which is confirmed by
a qualitative change in morphology after
impregnation and polymerization of furfuryl alcohol
(Fig. 7c¢), whereas in the control (unmodified)
sample, there is a local concentration of stresses in
the micropore zones (Fig. 7a,b). Under cyclic
loading, these stresses trigger microcrack initiation
and coalescence. The resulting crack network causes
material spalling and rapid surface degradation.

Table 5. Bench test results

Graphene oxide Wear .
content, wt. % rate, 107 Seal tightness
0 59 Inleakage is observed
1.64 3.7 sealed

The data presented in Table 5 confirm the
effectiveness of using GO in the composition of an
anti-friction self-lubricating composite. By modifying
the filler mixture, it is possible to increase the
material’s wear resistance by a factor of 16.
Additionally, the composite retains its sealing
properties even under extreme operating conditions.

4. Conclusion

This study identified key patterns in how
graphene oxide influences both the formation of the
matrix structure — comprising synthetic graphite and
hexagonal boron nitride — and the performance
properties of the resulting anti-friction composites.
An addition of 1.64 wt. % graphene oxide proved
critical for achieving an optimal balance of
properties. At this concentration, the mixture exhibits
maximum adsorption capacity for pitch, ensuring
adequate wetting of the filler by the binder, which in
turn facilitates the formation of a high-density matrix
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with minimal open porosity. The effect of graphene
oxide modification is already evident at the primary
framework formation stage. Specifically, the ultimate
strength of unfired samples containing 25 % graphene
oxide is 25% higher than that of the base
formulation, thereby providing a  structural
foundation for subsequent densification. Furthermore,
modifying the filler with graphene oxide, followed by
impregnation with  furfuryl alcohol, yielded
exceptional strength characteristics due to a
synergistic effect. The compressive strength reached
197.5 MPa — more than 1.5 times higher than that of
the best comparable material (NIGRAN-V).

The results of tribological tests on the test bench
confirmed the high effectiveness of the developed
formulation. The modified composite demonstrated
a nearly 16-fold reduction in wear rate compared to
the base formulation, while maintaining complete
sealing integrity under extreme conditions at
a pressure of 29.4 MPa. Unlike unmodified samples,
which are prone to fatigue spalling and the formation
of main cracks, the developed material retains its
structural integrity due to the strengthening effect of
graphene oxide at the phase boundary. By modifying
the mixture with graphene oxide, it is not only
possible to obtain materials for friction components
with  significantly  improved  service  life
characteristics, but also to substantially simplify the
manufacturing process for anti-friction composites by
eliminating the stages of repeated high-temperature
pitch impregnation.
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Abstract. The paper investigated the regularities of mechanochemical formation of niobium silicides utilizing industrial
waste (niobium turnings and silicon wafers) as feedstock. The influence of the milling ball diameter and the duration of
mechanical activation on the mass fraction of formed niobium silicides was identified. X-ray phase analysis and scanning
electron microscopy methods revealed that morphological changes are closely related to the formation of new phases such
as NbSip, NbsSiz, Nb3Si. A high degree of comminution and particle deformation is required for successful
mechanochemical synthesis, with activation time being a key factor. Maximum structural disordering and refinement are
achieved in intermediate activation regimes (10—15 min). The use of larger balls (8§ mm) intensifies deformation and
disordering processes, leading to a sharper increase in microstrain and faster formation of nanoscale silicides. The total
mass fraction of niobium silicides reached 46 wt. % when using 8 mm balls, compared to 38 wt. % when using 5 mm balls
after 30 minutes of MA. The utilization of secondary waste as raw materials is suitable for niobium silicide production.

Keywords: niobium; silicon; niobium silicides; mechanical activation; morphology; mechanochemical synthesis; X-ray
phase analysis; technological processing, industrial waste.
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CHJIMIIH/I0B HHOOUSA

© H. E. Beasies?, O. A. Ikona"™<, E. H. Toaosun®

* Hosocubupckuii 20cyoapcmeeniblii mexuuueckuii yuugepcumen,
np. K. Mapxkca, 20, Hogocubupck, 630073, Poccuiickas Dedepayus,
® Tomcxuii HayyHolil yenmp Cubupckozo omoenenus Poccutickoll akademuu HayK,
np. Akademuuecxuii, 10/4, Tomck, 634055, Poccuiickas @edepayus

< O.Shkoda@dsm.tsc.ru

AnnoTtanusi. VicenenoBaHbl 3aKOHOMEPHOCTH MEXaHOXUMHUYECKOTO (POPMHUPOBAHMS CHITHIIMJIOB HHOOUSI C MCIOJIB30BAaHUEM
TEXHOT€HHBIX OTXOJIOB (CTPY)XKKa HHOOMS M IUIACTUHBI KPEMHHS) B KAaueCTBE HCXOJHBIX MaTEpHaloB. BBISBIEHBI poIb
JUaMeTpa MEIONIMX IIAapoB M BPEMEHHM MEXaHWYECKOW AaKTHBAIMM HA W3MEHEHHMS MaccOBOW J0ym 00pa30BaHHBIX
CHIMINAOB HHOOMA. MeromaMu peHTreHo(ha3oBOro aHaiW3a W PacTPOBOM 3JIEKTPOHHOM MHKPOCKOIMH H3Yy4eHO

U MOKa3aHo, 4TO MOP(HOJOTrHUECKHE M3MCHEHHUSI TECHO CBsI3aHBI C 00pa30BaHMEM TakuX HOBBIX (pa3 kak NbSiz, NbsSis,
Nb3Si. Bricokas cremeHp u3MenbdeHHs # JAeOopMalMd YacTHI[ SBISETCS NPEANOCHUIKONH Ui YCIEUTHOTO

MEXaHOXMMHYECKOI0 CHHTe3a. BpeMsi MeXaHWYeCKOH aKTHBAalWHU SIBISETCS KIOYEeBBIM (aKTOpOM B Mpolecce
MEXaHOXMMHUYECKOr0 CHHTE3a CHJIMIHJIOB HUOOMs. MakcUMalbHOE pPa3ylopsoueHHe W HM3MEJIbYCHUE CTPYKTYDBI,
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JIOCTUTACTCSI B MPOMEXKYTOUHBIX pexkuMax aktuBarwu (10...15 muH). Mcnonb3oBanue 0osee KPYMHBIX mapoB (8 MM)
uHTeHCH(UIUPYET Tpolecchl  AeGopMalui W pa3ymopsiiOYeHUs, NPUBOAS K 0Oojee pPEe3KOMYy  YBEIHUYCHHUIO
MUKPOUCKXXEHUH U K Oosiee ObICTpOMY OOpa30BaHHMI0 HAHOPA3MEPHBIX CHIMLKAOB. MaccoBas CyMMmapHas 0Jis
CHIIMITNIOB HHOOWS cocTtaBmia 46 mac. % NpH WMCHOIB30BaHUM MmapoB § MM mpoTuB 38 Mac. % MpH UCIIOIB30BAHUH
mapoB 5 MM nocsie 30-MUHYTHOM MeXaHW4eCKOW akTHBaIMU. Vcronbp30BaHne BTOPUYHBIX OTXO/IOB B KAYECTBE MCXOTHBIX
MaTepUaNIOB MPUTOIHO JUIS TOTYUYSHHUS CUIIALUI0B HHOOUSL.

KiroueBble cjioBa: HUOOWI; KPEMHUIN; CHITUIHIBI HHOOUS; MEXaHHYCCKasi aKTUBAIIUS; MOP(OIIOTHs; MEXaHOX UMHYCCKHIA
CUHTE3; PCHTICHO(A30BbIi aHAIN3; TEXHOJIOrHYeCcKast 00paboTKa, TEXHOTCHHBIC OTXOJIbI.

Jost uutupoBanus: Belyaev NE, Shkoda OA, Golovin ED. Mechanochemical synthesis of niobium silicides: the effect of
ball diameter and activation time on niobium and silicon mechanical activation. Journal of Advanced Materials and

Technologies. 2026;11(2):129-138. DOL: 10.17277/jamt-2026-11-02-129-138

1. Introduction

Transition-metal silicides, including niobium
silicides, are promising for many applications owing
to their high melting points, chemical stability in
aggressive environments, high hardness, and thermal
resilience. They exhibit excellent high-temperature
performance, good oxidation resistance and retention
of properties at elevated temperatures, as well as
favorable electrical conductivity and chemical
compatibility. These attributes enable their use in
heat-resistant materials and as components of wear-
prone high-temperature alloys, and in heat-resistant
coatings [1-4]. Such properties also make them
attractive for aerospace applications, heating
elements, and protective coatings operating under
extreme conditions, and they are considered potential
substitutes for nickel-based alloys in heat-loaded
components exposed to high temperatures [5]. Given
their superior operational characteristics, research on
the synthesis of these materials is of considerable
scientific and practical importance. Mechanical
activation (MA) is a widely used method, applied
both for direct synthesis and as an effective
preliminary treatment of materials [6—8].

Methods for synthesizing niobium silicides often
require high temperatures and prolonged reaction
times [9], which limits their applicability. In this
context, mechanical activation (MA) for
mechanochemical synthesis of niobium silicides
appears promising. Single-phase NbsSi3; has been
successfully produced by high-energy impact loading
and by self-propagating high-temperature synthesis
following preliminary MA [10, 11], whereas
formation of amorphous NbsySisg in a planetary mill
required an extended milling time (150 h) [12].
A distinctive feature of mechanical activation is the
simultaneous operation and interaction of many
controllable process parameters. These parameters
and their combined effects determine the evolution of
the powder mixture and the subsequent phase-
structural transformations of the material.

In the present work, technogenic waste —
niobium metal turnings and silicon plates — were used
as feedstock. The wuse of secondary resources
addresses environmental and resource-saving goals,
reduces raw-material costs, and minimizes waste,
thereby promoting rational use of natural resources.
International experience supports the effectiveness of
using niobium and silicon wastes as raw-material
sources [13, 21].

Under certain conditions, mechanochemical
synthesis and mechanical alloying with formation of
new phases occur during mechanical activation
(MA). Interaction of powder particles with milling
media (balls) and the drum walls produces heating,
deformation, mixing, and comminution of the starting
powder particles, the formation of layered
agglomerates, an increase in interfacial area, welding,
and the emergence of new phases and alloy particles
[8, 14-17]. The feasibility of mechanochemical
reactions and alloying depends on the characteristics
of the mill, the selected mode, and the chosen
operating parameters [18, 19]. Reaction progression
in the contact zones is driven by the energy stored
there, and the reaction yield is proportional to the
total contact area between reagent particles, which
depends on the number and diameter of the balls used
[20]. The present study investigates the influence of
MA time and ball diameter on the mechanochemical
synthesis of niobium silicides.

The objective of the study is to determine the
effect of milling ball diameter and MA time on the
formation of niobium silicides during
mechanochemical synthesis using technogenic waste
as starting materials. To achieve this objective, the
following tasks have been set: to perform mechanical
activation of niobium and silicon while varying MA
time and ball diameter; to investigate the
morphology, phase composition, and structural state
of the mechanically activated mixtures using X-ray
phase analysis, X-ray structural analysis, and
scanning electron microscopy.
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2. Materials and Methods

2.1. Method for obtaining niobium silicides

Niobium powder was produced by processing
turnings of commercially pure niobium. The turnings
were sheared with guillotine shears into platelets of
approximately 5 x 5 X 2 mm, which were then milled
in a ball mill (“Activator 2SL”) for 10 min. Silicon
powder was prepared from technical-grade silicon
plates sized 100 x 100 x5 mm. The plates were
comminuted using a laboratory disintegrator
(Desi 11).

A planetary mill “Activator 2SL” with water
cooling was used for the mechanochemical synthesis
of niobium silicides. MA conditions were as follows:
drum/disc radius ratio 1.57, planetary radius 103 mm,
drum volume (WC-Co, VKS8) 200 mL. The disk and
drum rotation speeds were 1000 and 1500 minﬁl,
respectively. WC-Co balls of 5 mm and 8§ mm
diameter were used as grinding media. A 100 g
powder mixture of niobium and silicon, prepared to
the stoichiometry of NbsSi3, was activated for 5, 10,
15, and 30 minutes with a ball-to-powder mass ratio
of 6.3: 1.

2.2. Analytic methods

The mechanically activated powders were
analyzed by X-ray phase analysis (XRD-6000, Cu Ka
radiation, PDF-4+ and POWDER CELL 2.4
databases) and by scanning electron microscopy
(Quanta 200 3D). Crystallite sizes were estimated
using the Scherrer equation. Rietveld refinement was
applied to the X-ray diffraction patterns to separate
contributions from crystallite size and microstrain
and to assess their uncertainties; this refinement
accounted for both instrumental broadening
(via instrument parameters) and physical broadening
(related to crystallite size and microstrain). Statistical
uncertainties for the refined parameters (including
crystallite size and microstrain) ranged from 3.4 to
6.2 %. Specific surface area was measured by
nitrogen thermal desorption using the four-point BET
method on a SORBI-M instrument, with nitrogen as
the adsorbate. Prior to measurement, powders were
degassed by thermal treatment for 1 hour at 200 °C.

3. Results and Discussion

Figure 1 shows a scanning electron microscope
(SEM) image of a niobium-silicon powder mixture
obtained after 5 minutes of mechanical activation
(Fig. 1la). The image demonstrates particle
morphology indicating the initial stages of intense

particle crushing and agglomeration. The dominant
structural element is large agglomerates, reaching
sizes comparable to 50 pm. These agglomerates have
a non-uniform, lumpy surface, indicating their
formation from smaller particles under the influence
of shock-shear loads. The surface of the agglomerates
bears traces of intense mechanical action: roughness
and the presence of small particles adhering to larger
ones. A significant number of small particles are
visible between the large agglomerates. Some of
these small particles appear more angular, while
others are smoothed, which may reflect different
stages of mechanical processing. During this time
interval (5 min MA) the destruction of the original
particles occurs and the simultaneous formation of
new, smaller ones, which begin to agglomerate,
sticking to each other.

A SEM-image of a niobium-silicon powder
mixture after 15 min of MA (Fig. 1) demonstrates
differences from the morphology observed after
5 minutes of MA, where large agglomerates with
a non-uniform surface predominated. After 15 min,
a finer grinding was observed. The number of small,
freely distributed particles increased. The main
agglomerates appear smaller and consist of even
smaller components. The total volume of the powder
mixture now consists of a larger number of small
particles. This indicates that the grinding process,
crushing both the original particles and the previously
formed agglomerates, continued during the additional
10 minutes of MA (from 5 to 15 min). While after
5 min of MA, the agglomerates had a more
“sculpted” shape with clear signs of clumping, after
15 min they appear “loose”, consisting of smaller
particles. The increased degree of dispersion and the
increase in the interphase surface of the agglomerates
create favorable conditions for the occurrence of
mechanochemical reactions, and promote diffusion
processes and the formation of silicide phases.

A comparative analysis (5 min MA vs. 15 min
MA) shows that after 15 minutes of MA, a decrease
in the average particle size and an increase in the
proportion of fine particles were observed compared
to 5 minutes of MA. Increased crushing and
agglomeration processes created the preconditions for
the formation of layered agglomerates and an
increase in the interfacial surface area, creating
conditions for the mechanochemical synthesis of
niobium silicides. These changes indicate that
increasing the MA time prepares the material for the
formation of the target phases.

Figure 1c¢ shows the SEM-image of a niobium-
silicon powder mixture after 30 min of MA, where
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(@

Fig. 1. SEM-images of the silicon-niobium powder mixture after:
a—>5 min MA; b — 15 min MA; ¢ — 30 min MA using 5 mm balls

further changes in morphology were visible and the
finest grinding was observed. Most of the particles
were smaller than in previous stages. Fine material
was formed, with micron and submicron particles
predominating. This indicates an intensive crushing
process that continued throughout the entire MA
period. While large agglomerates predominated after
5 minutes of MA, and became looser after 15 min,
after 30 min large agglomerates were virtually absent.
Clusters of very small particles were observed, which
began to form new, smaller and looser aggregates that
lacked the distinct structure of the primary, large
agglomerates. This structure facilitates more efficient
mechanochemical  reactions. A  morphology
characterized by strong comminution and a high
degree of particle deformation often correlates with
the onset of amorphous or nanostructured phase
formation [8, 11, 14, 19]. The analysis of the powder
mixture after 30 min of MA demonstrated a transition
to a highly dispersed state with a predominance of
very small particles.

Thus, analyzing the samples after 5, 15, and
30 min of mechanical activation, we see that after
5 min of mechanical activation, large agglomerates
with pronounced traces of impact-shear action
predominated. Small particles were relatively few.
After 15 minutes of mechanical activation, the
agglomerate size decreased, the proportion of small
particles increased, with looser aggregates formed.
The  grinding process continued  actively.
After 30 minutes of mechanical activation, a high
degree of dispersion was observed. Very small
particles predominated, with virtually no large
agglomerates. An increase in the specific surface area
was observed, creating optimal conditions for
mechanochemical synthesis.

Thus, the morphological changes in the niobium-
silicon powder mixture observed with increasing
mechanical activation time indicate progressive

degradation of the starting materials and the
preparation of the powder structure for the formation
of new compounds.

Figure 2 shows the changes in the specific
surface area of the powder mixture depending on the
MA time using grinding balls with diameters of 5 and
8 mm. The specific surface area for the 5 mm
diameter (square) initially increased sharply from the
initial state (presumably up to 5 min of MA, where it
is about 2.4 mz-gfl), then decreased by 15 min (about
1.1 mz'g_l), and again increases slightly by 30 min
(about 1.4 mz-gfl). The specific surface area for the
8 mm diameter (circle) also initially decreased from
the initial value (about 1.9 m2~g71 at 5 min of MA),
reached a minimum at 15 minutes (about 1.3 rnz-g_l),
and then increased slightly by 30 minutes
(about 1.4 mz-g_l). The analysis of the effect of
grinding ball size (5 mm vs. 8 mm) shows that using
8 mm balls resulted in a lower specific surface area at
early stages (5 and 10 min of MA), but by 15 and

25

-®-d=5mMMm
—e—d=8 MM

N
=]
1

-

2

Specifiec surface, m*/g

Mechanical activation time, min.

Fig. 2. Specific surface area as a function of mechanical
activation time using 5 mm diameter balls (m)
and 8 mm diameter balls (®)
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30 min of MA, the values became similar.
This is consistent with the assumption that 8§ mm
balls provide higher MA intensity but lead to more
rapid agglomeration and powder compaction, which
is reflected in the specific surface area curve.

Figure 3 shows fragments of the diffraction
patterns after 5 min of MA for ball diameters of
5 (Fig. 3a) and 8 mm (Fig. 3b). The diffraction
patterns in Fig. 3a show intense peaks corresponding
to Nb and Si, while Figure 3b also shows the initial
Nb and Si, but with noticeable peaks related to the
NbSi, phase. This indicates that using larger balls
(8 mm) at the same MA time (5 min) results in a
slightly more active reaction onset.

Figure 4 shows fragments of the diffraction
patterns after 30 min of MA for balls with diameters

of 5 and 8 mm. When using 5 mm balls, the
appearance of the diffraction pattern differed
significantly from the case of 5 min of MA. Now
there are pronounced peaks corresponding to niobium
silicides: NbSi, (marked as “1”) and NbsSiz (“27).
The peaks of Nb and Si were also preserved, but their
intensity decreased. When using 8 mm balls (Fig. 4b),
a fragment of the diffraction pattern also shows the
presence of silicides, but here, in addition to NbSi,

(“1”) and NbsSi3 (“2”), peaks of NbsSi (“3”) were
observed. The intensity of the niobium silicide peaks,
especially NbSi, and NbsSi3, was significantly higher
here than for 5 mm balls at the same MA time
(30 min). The intensity of the initial niobium was
lower than for 5 mm balls.
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The SEM-image after 30 min of MA (Fig. l¢)
shows a high degree of grinding and dispersion,
which is completely consistent with the diffraction
data. It is precisely at this fine grinding that the
intensive formation of new phases (niobium silicides)
occurs. The higher intensity of the silicide peaks for
8 mm balls at 30 min of MA, compared to 5 mm
balls, may be due to more effective mechanical
alloying and/or the higher temperature generated
during impacts with the larger balls, which facilitates
the reactions.

Figure 5 shows the dependence of the change in
the mass fraction of the initial components and the
formed silicides on the MA time, as determined by
X-ray diffraction data. The graph provides
a quantitative assessment of the phase composition as
a function of MA time and sphere size.

The proportion of initial niobium (curve I,
squares) decreased with MA time, especially
noticeably after 15 minutes of MA. This confirms
that Nb actively participates in silicide formation
reactions. The proportion of initial silicon (curve 2,
circles) also decreased, but less dramatically than the
proportion of Nb. This is due to the fact that it was
used in smaller quantities (based on the stoichiometry

of NbsSi3). The proportion of mechanochemically
formed niobium silicides (curve 3, triangles)
increased with MA time.

The analysis of the influence of the ball size
(5 mm vs. 8 mm) according to XRD shows that after
5 min of MA: when using 8 mm balls (Fig. 35, and
curve 3 in Fig. 5b) a higher proportion of silicides
was observed than with 5 mm balls (Fig. 3a, and
curve 3 in Fig. 5a). This confirms that larger balls
contribute to a faster reaction start. After 30 min of
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MA for 5 mm balls (Fig. 4a, Fig. 5a) the proportion
of silicides reached approximately 38 % and for
8 mm balls (Fig. 4b, Fig. 5b) the proportion of
silicides was about 46 %, and a greater variety of
phases was present (Nb,Si, NbsSi3, Nb3Si).
Figure 5b, curve 3, also shows an increase in the
proportion of silicides, comparable to that in Fig. 5a.
After 30 min of the MA process for 5 mm balls, the
predominant silicide was NbSi, (30 wt. %), with
Nb5Si3 accounting for 8 wt%. For 8 mm balls, with
the same MA time, the NbSi, content was also
30 wt. %, NbsSiz — 1 wt. %, and Nb3Si (15 wt. %)
was added.

Thus, using 8 mm balls accelerates the silicide
formation process and can facilitate the formation of
a more diverse set of phases.

Figure 6 shows the dependences of changes in
coherent scattering areas (CSA) on the MA time.
CSA (crystallite size) is the average size of regions
within the material where the crystalline structure
remains continuous. During MA, the crystals were
crushed, and the CSA decreased. When using 5 mm
balls, (Fig. 6a) the CSA size for Nb (/) remained
relatively stable within 10-20 nm, with a noticeable
decrease at 15 min of MA. The CSA size for Si (2)
initially increased slightly (up to 10 min of MA) and
then decreased. The CSA size for niobium silicide
NbsSi3 (3), which began to form, initially decreases
(up to 10 min) and then increased. This may be due to
the initial formation of nanoparticles, which then
began to agglomerate or enlarge. When using 8 mm
balls, (Fig. 6b) The CSR size for Nb (/) also
decreased with MA time, remaining within 10-20 nm.
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Fig. 5. XRD-based mass fraction changes of initial components and mechanochemically formed silicides,
using ball diameters: ¢ — 5 mm; » — 8§ mm
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Fig. 6. Evolution of crystallite size (coherent scattering domain size) for initial components and mechanochemically
formed niobium silicides as a function of mechanical activation time, with ball diameters: ¢ — 5 mm; b — 8 mm

The CSR size for Si (2) remained relatively low
and stable. The CSR size for niobium silicide NbsSis
(3) behaved similarly to that for 5 mm spheres,
with a sharp increase after 15 min of MA and then
a decrease. However, after 5 minutes of MA, the CSR
of the silicide was already significantly smaller than
that for 5 mm spheres, which may indicate more
rapid formation of nanoscale regions.

The decrease in the CSR for the initial
components during MA indicates their refinement
and disordering of the crystalline structure.
This is consistent with SEM-images, which showed
progressive particle refinement. The increase and
subsequent decrease in the CSR for silicides may
reflect the process of their formation and refinement
of already formed phases.

Figure 7 shows the dependence of changes in
crystal lattice microdistortions (Ad/d) on the MA
time. Microdistortions (or deformations) of the
crystal lattice are a violation of the ideal periodicity
of the crystal structure. MA causes deformations and
the accumulation of vacancies and dislocations,
leading to an increase in microdistortions. For 5 mm

* 10-3

adid,
Y

L S e . e e o S e e e e e
0 5 1 15 20 25 30

Mechanical activation time, min.

(@

spheres, microdistortions for Nb (/) and Si (2)
initially increased (up to 15 min of MA), reaching a
maximum, and then began to decrease.
Microdistortions for NbsSiz (3) tended to increase
over time, reaching their maximum at 15 min of MA
and then decreasing. This may be due to relaxation
processes and some annealing with increasing
temperature.

For 8 mm spheres, microdistortions for Nb (/)
initially increased, reaching a maximum at 10 min of
MA, and then decreased, while for Si (2) they
remained relatively low and stable. For 8§ mm balls,
the peak microdistortions for Nb and NbsSi; were
reached earlier (around 10 min) and were more
pronounced. This indicates a more intense and rapid
accumulation of defects when using larger balls.
The peak microdistortions for NbsSi3 for 8§ mm balls
after 10 min of MA were very high (more than
7-1073), indicating significant disordering of its
crystal lattice. This may be due to the more active
formation of nanoscale or amorphous regions under
more intense mechanical activation.
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Fig. 7. Evolution of lattice microstrain in initial components (/ — niobium, 2 — silicon) and mechanochemically formed
niobium silicides (3 — NbsSi3) as a function of mechanical activation time, with ball diameters: @ — 5 mm; » — 8 mm
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An increase in microdistortions with increasing
MA time indicates the accumulation of defects in the
crystal lattice of the starting components and the
forming silicides. A decrease in the coherent
scattering area and an increase in microdistortions
occur in parallel, reflecting the intensity of
deformation processes. High microdistortion values
and low coherent scattering area values (especially
at 15 min of MA) correlate with the high degree of
dispersion observed in SEM-images.

Thus, the use of larger grinding balls (8 mm), all
other things being equal, accelerates the MA and
synthesis process, leading to more rapid formation of
silicides and the formation of a more complete set of
silicide phases.

4. Conclusion

It was found that with increasing MA time,
particle refinement occurred, their specific surface
area increased, and, consequently, the proportion of
formed silicide phases increased. According to X-ray
diffraction data, maximum disordering and structure
refinement were achieved in intermediate activation
modes (10-15 min), which correlates with the
specific surface area and morphology data. Using
larger balls (8 mm) intensified the deformation and
disordering processes, leading to a sharper increase in
microdistortions and faster formation of nanoscale
silicides. The total mass fraction of niobium silicides
was 46 % when using 8 mm balls versus 38 % when
using 5 mm balls after 30 minutes of mechanical
activation.

The use of secondary waste as starting materials
is suitable for producing niobium  silicides.
With increasing MA time, particle refinement
occurred, their specific surface area increased, and,
consequently, the proportion of formed silicide
phases increased. Mechanical activation leads to
crystallite refinement (reduction in CSR) and defect
accumulation (increased microdistortions) in the
starting components and the resulting silicides.
According to X-ray diffraction data, maximum
disordering and structure refinement were achieved in
intermediate activation modes (10-15 min), which
correlates with the specific surface area and
morphology data. The use of larger balls (8§ mm)
intensified the deformation and disordering
processes, leading to a sharper increase in
microdistortions and faster formation of nanoscale
silicides. The total mass fraction of niobium silicides
was 46 wt. % when using 8 mm balls versus 38 wt. %
when using 5 mm balls after 30 minutes of
mechanical activation. The use of secondary waste as
starting materials is suitable for producing niobium
silicides.
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Supercapacitors based on graphene nanoflakes
and redox-active ferrocene-containing ionic liquids
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Abstract. A series of ferrocene-containing ionic liquids (Fc-ILs) (bis(trifluoromethylsulfonyl)imides ofN-methyl-N-
(ferrocenylmethyl)pyrrolidinium,  N-methyl-N-(ferrocenylmethyl)piperidinium  and  N-ethyl-N-(ferrocenylmethyl)
pyrrolidinium) were tested as redox-active additives for supercapacitor (SC)ionic liquid electrolytes. Undoped and
nitrogen-dopedgraphene nanoflakes (GNFs) were used as an electrode material. The electrochemical characteristics of SCs
were analyzed bycyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy. Self-discharge of SCs was measured at open-circuit potential. The specific capacitance, energy density,
Coulombic efficiency and self-discharge of the SCs depended on the textural parameters of the electrode material and type
and content of the additive to the electrolyte. The increase in the Fc-IL fraction in the 0.5 M [EMIm][NTf]/
acetonitrile supporting electrolyte enhanced the specific capacitance of the GNF-based electrode from 85 to 126 F-g '
at a scan rate of 5 mV-s ' due to additional pseudocapacitive contribution from reversible electron transfer in Fe*'/Fe’".
Moreover, the redox-active additives provided the increase in energy density of the SC up to 21.7 Wh~kg71. Nitrogen
doping of GNF accelerated the self-discharge due to the interaction between redox-active species and nitrogen groups on
the electrode surface.
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Annoranus. Deppouencoaepxamme noHable xuakoctu (Fe-MK) (buc(tpudropmermncynbdormn)umuasl N-meTrnia-N-
(beppouerunmermn)nupponuauaus, N-metwi-N-(dheppoueHmwimerwt)nunepuauaust 1 N-3Tui-N-(hepporeHHIMETHIT )
MUPPOJIMJIUHKS)  HMCIBITAHBI B KauyeCTBE  OKHCIHUTEIbHO-BOCCTAHOBUTENBHBIX  J00ABOK Ui DJIEKTPOJIUTOB
cynepkonzencaropoB (CK). B kauecTBe sJeKTpOAHOrO Marepuaia W3y4eHbl MajoOCJIOWHBIE IpaduTOBbIE (parMeHThI
(MI'®), B Tom umcne azor3ameriéHHbie (N-MI'®). Anamms snexrpoxumuueckux xapakrepuctuk CK mnposenen
C TIOMOIIBI0 METOAOB IMKIMYECKOW BOJBTAMIIEPOMETPUH, T'aJbBaHOCTATHUYECKOTO 3apsiia-paspsiia M CHEKTPOCKOIHH
anekTpoxuMuyeckoro ummnenanca. Camopaspsg CK u3MepeH npu noteHunuane xonocroro xona. Ilokasano, uTo nopuctele
rapaMeTphl JJIEKTPOJHOTO MaTepuana, THI M COJACpP)KAaHHE PEIOKC-TOOABKH B BIICKTPOIHUTE OMPENCISAIOT YACIbHYIO
€MKOCTh, IUIOTHOCTh 3HEPIHH, KYyJOHOBCKYI0 3(¢dexTnBHOCT, W BenmuuHy camopaspana CK. YcranosneHo, uTo
yBennuenue nonu Fc-MDK B donoBom anmexrponute 0,5 M [EMIm][NTf,]/atieTOHUTPHII NPUBOAUT K YBEIHUCHHIO
YZIeIBHOH eMKOCTH IeKTpoja Ha ocHoBe MI'® ¢ 85 o 126 d/r npu ckopocT pa3BepTku noteHnuana 5 mB/c 3a cuer
JIOTIOJTHUTEIBHOTO TICEBJOEMKOCTHOTO BKJIa[a, 0OyCIOBIEHHOTO OOPAaTHMBIM IEPEHOCOM 3JEKTPOHOB B XOJE PEIOKC-
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nporiecca Fe”'/Fe’ ', a Takke cmocodctByer pocty ynensHoW sHeprmm CK mo 21,7 Br/kr. B otmmume ot MI'O®,
JIETUPOBaHHE a30TOM OKa3blBaeT HETaTUBHOE BIMSHHE Ha JlieKTpoxuMuueckue xapakrepuctuku CK, mnpuBoms
K YCKOPEHHMIO camopa3spsila BCIEACTBHE B3aUMOJCHCTBUS PEIOKC-aKTUBHBIX YaCTHI[ C a30THBIMH TpyMNIaMH Ha

TMMOBEPXHOCTHU BJICKTPOJA.
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1. Introduction

The rapid expansion of the global economy leads
to depletion of fossil fuels and accelerates anomalous
climate change. This makes the development of clean
renewable energy solutions the key task of modern
industries. Nowadays, different energy storage
technologies, such as supercapacitors (SCs), metal-
ion batteries and fuel cells have been rapidly
growing. Among them SCs stand out by fast
charge/discharge rates, cycling stability, high-power
density and low cost [1, 2]. However, compared to
Li-ion batteries the commercially available SCs
release lower specific energy density that is about
5-15 Whkg ' [3]. The increase in the specific
capacitance C and potential range } allows enhancing
the SC energy density calculated as ESC=O.SCV2
[4]. The use of redox-active electrode materials or
electrolytes is a successful strategy to improve the
specific capacitance of SCs due to additional
pseudocapacitive contribution caused by reversible
Faradaic reactions [5, 6].

Over a decade, different metal oxides [7, 8],
conducting polymers (polyaniline, polythiophene,
polypyrrole, etc.) [9], and modified carbon
nanomaterials [10] have been applied as electrode
materials of SCs. Carbon-based nanomaterials are of
particular interest due to their chemical stability,
developed porosity and low cost. The introduction of
heteroatoms, such as nitrogen, sulfur, oxygen,
phosphorus and boron, into graphene layers changes
their electronic structure, magnetic, optical and
electrochemical properties [11]. In particular,
N-doping enhances electrochemical activity of the
electrode material because higher electronegativity of
nitrogen atoms and their additional lone electron pairs
improve its electrical conductivity [11] and enable
efficient charge storage [12]. Sliwak et al. [12]
showed that pseudocapacitance  contribution
increased the specific capacitance of reduced
graphene oxide from 142 up to 209 F- g71 at a current
density of 20 F-g"' in 6 M KOH. Similarly, a 300-
fold enhancement in specific capacitance of pristine

graphite in 1 M KOH was reported after doping of
the electrode material with nitrogen.

The choice of electrolyte is crucial for the
electrochemical performance of the SC. Currently,
various aqueous and organic systems are widely used
in SCs because of their high ionic conductivities and
good interface wettability. Several redox-active
electrolyte additives such as KiFe(CN)g [13-15],
K4Fe(CN)g [16], KI [17, 18], KBr [19, 20], VOSO4
[17, 21], hydroquinone (HQ) [22, 23] have been
reported. These additives provide extra redox pairs
that boost charge storage via electron exchange.
In contrast to electrode material engineering, tuning
the electrolyte offers a more facile and cost-effective
route to high pseudocapacitance. However, the
potential operating window of SCs based on aqueous
electrolytes is thermodynamically limited (< 1.23 V)
by water decomposition [24]. Furthermore, freezing
of aqueous electrolytes limits their applicability at
extremely low temperatures. Replacement of aqueous
solutions with ionic liquids (ILs) helps to overcome
these limitations.

ILs are salts composed of organic cations and
organic or inorganic anions. They are distinguished
by negligible flammability and volatility, high
thermal stability, and a wide operational temperature
range [25, 26]. Moreover, a wide electrochemical
stability window of ILs (up to 5-6 V [26]) enables
higher energy densities of SCs. In recent years, a few
redox-active ILs including 1-butyl-3-
methylimidazolium iodide (BMIMI) [27], 1-butyl-3-
methylimidazolium bromide (BMIMBr) [28, 29],
N-butyl-N-methylpyrrolidinium bromide (Pyri4Br)
[30], dimethyl-1,1’-bis(N-butylimidazolium)ferrocene
chloride [31], 1-ethyl-3-methylimidazolium
ferrocenylsulfonyl-(trifluoromethylsulfonyl)-imide
([Emim][FeNTf])  [32], N-6-ferrocenchexyl-N’-
methylimidazolium bis(trifluoromethanesulfon)imide
[33], N-2-ethylhexyl-N'-isopentyl-4,4'-bipyridinium
bis(di(trifluoromethanesulfon)imide) [33] and
1-methyl-3-(3-((2,2,6,6-tetramethylpiperidin-4-yl)oxy)
propyl)-1H-imidazol-3-ium
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Fig. 1. Fc-1Ls used as redox-active electrolyte additives

bis(trifluoromethanesulfon)imide [33] have been
tested as SC electrolytes. Fan et al. [28] found that

a pseudocapacitance contribution from a Br /By

Faradaic reaction at the electrode/electrolyte interface
increased the specific capacitance from 65.3 to
392 F-g' at 0.25 A-g ', and enhanced the energy
density of the quasi-solid-state SC from 7.1 to
43.1 Wh-kg71 [28]. Similarly, replacing the poly(vinyl
alcohol) (PVA)/Li;SO4/BMIMCI electrolyte with
a PVA/Li;SO4/BMIMI-based one
specific capacitance from 139.1 to 384.1 F-g_1 at
a current density of 0.25 A-g ' [27]. 80 wt. % solution
of [Emim][FcNTf] in acetonitrile demonstrated
higher specific energy of the SC (up to 13.2 Wh-kg_l)
in the potential range of 2 V than the same solution of
[Emim][NTf;] (7.2 Wh'kgfl) [32]. Among redox-
active ILs, ferrocene-based ILs (Fc-ILs) are
considered as promising electroactive electrolytes due
to the good solubility, high chemical and
electrochemical stability, wide availability, and low
cost of ferroceneprecursor [34]. The redox behavior
of Fc-ILs originates from the reversible electron

increased the

transfer in  the Fe’'/Fe’” couple  during
charge/discharge cycles that provides
pseudocapacitance.

Herein, the earlier synthesized Fc-ILs [35]
(N-methyl-N-(ferrocenylmethyl)pyrrolidinium
bis(trifluoromethylsulfonyl)imide (Pyrl1Fc),
N-methyl-N-(ferrocenylmethyl)piperidinium
bis(trifluoromethylsulfonyl)imide (Pip11Fc), N-ethyl-
N-(ferrocenylmethyl)pyrrolidinium bis(trifluoro-
methylsulfonyl)imide (Pyr12Fc)) (Fig. 1) were tested
in SCs as redox-active electrolyte additives to
enhance their electrochemical performance.

The aim of this study was to evaluate the effect
of redox-active additives combined with graphene
nanoflakes (GNFs) and nitrogen-doped GNFs
electrodes on specific capacitance, self-discharge,
energy and power densities of SCs.

2. Materials and Methods

The synthesis and characterization of Pyrl1Fc,
Pyr12Fc and Pipl1Fc are described in detail in [35].
Redox-active solutions containing 0.01, 0.03 and
0.05 M Fc-ILs with a 0.5 M [EMIm]|[NTf;]
supporting electrolyte in acetonitrile (AN) (Sigma-
Aldrich, >99.9 %) were prepared in an argon-filled
glove box (water content < 0.1 ppm). A blank 0.5 M

[EMIm][NTf;]
a reference additive-free electrolyte. GNFs (Sggpr=
=1720 m*-g ') [36] and N-GNFs ([N]xps = 8.8 at. %,
Sger= 1180 mz-gil) [37] were used as electrode
materials. To prepare the slurry, 160 mg of the
electrode material, 20 mg of conductive carbon black
(Super C65, MTI Corporation) and 33 mg of
a 60 wt. % polytetrafluoroethylene (PTFE) aqueous
dispersion (MTI Corporation) were thoroughly mixed
in ethanol using an agate mortar with a pestle. Then,
a homogeneous paste was passed through a roller
press and coated onto a nickel foam disk (d=1 cm,
porosity 98 %, MTI Corporation) used as a current
collector. Afterwards, the electrodes were dried at
a vacuum oven at 60 °C for 24 hours to remove
moisture impurities. The coated paste area was
0.785 cm® with a mass loading of active material of
~7 mg-cm72 (GNFs) and ~16 mg-cm72 (N-GNFs).
Electrochemical measurements were carried out
on a Biologic VSP potentiostat-galvanostat (Bio-
Logic Science Instruments SAS, France). The SC was
assembled in a 2032 coin-cell configuration with two
identical electrodes separated by a glass microfiber
filter (Whatman). Electrolyte volume corresponded to
140 pL. Cyclic voltammetry (CV) curves were
recorded at a scan rate v of 5, 10, 20, 50, 100 and
200 mV-s ' in the potential range of 0-2.5 V that
corresponded the electrochemical stability windows
of individual components of the electrolytes [35, 38].
Galvanostatic ~ charge/discharge  cycling  was
conducted at a current density i of 1, 1.5, 2, 2.5 A-g_l.
The specific capacitances of the single electrode Ccy

and Cgcp (F-gfl) and the SC cell Cgc were
calculated from a discharge curve as [39]:

solution in AN was used as
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Cov = [1dv (e); (1)
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where V is potential, V; [ is current, A; and m is mass
of active electrode material, g. The energy Egc

(Wh-kgil) and power Py (kW-kgil) densities were
determined as:

Ceep AV?
Egqo =——; 3)
&8x3.6
Egc
Fye = ) 4)
t/3.6

where ¢ is the discharge time, s.

The SCs were studied by electrochemical
impedance spectroscopy in the frequency range from
10 MHz to 1 MHz with a potential amplitude of
10 mV around the open circuit potential of the
discharged state.

To evaluate self-discharge of the SCs, the cells
were charged up to 2.5 V at a scan rate of 10 mV-s '
and kept at this potential for 60 s. Then, the open-
circuit voltage was recorded for 5 h.

3. Results and Discussion

Figure 2 shows the CV curves recorded at a scan
rate of 50 mV-s ' for different concentrations of

Fc-ILs in 0.5 M [EMIm][NTf,]. The CV curves for
the SCs with the blank electrolyte exhibit nearly
rectangular response attributed to the charge
accumulation through the electrochemical double-
layer formation under adsorption of charge carriers at
the electrode/electrolyte interface. In contrast,
addition of the Fc-ILs to the electrolytes results in the
appearance of reversible oxidation/reduction peaks
attributing to the Fe*'/Fe*" redox reaction. The redox
peaks became more pronounced with increasing the
Fc-IL concentration (Fig. 2b) indicating the enhanced
pseudocapacitance contribution.

For each Fc-IL additive the CV curve for 0.05 M
Fc-IL electrolyte exhibited the highest current
density. At a scan rate of 5 mV-s | the specific
capacitances of GNF-electrodes in the electrolytes
with additives were 126 (Pyrl1Fc), 123 (Pyrl2Fc)
and 122 (Pipl1Fc) F-gfl, which were well above
85 F-g ' observed for the blank electrolyte (Table 1).
Even at a scan rate of 200 mV's ' the specific

capacitance retained high values of 101 (Pyrll1Fc),
99 (Pyr12Fc) and 97 (Pipll1Fc) F-g_1 compared to
73 F- g71 for the blank electrolyte. The decrease in the
capacitance with increasing the scan rate is caused by
the kinetic limitations due to the lack of time for
charge carriers to penetrate into the porous electrode
structure [40, 41].

N-GNFs showed similar to GNFs specific
capacitances of 120 (0.05 MPyrllFc), 118
(0.05 MPyrl2Fc), 125 (0.05 MPipll1Fc) and
101 (blank electrolyte) F-g ' at 5 mV's '. However,
the increase in the scan rate resulted in a more
pronounced dropin the specific capacitances of
N-GNFs (Table 1). At 50 mV-s ' the contribution of
redox peaks to the CV area for N-GNFs electrodes is
lower (Fig. 2¢), which may be attributed to their
significantly different porosity. The GNFs specific
surface area of 1720 m2~g71 and mesopore volume of
2.38 crn3'g_1 [36] are significantly higher than those
of N-GNFs (1180 m*g ' and 1.16 cm’g ' [37]).
The abundant mesopores in the electrode material
should shorten the ion diffusion pathways and
facilitate smooth and high-rate ion mobility [42].
Therefore, higher free pore volume of GNFs provided
by mesopores reduces the kinetic limitations for
charge  carriers during  charging/discharging
processes. In contrast, lower fraction of mesopores
and a high content of micropores (0.54 cm3-g_1) in
N-GNFs can impede migration of bulk solvated ions
of Fc-ILs into the porous electrode structure. These
limitations become more pronounced at higher scan
rates. Thus, the difference in the GNFs and N-GNFs
porosity was expected to result in their different
electrochemical performances in SCs. Nevertheless,
the similar values of specific capacitances of these
electrodes at low scan rates suggest that lower double
layer capacitance of N-GNFs because of their lower
specific surface area is compensated by extra
pseudocapacitive contribution provided by reversible
redox reactions that involve nitrogen species in
N-GNF. However, this compensation effect
diminishes at higher scan rates. At 200 mV-s ' the
specific capacitances of N-GNFs were lower than
those of GNFs:76 (PyrllFc), 72 (Pyrl2Fc),
81 (Pip11Fc) and 74 (blank electrolyte) F- gfl.

The non-linearity of the GCD curves recorded
for Fc-ILs-electrolytes confirms the Faradaic
behavior of redox-active electrolytes (Figs. 2d—f).
The GCD results demonstrate that the GNFs-based
electrodes combined with redox-additives of the
electrolytes provide higher capacitances than the
N-GNFs electrodes (Table 2), which agrees with the
CV data (Table 1).
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Fig. 2. CV (a — ¢) and GCD (d — f) curves of GNFs- (a, b, d, e) and N-GNFs- (c, f) based SCs recorded at scan rate
of 50 mV's ' and current density of 1 A~g71 (Potential range = 0— 2.5V, T =298 K). Nyquist plots for GNFs- (g)
and N-GNFs-based SCs (/) with 0.5 M [EMIm][NTf,]/AN + 0.05 M Pyr12Fc

However, in the blank electrolyte the specific
capacitance of N-GNFs (90.1 F-g ' at 1 A.g )
exceeded this value for GNFs (79.6 F-g ' at 1 A-g ).
These results point to specific interactions between
surface nitrogen-species and redox-active additives
that reduce electrochemical performance of the SC.
In particular, nitrogen groups may enhance the
adsorption of products forming in a Faradaic process
on the carbon electrode and increase self-discharge.
The 0.05M Pyrl1Fc additive to supporting electrolyte
0.5 M [EMIm][NTf,]/AN provided slightly higher
specific capacitance of GNFs (108.3 F-g 'at 1 A-g ')

than 0.05M Pyrl2Fc(107.3 F-g') and 0.05M
Pipl1Fc (104.6 F-g ') ones. The unit cell volume of
the crystals increases in the series PyrllFc
(1156.96(14) A*) < Pyr12Fc (2407.1(3) A*) < Pip11Fc
(4771.6(5) A3) [35]. The lowest volume of Pyrl1Fc is
favorable for ions migration inside the smallest inner
pores of the electrode. Indeed, the ionic conductivity
of Fc-ILs in AN with a molar fraction of xp.j =
=0.05 at 298.15 K follows the decreasing order:
Pyrl1Fc ((26.25 £0.28) mS-cm_l) > Pyr12Fc ((25.79 =
+0.31)mS-em ') > Pip1 1Fc ((23.94 +0.30) mS-cm ) [35].
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Table 1. Effect of redox-active additives on specific capacitances (F-gfl)
of GNF- and N-GNF-based electrodes at different scan rates

4 GNFs N-GNFs
v, mV-s
5 10 20 50 100 200 5 10 20 50 100 200
No additive 85 83 81 78 76 73 101 97 93 88 83 74
0.01M Pyrl1Fc 99 97 93 88 84 80 111 106 101 94 86 74
0.03M Pyrl1Fc 112 109 106 101 96 90 116 110 104 94 89 64
0.05M Pyrl1Fc 126 121 117 112 107 101 120 114 109 100 90 76
0.01M Pyrl2Fc 93 91 89 85 82 78 105 99 95 88 81 71
0.03M Pyr12Fc 119 117 114 109 105 99 114 107 102 94 85 72
0.05M Pyrl2Fc 123 119 115 109 102 93 118 113 106 95 85 71
0.01M Pipl11Fc 93 91 88 84 81 78 104 97 92 84 76 65
0.03M Pipl1Fc 110 107 103 97 90 83 117 112 105 92 80 65
0.05M Pipl1Fc 122 119 115 109 104 97 125 119 113 104 95 81
Table 2. Effect of redox-active additives on specific capacitances (F-g ")
of GNF- and N-GNF-based electrodes at different current densities
i Ag GNFs N-GNFs
1 1.5 2 2.5 1 1.5 2 2.5
No additive 79.6 74.6 78.2 72.4 90.1 88.2 86.5 85.0
0.01M Pyrl1Fc 90.5 80.5 88.1 78.0 95.4 93.0 90.7 88.6
0.03M Pyrl1Fc 92.6 89.2 91.8 87.3 95.9 92.5 88.7 85.1
0.05M Pyrl1Fc 108.3 106.2 106.7 104.2 100.4 98.1 95.6 93.1
0.01M Pyr12Fc 86.6 79.5 84.3 76.8 89.4 86.9 84.8 82.8
0.03M Pyr12Fc 103.6 97.5 103.5 96.0 94.4 92.2 89.8 87.5
0.05M Pyr12Fc 107.3 98.5 106.6 95.0 84.7 85.0 89.1 91.4
0.01M Pip11Fc 83.3 77.2 81.8 75.0 85.4 82.5 80.0 77.6
0.03M Pipl1Fc 95.1 86.5 92.5 83.2 92.3 90.7 88.0 85.0
0.05M Pipl11Fc 104.6 99.6 103.4 97.3 103.9 101.8 99.5 97.2

This trend correlates with the mobility of the
cations: the diffusion coefficients determined for
0.01 M Fc-IL solutions in AN were 5.06-10 ¢ cm?s !
(Pyrl1Fc"), 4.7610 ° cm’s

cm™s (Pyr12Fc"), and

4.51-10 ®em?s ™' (Pipl1Fc?) [35].
The results are consistent with the
electrochemical impedance spectroscopy data

(Fig. 2g, h). The charge transfer resistance (R.),
defined by the diameter of the semicircle, is the
smallest for GNFs-based SCs. In contrast, N-GNFs-
based SCs demonstrate a higher Ry value, which is
attributed to diffusion limitations caused by ion
migration within the porous electrode structure
during charge storage.

GCD curves were also used to study the effect of
self-discharge due to the so-called "shuttle effect" —

diffusion of the redox component to the opposite
electrode immediately after oxidation/reduction [43].
Because of this effect the charge capacity exceeds the
discharge capacity. The ratio of discharge to charge
capacities is the Coulomb efficiency that
characterizes the excess energy required to charge the
device. This excess energy is dissipated as heat.
Therefore, high Coulomb efficiency, close to 100 %
is desirable for any electrochemical device. Table 3
summarizes the Coulomb efficiencies of the ILs-
based SCs. For all the electrolytes, an increase in
Coulomb efficiency was observed with increasing the
current density. At high current densities of
1-2.5 A‘g71 the Coulomb efficiencies exceed 80 %,
which are suitable for electrochemical application.
At the same time, a low current density of 0.2 A-g71
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Table 3. The Coulomb efficiency (%) of GNF- and N-GNF-based SCs
at different current densities i

i A GNFs N-GNFs
0.2 1 1.5 2 25 0.2 1 1.5 2 2.5
No additive 84.6 955 967 973 978 881 977 985 988  99.
0.01M Pyrl1Fc 694 858 904 923 939 831 9Ll 8.7 939  96.1
0.03M Pyrl 1Fc 418 786 853 888 911 552 839 8.1 921 937
0.05M Pyr11Fc 268 819 878 907 927 233 600 728 791  83.0
0.01M Pyr12Fc 762 914 941 955 964 870 951 968  97.7 982
0.03M Pyr12Fc 379 801 862 897 917 435 864 908 930 944
0.05M Pyr12Fc 293 787 855 892 915 275 847 850 891 914
0.01M Pipl1Fc 832 939 957 967 973 831 946 965 974  98.0
0.03M Pipl1Fc 431 823 876 908 926 512 878 894 895 863
0.05M Pip11Fc 354 816 870 904 922 424 817 876  90.6 924

led to significant drop in the Coulomb efficiencies of
the Fc-ILs-based SCs down to 27 % probably
because at low current density the rate of a potential
leakage due to self-diffusion of the oxidized species
to the anode was comparable with the rates of electric
double layer accumulation and pseudo-capacitive
processes. The similar result was reported by Bodin
et al. [44] for the self-discharge of SCs based on
0.1 M of a 4-methylimidazolium-2,2,6,6-
tetramethylpiperidine-1-oxyl bis(trifluoromethyl-
sulfonyl)imide [TEMPOIm][NTf,] redox-active IL in
1-butyl-3-methylimidazolium bis(trifluoromethyl-
sulfonyl)imide [BMIm][NTf;]. At a high current
density of 0.5 A-g_l the Coulomb efficiency of the
SCs approached 100 %, while it significantly
degraded at low current densities (< 0.1 A-gfl).

The self-discharge rate is a crucial parameter for
assessing performance and practical viability of SCs,
as it directly impacts their energy retention capability.
The self-discharge drop is usually described by
several mechanisms [45—47]:

1) The self-discharge caused by redistribution of
charge due to its non-uniform distribution on the
surface and in the bulk of the electrode. In particular,
after charging, ions gradually diffuse from the surface
into the bulk material, decreasing the cell voltage.

2) The self-discharge controlled by a potential-
dependent  Faraday  charge-transfer  reaction

4 3+
(Fe™ /Fe™ ).

Here, A corresponds to Tafel slope constant, ¢ is the

time, ¢y is the integration constant, and Eq is the
initial cell potential.

3) The self-discharge determined by the semi-
infinite diffusion of impurities within pores of the
electrode material:

Et = EO - ZZFSCCO v Dmt. (6)

Here, D is the diffusion coefficient, S is the specific
surface area of the porous electrode material, C is the
cell capacitance.

4) The self-discharge caused by the leakage
current flowing through a resistance between
electrodes due to the imperfection of insulating
materials used in the SC:

E =E, exp(— LJ @)
RC
Here, RC is the time constant of resistance.

In general, different mechanisms contribute to
the self-discharge of SC. When the ohmic leakage is
the main reason for self-discharge, a linear
dependence between InE, and ¢ is observed. In our

InE, —t
discharging for approximately 10000 s (Fig. 3a).
Also, experimental E, versus In(z) dependencies

case the dependences are linear after

initially exhibit a plateau followed by a linear drop in
the intermediate part of the self-discharge curves
(Fig. 3b). When the self-discharge process is limited
by diffusion in porous electrode, the voltage E,
should be proportional to the square root of the self-
discharge time "%, Such linear dependence is not
observed for the Fc-ILs-based SCs (Fig. 3c¢), which
excludes the significant effect of semi-infinite
diffusion of impurities to a self-discharge. Therefore,
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Fig. 3. Self-discharge profiles of SCs based GNFs and IL electrolyte with PyrFcEt additive as InE;— ¢ (a), E;— Int (b)

and E,— 12 (c), self-discharge profiles of GNF- (d) and N-GNF-based (e) SCs
(Solid lines show the best-fit curves for hybrid model)

the initial drop in E, after charging (Fig. 3d, e)
attributed to the charge redistribution is followed by
an activation-controlled process in the intermediate
stage and, finally, by ohmic leakage, which agrees
with data reported by Zhao et al. for all-solid-state
SCs [48].

Faradaic redox processes and leakage-current
mechanism mainly contribute to the self-discharge of
the SCs. To account for the effects of both these
mechanisms on self-discharge, the hybrid model was
proposed:

Et = AO - Al ln(t + t0)+ A2 exp(— LJ (8)
RC

Here, 4; is the fitting parameter. This model describes
the experimental voltage drop versus time
dependencies with high accuracy (coefficient of
determination R*> 0.997) (Figs. 3d, e, Table 4).

In contrast to the SCs without redox-additives,
the addition of Fc-ILs to the electrolyte enhances the
rate of self-discharge due to the increased
contribution of the “shuttle effect”. Modification of
the electrolytes with Fc-ILs leads to the formation of
Fe’" redox impurities. These species can migrate

between two electrodes, where they are oxidized or
reduced. The associated shuttle process causes a
parasitic charge transfer, which lowers the SC voltage
and increases its self-discharge rate. A similar trend
was previously reported for the KOH/K3Fe(CN)g
[46] and Li;SO4/4-n-pentyl-4'-cyanobiphenyl [47]
redox electrolytes.

The N-GNF-based SCs with the blank
electrolyte showed a drop in the potential profile
similar to that observed for GNFs-based SCs but with
a higher self-discharge rate (Fig. 3e¢). Modification of
carbon surface with nitrogen groups may facilitate
adsorption of the oxidized species forming during
Faradaic reactions. At the same time such products
cannot quickly leave the electrode surface during
self-discharge due to their strong interactions.
In contrast to N-GNFs, adsorption of the oxidized
species on the surface of undoped GNFs is weaker,
which lowers their surface concentration and thus
slows the self-discharge. Therefore, nitrogen-
containing groups on the carbon surface don’t
facilitate self-discharge in the absence of redox
impurities while redox-active electrolyte additives
provide a shuttle of ferrocenyl-groups with their
subsequent reduction on the cathode surface.
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Table 4. Parameters of the best-fits to potential drop profiles with hybrid model (8)

Redox-electrolyte

t

additive RC
A1,V A2,V Ao, V f0, s RC, s R
GNFs
No additive 0.136 +0.001 0.708 + 0.004 2.21+£0.01 147+1.5 874 +7 0.9989
0.01M Pyrl1Fc 0.124 £0.001 0.812 £0.008 1.85+0.01 2.8+0.5 495 +£7 0.9979
0.03M Pyrl1Fc 0.183 £0.001 0.404 £ 0.004 2.35+0.01 29+0.2 911 £ 11 0.9987
0.05M Pyrl1Fc 0.129 £ 0.001 0.556 + 0.008 1.92 +£0.01 0.7+0.1 503+ 11 0.9970
0.01M Pyrl12Fc 0.136 +0.001 0.821 +0.004 1.99 +0.01 6.4+0.6 995+ 6 0.9989
0.03M Pyr12Fc 0.123 +£0.002 0.735 +0.009 1.77 £ 0.01 0.9+0.2 720 £ 12 0.9972
0.05M Pyrl2Fc 0.126 £0.001 0.800 + 0.005 1.63 £0.01 0.5+0.1 679+ 6 0.9969
0.01M Pipl1Fc 0.129 £ 0.001 0.834 +0.008 1.94 +£0.01 62+1.0 589 +8 0.9983
0.03M Pipl11Fc 0.132 £0.001 0.794 £ 0.008 1.74 £0.01 1.1+£0.2 627+9 0.9980
0.05M Pipl1Fc 0.138 +0.001 0.684 +0.005 1.80 +0.01 0.6+0.1 685+ 8 0.9979
N-GNFs
No additive 0.184 + 0.001 0.504 + 0.002 2.60 +0.01 16.4+0.6 1398 + 6 0.9989
0.01M Pyrl1Fc 0.153 £0.001 0.628 +0.003 2.12+£0.01 2.1+£0.2 626 +4 0.9963
0.03M Pyrl1Fc 0.082 +0.001 1.373 £0.005 0.88 +0.01 0.04+0.01 211 +1 0.9911
0.05M Pyrl1Fc 0.175 £0.001 0.398 £0.002 2.30+0.01 1.4+0.1 706 + 6 0.9967
0.01M Pyr12Fc 0.215+0.001 0.344 + 0.001 2.96 +0.01 35.5+0.6 963 +5 0.9995
0.03M Pyrl2Fc 0.131 +£0.001 1.031 +0.002 1.63 +£0.01 1.6 £0.1 591 +1 0.9988
0.05M Pyr12Fc 0.125 +0.001 1.132 +0.004 1.37 +£0.01 0.6+0.1 282+ 1 0.9945
0.01M Pipl1Fc 0.239 £0.001 0.301 £0.001 3.19+0.01 60.9 £0.5 1641 £5 0.9999
0.03M Pipl1Fc 0.075 +£0.001 1.371 £ 0.005 0.84 £ 0.01 0.02+0.01 176 £ 1 0.9896
0.05M Pipl1Fc 0.129 +0.001 0.987 +0.002 1.56 +£0.01 0.8+0.1 471 £ 1 0.9988
Table 5. Energy (Wh'kg ') [power (kW-kg )] densities of GNF- and N-GNF-based SCs
. 5 GNFs N-GNFs
i, Ag
1 1.5 2 2.5 1 1.5 2 2.5
No additive 164[1.11 162[1.7] 16.0[2.4] 157[29] 17.0[1.1] 162[1.7] 155[2.2] 14.8[2.7]
0.0IM Pyrl1Fc  17.7[1.1] 17.5[1.7] 17.0[2.3] 16.9[2.8] 18.0[1.1] 17.1[1.6] 16.3[2.1] 15.5[2.6]
0.03M Pyrl1Fc  19.4[1.1] 19.3[1.7] 19.2[2.3] 18.9[2.9] 17.7[0.9] 16.9[1.4] 15.8[1.9] 14.6[2.3]
0.05SM Pyrl1Fc  23.1[1.1] 23.0[1.8] 22.9[2.3] 22.6[3.1] 18.8[1.1] 18.0[1.6] 17.1[2.1] 16.3[2.6]
0.0IM Pyr12Fc  17.6[1.2] 17.3[1.7] 17.0[2.5] 16.7[29] 16.8[1.1] 16.0[l.6] 152[2.1] 14.4[2.6]
0.03M Pyr12Fc  21.2[1.2] 21.2[1.7] 21.1[2.3] 20.8[29] 17.2[1.0] 16.4[1.6] 15.59[2.1] 14.8[2.6]
0.05M Pyr12Fc  21.6[1.1] 21.4[1.7] 21.1[24] 20.6[29] 17.6[1.1] 17.8[1.5] 16.4[2.0] 152][2.4]
0.0IM Pipl1Fc  17.0[1.1] 16.8[1.8] 16.5[2.4] 16.3[2.9] 158[1.1] 14.9[1.6] 14.0[2.1] 13.2[2.5]
0.03M Pipl1Fc  19.1[1.2] 18.8[1.7] 18.5[2.4] 18.1[29] 17.6[09] 17.4[1.4] 16.7[1.9] 15.8[2.4]
0.05M Pipl1Fc  21.7[1.1] 21.6[1.8] 21.4[24] 21.1[29] 19.1[1.1] 184[l.6] 17.6[2.1] 16.9[2.6]
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Specific energies and power densities were
calculated from the GCD curves (Table 5).

The highest Egc values of 23.1, 21.6 and 21.7 Wh-kg71

at Pgc of 1.2 kW-kg_1 were observed for the GNFs-
based SCs with the supporting electrolyte 0.5 M
[EMIm][NTf,)/AN and 0.05 M PyrllFc, Pyr12Fc
and Pipl1Fc additives, respectively. For N-GNFs the
energy densities were lower: 18.8 (0.05 M Pyrl1Fc),
17.6 (0.05 M Pyrl2Fc) and 19.1 (0.05 M
Pip11Fc) Wh-kgfl, which may be caused by higher
impact of self-discharge. The specific energy
densities of the Fc-ILs-based SCs were close to those
previously reported for activated carbon in PVA/poly
(vinyl pyrrolidone)/EMIHSO4/HQ (243 Whkg '
at ~1.5 kWkg ) [5], PVA/Li;SO4/BMIMBr
(38.0 Whkg' at 02 kWkg') [28], and
PVA/Li;SO4/BMIMI (29.3 Whkg " at ~0.1 kW-kg ')
[27], N-doped carbon in 2.5 M KBr+ 2 M H;SO4
(143 Whkg ' at 639.8 W-kg ') [20], reduced
graphene  oxide in  HyO/K4[Fe(CN)g]/K2SOy4
(36.8 Wh'kg ' at 1.2 kWkg ) [16].

4. Conclusion

In summary, the ferrocene-containing ionic
liquids were tested as new redox-additives to ILs
electrolytes of non-aqueous supercapacitors with
undoped and N-doped GNF  electrodes.
The electrochemical performance of the SCs was
found to depend on the fraction of the redox-additive

in 0.5 M [EMIm][NTf;]/AN and the type of electrode

material. Modification of 0.5 M [EMIm][NTf,]/AN
with 0.05 M Fc-ILs significantly improved the
specific capacitance of the SCs due to reversible
Faradaic reactions. Although nitrogen doping of
GNFs was anticipated to enhance their
pseudocapacitance, the results of our work
demonstrate that changes in the textural parameter of
GNFs under doping are the dominant factor affecting
their specific capacitance in Fc-IL-based SCs. A self-
discharge mechanism was analyzed using the hybrid
model that accounts for contributions of charge
redistribution, Faradaic redox processes and leakage-
currents. In contrast to GNFs, N-GNFs negatively
affected the SCs performance, increasing self-
discharge due to the adsorption of redox-species on
the electrode surface that was consistent with the
decrease in Coulombic efficiencies (Table 3).
Undoubtedly, this work demonstrates the promising
performances of the Fc-ILs-based supercapacitors,
however, a crucial role of the electrode material is
highlighted.
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Influence of doping additives and fluxes on the electrical properties
of ceramic materials based on hollandite-like solid solutions

in the K;O-MnO-Al,03-Cr,03-TiO; system
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Abstract. Intermediates to produce ceramic powders were synthesized using amorphous potassium polytitanate

(K20-4TiO;-xH20, PPT) modified in aqueous solutions of mixtures of manganese and aluminum sulfates, taken ina 2 : 1
molar ratio, and manganese, aluminum, and chromium sulfates, taken in a 2 : 1/2 : 1/2 molar ratio. It was shown that heat
treatment of these intermediates enables the synthesis of single-phase powders of hollandite-like solid solutions
K1.70Mn1 66Alp.81Ti5.52016 and Ky 76Mny 60Alg.39Crg.45Ti5.48016, respectively. Ceramic dielectrics were fabricated using
compacted powders of the obtained products, which were sintered at 1080 °C/3 h. The electrical properties of the ceramic
specimens produced were investigated by impedance spectroscopy methods. It was shown that partial replacement of Al
with Cr in the intermediate composition increases the permittivity (from 820 to 1580) and reduces dielectric loss (tg(d),
from 0.89 to 0.22). Moreover, some justified doping additives (NbyOs, 0.5 %; NdO3, 0.3 %; LiF, 0.8 %) and a flux (zinc
borate, 2%) allow for a further increase in dielectric constant (up to 57,800 + 600), decrease of tg(8) (down to
0.084 £ 0.02) and significantly increase the temperature stability of permittivity for the obtained ceramics in the
temperature range from —55 to +125 °C up to the level corresponding to a X7T category of dielectrics.

Keywords: titanates; hollandite-like solid solutions; ceramics; synthesis; permittivity; dielectric losses.

For citation: Gorshkov NV, Tsyaganov AR, Durakov AV, Makarov AA, Gorokhovsky AV. Influence of doping additives
and fluxes on the electrical properties of ceramic materials based on hollandite-like solid solutions in the
K;0-MnO-Al,03-Cr,03-TiO, system. Journal of Advanced Materials and Technologies. 2026;11(2):152-161. DOI:
10.17277/jamt-2026-11-02-152-161

Bausinue nonupyrommx 100aBOK Ha 2JIeKTPOoGU3MUYeCKHe CBOHCTBA KEPAMHKHU
HA OCHOBE I'OJUIAHAUTONOI00HBIX TBEPABIX PACTBOPOB

cucrembl K, O-MnO-Al,03-Cr,03-TiO,

© H. B. I'opmkos®, A. P. IIsiranos®, A. B. lypakos”,
A. A. Makapos®, A. B. I'opoxoBckmii®>?

a o o o
Capamosckuii eocyoapcmeeHnnblll mexuuyeckuu ynueepcumem umenu I aeapuna FO.A.,
ya. Honumexuuueckas, 77, Capamos, 410054, Poccuiickaa @edepayus

D4 algoS4@mail.ru

AnHoTaumsi. Ha ocroBe amopduoro momururanata kamus (K,O-4TiO;-xHp0, T1TK), MoaudumpoBaHHOTO B BOJHBIX
pacTBOpax cMecH cyibdara MapraHia u cyibdara aJIOMUHHS, B3ATHIX B MOJIBHOM COOTHOLIEHWH 2 : 1, a Takxe cMecu
cyiabdaToB  MapraHma, AJIIOMHHUS W XpOMa, B3ATBIX B MOJBHOM COOTHOmIEHWH 2 :1/2:1/2, cuHTE3MpOBaHBI
WHTEPMEINaThl JUIS MOJy4YEeHHUs] KepaMUIeCKUX MMOpoIIKoB. [loka3aHo, 4To TepMuueckas 00OpaboTka ITHX MHTEPMEIHATOB
npu 850 °C/2 4 mo3BONAET MOIYYUTh MOHO(A3HBIE TOPOIIKH TOJUIAHAWTOIIONOOHBIX TBEPIBIX PACTBOPOB COCTaBa
Ki,70Mnj 66Alo,81Ti5,520016 1 Ki76Mnj 60Alp39Cr0,45Ti548016 coorBercTtBeHHO. Ha ocHOBE KOMIIAKTMPOBaHHBIX
MOPOIIKOB MOJYYEHHBIX IPOXYKTOB HW3rOTOBJICHBI KEpaMHUYECKHE JUAJIEKTpUKH, cnedeHHsle mpu 1080 °C/3 u.
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DJIeKTpUYecKUe CBOWCTBA MOIYYSHHBIX 00pa3loB HCCIIEI0BAaHBI METOJaMU UMIIEITAaHCHOH criekTpockonuu. I[TokazaHo, uTo
gactnyHas 3amMeHa Al Ha Cr B cocTaBe HHTepMeIuaTa YBEIMYUBACT AUAIEKTPHUECKYI0 MpoHUIaeMocTs (oT 820 no 1580)
U cCHIXkaeT nudnekrpudeckue norepu (ot 0,89 mo 0,22) ma paboueii wactore 1 k', [Ipu 3TOM BBEeneHHE 00OCHOBAHHOM
koMOuHarmu nonadtoB (Nb2Os, 0,5 %; NdxO3, 0,3 %; LiF, 0,8 %) u ¢urocoobpasyromieit nobasku (bopaT nuHKa, 2 %)
MIO3BOJISIET JIOOMTHCS CYIIECTBEHHOTO YBEIWYEHHs AMAIIEKTpHuYeckoid mponunaemoctd (mo 57800 + 600) u cHuwkeHHs
URJIEKTpUIecKuX motepsb (tg(d), mo 0,084 + 0,02), a Taxke yBeTWIHBACT TEMIEPATYPHYIO CTAOMIBHOCTD JHAICKTPUICCKON
MIPOHHUIIAEMOCTH KEPaMHKH B HHTEpBae OoT —55 1o +125 °C mo ypoBHs TpeboBaHuil K AudekTpukaM kateropun X7T.

KaroueBbie cioBa: THUTAHATBHI; FOHJ’IaHI[I/lTOHOJIO6HbIe TBEPABIC pPaCTBOPLI; KEpaMUKa; CHUHTE3;, OHUIJICKTPUYCCKas
MPOHUIAEMOCTDb, AUIJICKTPUYCCKHUE ITOTEPU.

Joist murupoBanusi: Gorshkov NV, Tsyaganov AR, Durakov AV, Makarov AA, Gorokhovsky AV. Influence of doping
additives and fluxes on the electrical properties of ceramic materials based on hollandite-like solid solutions in the
K,0-MnO-Al,03-Cr,03-TiO, system. Journal of Advanced Materials and Technologies. 2026;11(2):152-161. DOL:

10.17277/jamt-2026-11-02-152-161

1. Introduction

Developing electronic components requires
searching for new types of functional ceramic
materials that can expand product ranges, improve
existing device performance, and reduce their size
[1]. For ceramic capacitor structures, materials with
an exceptionally high dielectric constant (CDC [2, 3])
are of the greatest interest. The most sought-after
ceramic materials in the production of multilayer
capacitor structures used in microelectronics
correspond to the X7R category according to the
international ~ EIA-198-1  classification.  These
materials are characterized by a high dielectric
constant and stability of this value over a wide
temperature range with low dielectric losses [4, 5].

Our previous studies [6—8] have shown that

hollandite-like solid solutions of the K,O-Me,O,-

TiO, system (where Me represents divalent and
trivalent metals capable of isomorphously
substituting titanium in the crystal structure of
titanates) have good application prospects in this
field. The high mobility of potassium ions in the solid
solution structure results in the extremely high
polarizability of these systems when an electric field
is applied. This occurs because the ions can move
with low energy costs through tunnels formed by
paired titanium-oxygen octahedra in a 2x2
arrangement. Additionally, local inhomogeneities in
the distribution of electron density arise from the
substitution of titanium by transition metals.
These factors result in an anomalously high dielectric
constant [9-11]. Additionally, sintering of ceramics
based on hollandite-like solid solutions of this system
can be carried out at relatively low temperatures
(1000-1100 °C), even without flux additives.

It was also noted that the difficulties associated
with obtaining single-phase powders of hollandite-
like solid solutions can be overcome by introducing
both divalent and trivalent metal oxides into the

K,0-TiO, system simultaneously, for example,

a combination of MnO-Me,O3 (where Me = Fe, Al,
or Cr) [12]. However, ceramic materials obtained in
this system based on potassium polytitanate
(K»0O-4Ti0,'xH,0), modified in aqueous solutions of
mixtures of manganese sulfates and one of the listed
trivalent metals, have sufficiently high dielectric
permittivity values at the operating frequency of
multilayer ceramic capacitors (1 kHz), and they are
characterized by high dielectric losses (tg6>1),
which creates problems for their use in industrial
practice [7]. Traditional types of ceramic
ferroelectrics with a perovskite structure can reduce
dielectric losses by introducing doping additives and
fluxes into their compositions [1, 4, 5]. However, this
approach has not yet been used for dielectrics with a
hollandite structure.

In this regard, the aim of this work was to
investigate the possibility of increasing the dielectric
permittivity and its temperature stability, as well as
reducing dielectric losses in ceramics synthesized on
the basis of potassium polytitanate, modified in
aqueous solutions with a mixture of salts of one
divalent (Mn2+) and two trivalent (Al3+ and Cr3+)
metals. The objectives were to conduct a comparative
study of the electrical properties using only AP salts
or an equimolar mixture of AP and Cr'" salts for
modification, as well as to investigate the effect on
the electrical properties of the synthesized ceramics
of various combinations of doping additives and
a standard flux (zinc borate).

2. Materials and Methods

2.1. Synthesis of hollandite-like solid
solution powders

The synthesis of hollandite-like solid solutions
was carried out using potassium polytitanate (PPT)
powder grade 4 (TU 2146-021-96961827-2009) as an
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intermediate, which had the chemical composition
K70:4.1Ti0,-2.1H,0. It was synthesized by reacting

TiO,, KOH, and KNOj3 in a 3 : 3 : 4 ratio at 500 °C
for 2 h, and subsequently chemically modified in
aqueous solutions of mixtures of manganese sulfates

(MnSO4:5H,0, Russian Standard 435-77), aluminum
(Alp(SO4)3-12H,0, Russian Standard 12966-85), and

chromium (Cry(SO4)3-6H,0, Russian Standard 4472-
78). Modification was carried out by adding PPT
powder to aqueous solutions of mixtures of the
above-mentioned salts. As a base for modification,
0.1 M solutions of mixtures of manganese and
aluminum sulfates or manganese (Mn) sulfate and
a mixture of trivalent metal sulfates (Al, Cr), taken in
a molar ratio of 2 : 1, were used. Ceramics based on
the intermediate obtained after modifying PPT in
a solution of this composition were selected for the
studies based on preliminary experiments, as they
exhibited the highest dielectric constant values.

Two types of mixtures were prepared:
1) a mixture of manganese and aluminum sulfates,
taken in amounts of 12.10 and 13.96 g-L_l,
corresponding to a molar ratio of [manganese
sulfate] : [aluminum sulfate] =2 :1; 2) a mixture of
manganese, aluminum, and chromium sulfates in
concentrations of 12.10, 6.98, and 6.25 g-Lﬁl,
respectively, corresponding to a molar ratio of
[MnSOy4] : [Al,SO4] : [CrpS04]=2.0:0.5:0.5.

The resulting solutions had the same molar
concentration of metal ions (0.1 M), but contained, in
the first case: 0.05 M manganese sulfate and 0.025 M
aluminum sulfate; and in the second case: 0.05 M
manganese sulfate, 0.0125 M aluminum sulfate, and
0.0125 M chromium sulfate. That is, both solutions
used to modify the PPT had the same content of
sulfates of divalent and trivalent metals (0.05 M and
0.25 M, respectively), but in the first case, the
trivalent metal was aluminum, and in the second case,
it was an equimolar mixture of aluminum and
chromium. Given that the dissociation of trivalent
metal sulfates from 1 mole of salt yields 2 moles of
trivalent ions, the solutions used contained
[Mn2+] : [R3+] inal : 1 ratio.

Modification of the PPT particles was carried
out under constant stirring of the dispersion prepared
at a ratio of 10 g of PPT powder to 200 mL of an
aqueous salt solution at pH = 10 (in accordance with
the recommendations in [7]). The pH value of the
modifying solution was selected based on the fact
that the optimal conditions for modification and
obtaining a homogeneous distribution of transition
metal oxide-hydroxide complexes forming on the
surface of PPT particles correspond to the value of

pHcrit, above which independent (without the
participation of the PPT surface) sedimentation of the
hydroxides of this metal begins. For single-
component aqueous solutions of manganese salts,
pHcit=10, and in the case of chromium salts,

pHcrit ~ 6; however, according to the experimental
data obtained, this value changes when salts of
several metals are present in the solution. A detailed
study of the behavior of such systems is planned for
the future; in this work, a modification variant at
pH =10 was used, which showed the most stable
result in modifying the chemical composition of the
intermediate.

The homogenized dispersion was centrifuged
after standing for 4 hours, the resulting product was
washed with distilled water until SO427 ions
completely disappeared from the filtrate (tested using
a BaCl, solution), dried at 50 °C (6 h), and used for
the synthesis of a solid solution. The synthesis of the
solid  solution, in  accordance  with  the
recommendations of previous studies [7], was carried
out by heat treatment at 850 °C for 2 h.

2.2. Production of ceramic samples

The resulting powder was used to prepare
powder mixtures for the synthesis of ceramic disc
samples. Two types of mixtures were used: 1) those
containing only powders of hollandite-like solid
solutions  prepared from  PPT/Mn, Al  or
PPT/Mn, Al, Cr intermediates; 2) containing mixtures
of solid solution powder synthesized based on
PPT/Mn, Al, Cr, as well as flux in the form of zinc
borate grade H-207 (PRC) — 2 wt. %, and dopants:
Nb,O5 — 0.5 wt. %, Nd,O3 — 0.3 wt. %, LiF —
0.8 wt.%. The selection of the flux and the
combination of doping additives was carried out in
accordance with the recommendations presented in
the literature [13]. It was taken into account that upon
the introduction of the Nb,Os additive, niobium, as
a representative of the 4d group of elements (n-type
dopant), can occupy the titanium site and contribute
to the formation of cation vacancies, as well as
suppress the formation of oxygen vacancies on the
dielectric surface, which should inhibit charge
transport across grain boundaries and reduce
dielectric losses [3, 14, 15]. Furthermore, it was
hypothesized that the additional introduction of Li'
and F ions in the form of LiF into the system would
block cation and oxygen vacancies, respectively.
At the same time, the addition of Nd,O3; would
contribute to a reduction in the growth rate of solid
solution crystal grains [16] and increase the dielectric
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permittivity of the ceramic material [17].
Additionally, when Nd;Oj3 is introduced into the
ceramic composition, a synergistic effect resulting
from the co-doping effect may arise, positively
influencing the electrical properties of the
combination of two p-type dopants (Nd,O3 and
Cry03, part of the PPT/Mn, Al, Cr
intermediate), as well as the n-type dopant (Nb,Os)
[16-18].

To test these hypotheses, which were formulated
based on the trends observed in the literature for

which is

BaTiO3-based ceramics, the aforementioned additives
were introduced into the control samples in the
following order: No. 2a — flux only; No. 2b — flux and

NbyOs5; No. 2¢ — flux, NbyOs, and Nd,O3; No. 2d —
flux, Nb,Os, Nd»Os3, and LiF; and No. 2e — Nb,Os,
Nd,O3, and LiF without flux.

The process of preparing the ceramic mixture
involved weighing out the appropriate components
and grinding and homogenizing them together in
a Pulverisette 6 ball mill (with a ZrO,-based ceramic
grinding set) for 30 min. Afterward, a 2 % solution of
polyvinyl butyral (PVB grade P-1) in isopropyl
alcohol was added to the resulting mixture at a ratio
of 5 wt. % PVB to 95 wt. % of the powdered ceramic
mixture (temporary binder), homogenized it by
simple mixing, followed by drying in an air-
circulating oven at 90 °C for 3 h. The dried ceramic
mixture was ground manually using an agate mortar
until a homogeneous consistency was achieved.
The resulting powder was pressed at a pressure of
300 MPa in steel molds into tablets (discs) with
a diameter of 12 mm and a thickness of (1.0 £ 0.1) mm.

The resulting tablets were sintered according to
a temperature schedule that included: a temperature
ramp at a rate of 180 °C-h™! with intermediate holds
at 400°C for 1 hour (dehydration and pyrolysis of the
temporary polymer binder) and at 1000 °C for 2 h,
as well as a final hold at a maximum temperature of
1080 °C for 3 h.

2.3. Study of the electrical properties of ceramics

The bases of the sintered tablets were ground,
after which silver contact paste (grade K-13) was
applied to them; the contacts were fired at
a temperature of 690 °C in air for 1 hour. After
cooling, the samples were examined using impedance
spectroscopy with a Novocontrol impedance
spectrometer in  the 102-105 Hz range.
The measurement accuracy of the dielectric loss
tangent was 0.0001.

To wverify the temperature stability of the
dielectric properties of the synthesized ceramic
samples, the capacitance of the resulting capacitor
structures was measured using an MCE-15AM
instrument at a measurement frequency of 1 kHz
in the temperature range from —-60 to +125 °C.
The samples were cooled in a climatic chamber using
liquid nitrogen to a temperature of —60 °C, after
which the temperature and capacitance of the
capacitor cell were measured simultaneously as the
temperature was increased. Upon reaching room
temperature, the heater was turned on, and
measurements continued up to a temperature of
+125 °C.

2.4. Investigation of the composition
and structure of the samples

The phase composition of the ceramic materials
was investigated using an ARL X'TRA X-ray
diffractometer. Powders were obtained by grinding
synthesized tablets, then grinding ceramic fragments
to a particle size of d <0.315 mm in a Pulverisette

6 ball mill with a ZrO,-based ceramic grinding set for
30 minutes. An ASPEX Explorer scanning electron
microscope equipped with an energy-dispersive
X-ray spectrometer attachment was used to study the
morphology of the ceramics and their chemical
composition.

3. Results and Discussion

The elemental chemical composition of
hollandite-like solid solutions synthesized based
on PPT/Mn, Al and PPT/Mn, Al, Cr, according to
X-ray fluorescence analysis, corresponds to

the chemical formulas K]_70Mn1.66A10_81Ti5.52016

and K1.76Mn1_60A10.39Cr0_45Ti5.48016, respectively.
Thus, based on the molar ratio [Mn]/[Me3+],
the obtained solid solution compositions are similar.

Figure 1 shows electron micrographs of the
polished surface of ceramic discs sintered using
powders of hollandite-like solid solutions based on
PPT/Mn,Al and PPT/Mn,AlCr intermediates.

In general, the structure of PPT/Mn, Al-based
ceramics is similar to that of hollandite-like solid
solution samples synthesized from other variants of
PPT/Me intermediates [6, 7, 12]. However, the
relatively large crystal grain size (20 um and larger,
Fig. 1la) is worth noting. At the same time, the
PPT/Mn,Al,Cr-based ceramic has a very small
(~1 pm) grain size (Fig. 1d). The introduction of
dopants and flux does not change this effect but
contributes to the formation of a more homogeneous
grain boundary (Fig. 1d and le).

Gorshkov N.V., Tsyaganov A.R., Durakov A.V., Makarov A.A., Gorokhovsky A.V. 155



Journal of Advanced Materials and Technologies. 2026. Vol. 11, No. 2

Intensity, a.u.

©

Thus, the presence of chromium in the
composition of the PPT/Mn, Al, Cr intermediate
inhibits the growth of solid solution crystal grains
during the sintering of ceramic discs.

A comparison of the X-ray diffraction patterns
of ceramic samples synthesized using PPT/Mn, Al
and PPT/Mn, Al, Cr intermediate powders, Fig. la,
shows that the simultaneous introduction of two
trivalent metal oxides (Al and Cr) into the system
also prevents the formation of secondary crystalline
phases, although MnQO, is present in the PPT/Mn, Al-
based sample in an amount of less than 1 %.

Figure 2 shows the frequency dependence of the
dielectric permittivity and dielectric loss for ceramic
samples synthesized based on the PPT/Mn, Al and
PPT/Mn, Al, Cr intermediates without the use of
dopants or fluxes.

The results show that using a combination of Al
and Cr salts to modify PPT, instead of Al alone,

(d) (e)
Fig. 1. X-ray diffractograms () of ceramics synthesized based on PPT/Mn, Al (), PPT/Mn, Al, Cr without dopants
and flux (2), and with a full set of dopants and flux (3); * — reflection corresponding to MnO5;
as well as electron micrographs of the structure of ceramic samples based on a solid solution obtained using PPT/Mn, Al (b),

PPT/Mn, Al, Cr (¢) and (d) powders: as well as PPT/Mn, Al, Cr with additions of Nb,Os, Nd,O3, LiF, and flux (e);
(b) and (c) — polished surface; (d) and (e) — fracture

despite the approximately equal content of Al and Cr
in the final product (solid solution), increases the
dielectric permittivity of the ceramic at a frequency
of 1 kHz (from 820 to 1580), and reduces its
dielectric loss (tg 6 decreases from 0.89 to 0.22).
It is evident that chromium plays an active role in the
formation of the intergranular boundaries of the
ceramic, acting as a doping additive (by analogy with
BaTiO3-based ceramics [1, 4, 5, 16-18]). However,
the electrical properties of the resulting material are
still far from the characteristics typical of industrial
samples of BaTiOs-based capacitor
(¢ =3000-4000, tg 6 = 0.02-0.05 [19]).
In this regard, to improve the dielectric
properties of the PPT/Mn, Al, Cr-based ceramic
under study, doping additives and a flux were
introduced into its composition. The results of the
study of the obtained samples are presented in Fig. 3.

ceramics
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Fig. 3. Frequency dependencies of the dielectric permittivity (¢") and the tangent of the loss angle (tgd), measured at room
temperature for ceramic samples synthesized based on the PPT/Mn, Al, Cr (a), with flux additive (b),
with flux and Nb,Os additives (c), with flux, Nb,Os, and Nd,Oj3 additives (d), and with flux, Nb,Os, Nd,Os,
and LiF additives (e)

Analysis of the test results shows that the
introduction of flux without doping additives slightly
deteriorated the dielectric permittivity of the ceramics
based on the studied hollandite-like solid solution.
However, the combined introduction of flux and
NbyOs, flux and a combination of NbyOs and
Nd,O3, as well as a combination of flux, NbyOs,
Nd,O3, and LiF led to a significant increase in the
real part of the dielectric permittivity € and
a reduction in dielectric losses, most notably in the
latter case (Fig. 3).

It should be noted that the ceramic samples
tested at room temperature exhibit virtually identical
electrical properties (g, tg d) within the margin of
error, both in the presence and in the absence of flux.
Nevertheless, the presence of flux is of fundamental
importance, since when using an optimal combination

of doping additives without introducing flux, the
temperature stability of the dielectric permittivity
(capacitance of the model capacitor) is lost. This fact
is illustrated in Fig. 4.

In the presence of the melt formed during flux
melting at sintering, it can be assumed that the doping
additives are distributed more uniformly along the
intergranular boundaries of the ceramic. This makes
the ceramic’s composition and properties more
homogeneous and less susceptible to thermal effects.

Control measurements on six samples of ceramic
discs made from a hollandite-like solid solution
powder mixture based on the PPT/Mn, Al, Cr
systems, as well as a zinc borate flux and a dopant
complex (NbyOs, Nd;O3, and LiF), showed that at an
operating frequency of 1 kHz, the synthesized
ceramic’s dielectric permittivity is € = (57,800 £ 600)
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Fig. 4. Temperature stability of the capacitance of disc-shaped ceramic capacitor samples manufactured
by sintering pressed blanks from a hollandite-like solid solution powder of PPT/Mn, Al, Cr (1), its mixture with dopants (2),
as well as its mixture with dopants and flux (3)

and its dielectric loss is characterized by a tg(5) value
of (0.084 = 0.002).

An important quantitative parameter that
determines the potential for using ceramics in the
production of ceramic capacitors is the relative
change in dielectric constant across an operating
temperature range of —55 to +125 °C.

Figure 4 shows how the capacitance of ceramic
capacitors sintered from powders of the obtained
hollandite-like solid solution of the K,;O-MnO-
Al,03-Cry03-TiO, system changes. The samples
used contained: 1) no dopants or flux; 2) selected
dopants with no flux; and 3) selected dopants with
flux.

The results show that, for capacitors made from
ceramic powder synthesized from a hollandite-like
solid solution based on PPT/Mn, Al, Cr and
containing no flux or doping additives, there is
a significant deviation in the dielectric constant
(capacitance) from the value measured at room
temperature with changes in temperature, and this
value exceeds the limits set by international
standards, especially at temperatures above 70 °C
(curve [ in Fig. 4). However, if only a combination of
doping additives is introduced into the ceramic
composition without flux (curve 2 in Fig. 4), the
dielectric constant stabilizes at high temperatures, but
becomes unstable at sub-zero temperatures.

Concurrently, the incorporation of zinc borate

(flux) and a combination of Nb,Os5, Nd,O3, and LiF
across the entire temperature range stipulated by
international standards (from —55 to +125 °C) ensures
adequate stability of the dielectric constant (+21 and
—20 % of the value ascertained at room temperature).

The obtained results allow the synthesized
ceramics based on a hollandite-like solid solution to
be classified as category X7T, according to the
EIA-198-1 international classification of capacitor
materials. Within the temperature range of —55 to
+125°C, this category permits a capacitance
deviation AC/C of +25 to —33 % of the value
measured at room temperature. This class of
materials is wused in capacitor structures for
smoothing, bypassing, connecting, and decoupling
circuits in household appliances, control and power
circuits, automotive electronics (ignition, diagnostic,
and safety systems), and mobile communication
devices and computers, where they are used for signal
filtering, power stabilization, and improving
microchip performance [20]. Additionally, the
dielectric constant of ceramics based on hollandite-

like solid solutions of the K,O-MnO-Al,O3-CryO3-
TiO, system is much higher than that of traditionally

used BaTiOs-based systems. This makes it possible
to miniaturize multilayer ceramic capacitors
(MLCCs) further, and MLCCs are important
elements of electronic components [20].

The significant increase in the dielectric constant
and temperature stabilization of ceramics synthesized
using an intermediate containing a combination of
MnO and two trivalent metals can be attributed to the
accumulation of trivalent metals (Al and Cr) in the
surface layer of the crystal during the crystallization
of hollandite-like solid solutions [21]. These metals
participate in forming the intergranular boundary
structure. In this case, the mechanism by which Al
and Cr participate in forming the intergranular
boundary may differ.
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Trivalent aluminum can form a dielectric layer
(Al,O3) at the grain boundary of a hollandite-like
solid solution. According to the generally accepted
view, this increases the dielectric permittivity of the
ceramic [3, 22]. This effect is known as the Maxwell-
Wagner effect and is associated with different
concentrations of charge carriers in contacting
structures. Formation of an intergranular boundary
between ferroelectric particles, which lack charge
carriers, leads to their accumulation on the boundary
in an electric field, causing an additional polarization
effect.

At the same time, chromium (Cr), which is
introduced into the composition of the intermediate,
is a variable-valent metal. During heat treatment,
it can assume various valence states ranging from
+3 to +6. As a dopant that concentrates at the grain
boundary, Cr can reduce dielectric losses and
improve the temperature stability of the structure as
well as the dielectric permittivity of the synthesized
material [23, 24].

Further optimization of the dopant composition
will reduce variation in the capacitance (dielectric
permittivity) of ceramic materials based on solid
solutions of the K,O-MnO-Al,03-Cr,03-TiO;
system, meeting the EIA-198-1 international standard
for the highest X7R dielectric category (15 % of the
value measured at room temperature). It will also
reduce dielectric loss from tg(d) ~ 0.08 at 1 kHz to
less than 0.05.

4. Conclusion

Using potassium polytitanate, which is modified
in an aqueous solution of a mixture of manganese,
aluminum, and chromium sulfates (PPT/Mn, Al, and
PPT/Mn, Al, Cr), as an intermediate allows for the
production of single-phase powders of a hollandite-
like solid solution of the K,;0-MnO-Al,03-Cr,O3-

TiO, system upon subsequent heat treatment. These
powders can be used to make ceramic materials.
In this context, chromium oxide in the structure of the
resulting ceramic acts as a doping additive.
It increases dielectric permittivity and reduces
dielectric losses by decreasing the grain size of the
ceramic material. It also presumably participates in
forming intergranular boundaries.

Introducing a flux-forming additive (zinc borate,
2 %) into the ceramic composition does not positively
affect the electrical properties of ceramics in the
studied system. However, combining it with the
doping additive Nb,Os, especially with a mixture of

additives (NbyOs, 0.5 %; Nd»Os3, 0.3 %; and LiF,

0.8 %), significantly improves the electrical
properties of ceramic samples. The dielectric
permittivity increases from 1580 to (57,800 + 600) at
the operating frequency of 1 kHz and remains stable
within the temperature range of —60 to +125 °C.
The dielectric loss tangent decreases from 0.220 to
(0.084 £0.02) due to the combined effect of the
donor additive NbyOs and the acceptor additive
Nd,O;, as well as the blocking of cation and oxygen
vacancies at grain boundaries involving LiF.
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Synthesis and study of the porous structure
of biochars obtained from crustacean waste
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Abstract. Biochar samples from crustacean processing waste were synthesized by carbonization followed by alkaline
activation. The influence of synthesis parameters (time, temperature) on the porous structure of biochar was considered.
The results showed that biomass carbonization conditions significantly affect the final porosity parameters. It was found
that the biochar samples obtained by varying the synthesis parameters were micromesoporous. Temperature was shown to
be the main influencing factor during biomass carbonization. At a three-hour carbonization duration and a temperature of
650 °C, the specific surface area (2708 mz-gfl) and pore volume (total pore — 1.58 cm3-g71, micropore — 0.64 cm3og71,
mesopore — .94 cm3-g71) in the obtained biochar reached their maximum values. Methane adsorption on the obtained
biochar was studied at ambient temperature and pressure up to 100 bar. Biochar obtained from crustacean waste was
shown to exhibit a high methane adsorption capacity of ~18 mmol- g_l. Experimental adsorption data were analyzed using
the Langmuir, Freundlich, and Dubinin-Radushkevich models. The influence of synthesis parameters on the pore structure
of biochars, as well as the adsorption data evaluated in the study, are useful for designing adsorption systems.

Keywords: biochar; specific surface area; porosity; biomass carbonization; adsorption.
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AnHotanus. OOpa3ipsl O6WOyrieil W3 OTXOHOB IepepaboTKH pakooOpa3HBIX CHHTE3HMPOBAHBI IyTeM KapOOHM3AIUN
C TIOCTEeAyIoImed MIeTOYHON akTuBammed. PaccMoTpeHO BIMsSHHE NapamMeTpoB cHHTe3a (BpeMms, TemIeparypa) Ha
MOPHUCTYIO CTPYKTYPY Onoyris. Pe3ynpTaTel moka3aim, 94To YCJIOBHS KapOOHHM3aIMU OMOMACCHI CYIIECTBEHHO BIHAIOT HA
KOHCUHBIC TIapaMETPhl IIOPUCTOCTH. Y CTAHOBIICHO, YTO 00Pa3Iibl OMOYTJIs, MOJYYCHHBIC ITyTEM BaphUPOBAHUS TAPAMETPOB
CHHTE3a, MHKpoMe3onopucTthie. [lokazaHo, uYTO TeMmeparypa SBJS€TCS OCHOBHBIM BIHMSIOIUM (DAaKTOPOM IpU
KapOoHHM3auuK Onomacchl. [Ipu TpexdacoBOW ITPONOJDKUTENBHOCTH KapOoHu3anuu u temneparype 650 °C 3HaueHus
yaenbpHOI moBepxHOCTH (2708 M2/I‘) 1 00peMoB Top (oOmuit 00seM mop — 1,58 cm™/r, o6bem mukpomop — 0,64 oM/,
0o0beM me3onop — 0,94 CMS/F) B MOJIy4E€HHOM OHMOYTJIE JOCTHUT AN MaKCHUMaJIbHOTO 3HaYeHus. M3y4ena ancopOuns Merana
Ha TIOJIy9eHHOM OMOYTIIe TIpH TeMIlepaType OKpyxkaromeil cpeasl u gasneHnu 10 100 Gap. ITokasano, yto 6moyrois u3
OTXOJIOB TEPepadOTKH PaKOOOPA3HBIX JEMOHCTPUPYET BBICOKYIO aACOPOIMOHHYIO CHOCOOHOCTH IO METaHy, PaBHYIO
18 MMONB/T. DKCIIepUMEHTAIbHBIC JaHHBIC AACOPOIMK IPOAHAIM3MPOBAHBI C HCIIOIB30BaHHWEM Moaenel JleHrMiopa,
Opetrinpnuxa u JJyoununa-Panymikesuua. BiusiHue mapamMeTpoB CHHTE3a Ha MOPUCTYIO CTPYKTYpPY OHMOYIJICH, a Takxke
JaHHBIC a,ucop6u1/1y1, OIICHCHHBIC B UCCJIEAOBAHNHU, MMOJIC3HBI IJIA IMTPOCKTUPOBAHUA a,ucop6u1/10Hme CHUCTEM.
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KaioueBsle ci10Ba: 0M0Yyrouib; MI0MAAb YACTbHONW ITOBEPXHOCTH; IOPUCTOCTh; KapOOHU3anusi OMoMacchl; aacopouus.

Jas untuposanusi: Memetova AE, Zelenin AD, Yagubov VS, Memetov NR. Synthesis and study of the porous structure
of biochars obtained from crustacean waste. Journal of Advanced Materials and Technologies. 2026;11(2):162-171. DOI:

10.17277/jamt-2026-11-02-162-171

1. Introduction

The performance of biochar in various
applications is mainly determined by its properties
[1, 2]. The surface area and porosity of biochar are
among the most important parameters that determine
the quantity/quality of available active sites in
biochar and, consequently, improve its properties
such as cation exchange, water retention, and
adsorption capacities [3]. Biochar consists of a wide
range of pores, ranging from nanometers to tens of
micrometers [4]. The pores can be divided into three
groups according to the International Union of Pure
and Applied Chemistry (IUPAC) standard:
micropores (<2 nm), mesopores (2-50 nm), and
macropores (> 50 nm). In this work, the [UPAC pore
standard is used to characterize the pore size
distribution. The internal structure of biochar can be
estimated from the pore distribution, which is based
on the assumption that the complex porous structure in
a real solid can be represented by a model with
equivalent interactions and regularly shaped pores [5].

Pore size distribution is an important parameter
in characterizing the heterogeneity of the biochar
porous structure. The surface area is closely related to
its porosity. The question of how to obtain biochar
with a highly porous structure and large surface area
is an active research topic [6].

Over the past ten years, many reviews devoted to
biochar have been published. The topics of these
reviews mainly focus on the applications of biochar
in various fields [7], the relationship between process
parameters and biochar characteristics [8], as well as
additional modifications for the production of
modified biochar [9], and so on. Recent studies have
reported the use of shrimp shells to obtain biochars
for use as a catalytic support [10], an alternative
cathode in fuel cells, supercapacitors [11, 12], an
adsorbent of heavy metal ions [13], dyes, and
antibiotics [14]. It has also been reported that
carbonization parameters have a significant effect on
the porosity of the final product [15]. However,
biochar obtained by carbonization without subsequent
activation has a low specific surface area and porosity
[16]. Furthermore, it is important to note that among
all activating agents, alkaline activation with KOH is
the most effective in producing carbon materials with
extremely high specific surface area and pore
volume, particularly micropores [17].

At the beginning of the last decade, research on
biochar mainly focused on its characteristics in
various application areas [18-21]. In the past few
years, research has shifted towards studying surface
area and porosity [2, 22, 23]. Thus, the efforts of
many scientists are aimed at identifying general
patterns in the formation of biochar porosity
parameters. Various methods and synthesis
parameters are used in the production of biochar.
It is obvious that the porous structure of biochar
changes depending on these parameters. However,
the effect of synthesis parameters on the volume and
pore size distribution of biochar remains unclear.

In this study, we synthesized biochars from
crustacean waste, investigated the influence of
synthesis parameters on the development of the
porous structure of the resulting materials, and
assessed the methane adsorption properties of the
biochar with the highest porosity values. As far as we
know, the conversion of shrimp waste into highly
porous carbon using carbonization followed by KOH
activation for methane adsorption has not been
previously studied. Therefore, the results of this study
offer a promising solution for converting biowaste
into a high-tech product for environmental
applications.

2. Materials and methods
2.1. Method for producing activated biochar

Shrimp shells were used as the biomass in this
study. After removing the meat, the crustacean shells
were washed repeatedly with deionized water.
The resulting waste was then dried at 110 °C to
a constant weight. The crustacean processing waste in
the form of a powder with a particle size of < 0.5 mm
was loaded into the pilot reactor. The biomass was
heated in an argon flow to a predetermined
temperature (550-750 °C) and held for various
periods of time (2—4 h), and then cooled to room
temperature under an argon atmosphere. Next, the
resulting carbonizate in the form of a powder with a
particle size of <0.5 mm and granules of 85 %
potassium hydroxide with a mass ratio of potassium
hydroxide (calculated as 100 % KOH): carbonizate
(w/w:2:1) were loaded into the pilot reactor.
The reaction mixture was heated to 700°C under an
argon flow and held for 2 hours, then cooled to room
temperature. After the reactor cooled to room
temperature, the reaction mixture was poured with
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water, the precipitate was washed to remove alkali
until neutral pH, then kept in a hydrochloric acid
solution for 24 hours to dissolve metal impurities,
after which it was washed again with water and dried
at 110 °C to constant weight.

2.2. Analytic methods

To determine the specific surface area, total
volume porosity, and micro- and mesoporosity of
each sample obtained during the synthesis, an
Autosorb-iQ automated adsorption system
(Quantachrome, USA) was used. Samples (weighing
1-2 g) prepared for adsorption analysis were
degassed at 350 °C for 5 hours under vacuum to
remove air, free water, and other impurities before
pore structure analysis. At 77 K, N, adsorption

isotherms were obtained for relative pressures (P/Py)
(gas pressure/vapor pressure) ranging from 0.01 to
0.995. The specific surface area (Sggr) WwWas
calculated using the Brunauer-Emmett-Teller (BET)
equation. The pore size distribution and micropore
and mesopore volume were calculated using the
Density Functional Theory (DFT) method under the
assumption of slit-shaped/cylindrical pores (QSDFT
model).

CH,4 adsorption isotherms on the sample at
pressures up to 100 bar (at a temperature of
298.15 K) were recorded using an iSorbHP gas
adsorption analyzer (Anton Paar GmbH, Graz,
Austria). High-purity CHy4 (99.999 % purity; normal
boiling point 7, ,=111.66 K; critical temperature

1,,=190.77 K; critical pressure F. =4.626 MPa)

was used for the measurement. Before the adsorption
experiment, the sample was degassed at 350 °C for 5 h.

2.3. Theoretical justification of approaches
to determining the specific surface area

Measuring the surface area and porosity of
biochar (primarily micro- and mesopores) is typically
accomplished using gas adsorption, which involves
priming the sample with a given gas atmosphere,
recording the adsorption isotherm, and analyzing it
accordingly. The most commonly used gas is Nj
(77 K) due to its high availability and low cost.

Both the European Biochar Certificate (EBC)
[24] and the International Biochar Initiative (IBI)
[25], the most influential biochar organizations
worldwide, recommend the BET method for
analyzing nitrogen adsorption isotherms to determine
surface area [26]. However, the BET method also has
some problems. For example, the basic theory of the
BET equation is based on a monolayer coating of gas

molecules, whereas the primary adsorption
mechanism in micropores is pore filling, which
inevitably leads to errors in calculating the surface
area of biochar. The BET equation is not applicable
even for mesopores with widths from 2 to 4 nm due
to an overestimation of the monolayer capacity. In the
pressure range used in the calculation, not only the
formation of monolayer-multilayer structures but also
pore filling occurs [27]. Therefore, the BET surface
area should be considered as an apparent rather than
an absolute surface area, especially for porous
materials with a large number of micropores. Despite
this, it is still useful for evaluating sorbents for
comparative purposes, and the BET surface area is
considered a “fingerprint” of the sorbent [28].

For assessing the size distribution, it is advisable
to use density functional theory (DFT). This method
allows for a more accurate analysis of pore sizes,
covering the entire range of mesopores and
micropores, unlike other methods, such as the
Barrett-Joyner-Halenda (BJH) [29, 30]. In recent
years, particular attention has been paid to the DFT
method for analyzing pore size distribution.
The methane adsorption isotherm was analyzed using
the Langmuir, Freundlich, and Dubinin—Radushkevich
models [31-33]. An important characteristic of the
Langmuir isotherm model is the presence of
homogeneous active binding sites on the adsorbent
surface, which have identical sorption energies [31].
In contrast, the Freundlich isotherm model assumes
a heterogeneous adsorbent surface, namely, different
sorption energies. In this case, active binding of
adsorbate molecules occurs in areas with higher
energy values [33]. The Dubinin—Radushkevich
isotherm model is widely used to identify the nature
of adsorbate adsorption on an adsorbent and to study
the free energy and porosity characteristics of
adsorbents [32].

3. Results and Discussion

Traditional technologies for producing highly
porous biochars involve carbonization and activation
stages, which form a porous structure. Control of the
pore structure is possible by varying both the
carbonization  process  conditions  (duration,
temperature) and the activation process (duration,
temperature, and activating agent consumption).

3.1. Effect of carbonization duration
on the porous structure of biochars

Process time is a factor that must be considered
when conducting the carbonization process. Nitrogen
adsorption-desorption isotherms and pore size
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distribution curves for biochar samples, obtained at a
fixed temperature (z=550 ©°C) and variable
carbonization time followed by alkaline activation
(t=2 h; t=700 °C; w/w: 2/1), are shown in Figs. 1
and 2.

All samples are characterized by similar
reversible adsorption isotherms corresponding to
combinations of types I and II according to the
IUPAC classification (Fig. 1), which is inherent in
materials with a wide range of pore size distributions.

The hysteresis loops are somewhat similar to
adsorption branches corresponding to type H4.
This type of loop is often found in micromesoporous
carbon materials. In addition to the IUPAC
classification, one can refer to the work [34], in
which the author identified and correlated five types
of hysteresis loops with different pore shapes. Thus,
the loop type in the obtained biochar samples (Fig. 1)
corresponds to type B, indicating a large number of
cylindrical and slit-shaped pores with all sides open.
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The pore size distribution curves for the samples
(Fig. 2) also exhibit a similar pattern. The results
indicate that all of the samples studied exhibit
a multimodal pore size distribution. For all samples,
the predominant mesopore size ranges from 2 to
6 nm, with a main peak at approximately 3.2 nm.
The microporous structure of all of the samples
studied appears to be trimodal, with a main peak at
0.92 nm. Thus, the similar appearance of the nitrogen
adsorption-desorption isotherm and pore size
distributions for the obtained samples indicates that
carbonization duration does not significantly
influence the porosity type.

In this study, we used the BET and DFT
methods to calculate the specific surface area, pore
volume, and pore size. The data obtained indicate that
sufficient carbonization time results in the complete
release of volatiles, which promotes the development
of a porous structure. However, excessively long
exposure to high temperatures can destroy the pore
structure. For example, the biochar surface area
increased from 2016 to 2488 mz-g1 (BET) and from
1731 to 2120 m2-§§1 (DFT) with an increase in
residence time from 2 to 3 hours, and then decreased
to 2121 m>g ' (BET) and 1852 m*g ' (DFT) with an
increase in residence time for 4 hours.

Carbonation time also affected the total pore
volume (V}), as well as the micropore (Vi) and

mesopore (Vpes) volumes of the biochar samples.
With increasing carbonation time to 3 h, micro- and
mesopore volumes tended to increase, while with
a further increase in carbonization duration (t=4),

1200
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900 —
800 —
700 —
600 —

500 -,

Quantity Adsorbed (cm®/g STP)

they decreased. At a carbonization time of 3 h,
the pore volumes in the resulting biochar reached
their ~ maximum  values (V,=1.37 cm3-g71,
Vinic = 0.53 cm3-g71, Vines = 0.84 cm3-g71).

Thus, the experimental studies demonstrated that
carbonization for 3 h promotes the formation of
biochars with the best porosity parameters.

3.2. Effect of carbonization temperature
on the porous structure of biochars

Carbonization temperature is considered the
main parameter influencing the surface area and
porosity of biochar. Figures 3 and 4 illustrate this.
The nitrogen adsorption-desorption isotherms and
pore size distribution curves of biochar samples
obtained at different carbonization process
temperatures and holding times of 3 h followed
by alkaline activation (t =2 h; =700 °C; w/w:2/1)
are shown.

All samples exhibit a combination of type I and
II isotherms with an H4; B hysteresis loop, which are
typical of micromesoporous materials. The maximum
amount of nitrogen is adsorbed on the sample
obtained at a carbonization temperature of 650 °C.
According to the data presented in Fig. 4, micro- and
mesopores with diameters less than 6 nm
predominate in all samples. The pore structure of all
the studied samples, except for the one obtained at
750 °C, is pentamodal, with the main peak at about
0.9 nm. The intensity of the peaks in the range from
0 to 2 nm (insert in Fig. 4) tends to increase.

. . —
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Fig. 3. Nitrogen adsorption-desorption isotherms for biochar samples obtained at different carbonization temperatures
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Table 1. Influence of carbonization temperature
on the porosity parameters of biochar samples

4

Sample 550 °C 650 °C 750 °C
ST, m*g ! 2488 2708 1924
Sppr, m*-g ' 2102 2384 2158
VpET, cm’-g ! 1.37 1.58 1.23
Vinic, cm’-g ! 0.53 0.64 0.64
Vines, cm>-g " 0.84 0.94 0.59
Vo1, cm’-g ! 0.41 0.46 0.36
Voo, cn’-g ! 0.09 0.17 0.27
Vo3, cm’-g ! 0.03 0.27 0.11
Vo4, cm’-g”! 0.51 0.23 -
Vos, cm’-g ! 0.33 0.42 0.49
Do, nm 0.92 0.89 0.85
Doz, nm 1.24 1.19 1.09
D3, nm 1.91 2.52 2.27
Do4, nm 3.20 3.09 -
Dos, nm 3.93 3.93 4.82

SBeT is the specific surface area for nitrogen

calculated by the Brunauer—-Emmett—Teller method; Sprr
is the specific surface area for nitrogen calculated using

the density functional theory; Vpic is the specific volume
of micropores; Vpes is the specific volume of mesopores;
Vo1-Vos is the specific volume of pores of the mode;

Dg1—Dos is the average diameter (width) of the pores of
each mode.

110 115 A 2.0
Pore width, D (nm)

—=—550°C
—+—650°C

5 6 7 8 9
Pore width, D (nm)

Fig. 4. Pore size distribution for biochar samples obtained at different carbonization temperatures

A higher peak intensity value corresponds to
a better adsorption capacity of biochar. In other
words, on the micropore scale, the sample obtained at
a carbonization temperature of 650 °C has the highest
adsorption capacity, while the sample obtained at
750 °C has the lowest. These results are in good
agreement with the results presented in Table 1.

The sample obtained at 650 °C had the highest
specific surface area and pore volumes (Sggr=

=2708 m*g ', ¥, =1.58 em’™g ', Spgr=2384 cm™g ",

Vinic = 0.64 cm™ g ', Vines= 0.94 cm™-g ).

3.3. Adsorption characteristics of biochar

The adsorption isotherm of excess methane
content versus pressure, recorded at ambient
temperature (298.15 K), for the biochar sample
obtained by carbonization at 650 °C and a holding
time of 3 h followed by alkaline activation (t =2 h;
t=700 °C; w/w:2/l) is shown in Fig. 5.
The presented results show that methane adsorption
increases sharply in the initial region (up to
approximately 30 bar), then down and
gradually increases with increasing pressure, showing
no tendency to saturate even at 100 bar. The change
in the adsorption capacity of the biochar sample as
a function of pressure is also shown, approximated by
the Langmuir, Freundlich, and Dubinin—Radushkevich
models. Results from these models were processed
using the equations presented in [31-33].

slows
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Fig. 5. Adsorption isotherm of CH,4 on a biochar sample obtained at 650 °C
adapted to the Langmuir, Freundlich and Dubinin-Radushkevich models

Comparing the data obtained using the models, it
can be concluded that they correlate well with the
Langmuir (R2= 0.9939) and Dubinin—Radushkevich
(R2 =0.9975) equations and best describe the process
of methane adsorption on the biochar sample in the
pressure range considered in this study. However,
evaluating the reliability of the models used by the
normalized standard deviation (Aa), defined as [35],
it can be concluded that the Dubinin—Radushkevich
equation (Aa =less than 5 %) describes the studied
adsorption process on biochar more accurately than
the Langmuir equation (Aa=1less than 10 %).

The results of processing the experimental data using
the Langmuir, Freundlich, and Dubinin—Radushkevich
models are presented in Table 2.

The deviation of the limiting methane sorption

capacity for the Langmuir (¢;), and Dubinin—
Radushkevich (ap p) models from the experimentally

obtained value (aep) did not exceed ~2 and ~5 %,
respectively. The limiting values of micropore

adsorption capacity (ag), calculated using the

Dubinin-Radushkevich equation, deviate from a, by
no more than 2%.

Table 2. Adsorption isotherm coefficients for the Langmuir, Freundlich and Dubinin—Radushkevich models

Gekp, mmol- g"

Langmuir model constants

ar, mmol-g' A, mmol-g™! b R’ Aa, %

17.5 20.7 0.0539 0.9939 9.93

Freundlich model constants
17.9 ar, mmol~g’1 k 1/n R? Aa, %
24.6 0.9915 0.6974 0.9654 31.02
Constants of the Dubinin-Radushkevich model

ap-r ao E R Aa, %

17.0 18.2 2291 0.9975 4.61

SBET — a1, ar, ap-R are theoretical values of equilibrium gas adsorption according to the Langmuir, Freundlich and
Dubinin—Radushkevich models, respectively, mmol-gfl; A and ag are the limiting values of gas adsorption according to
the Langmuir and Dubinin—Radushkevich models, respectively, mmol- gfl; b and k are the equilibrium constants according
to the Langmuir—Freundlich models, respectively; n is an empirical parameter that characterizes the interaction energy in
the adsorbent-adsorbate system; E is the characteristic adsorption energy of the gas under study, kJ .mol .
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The Dubinin—Radushkevich equation was used
to establish the nature of the methane adsorption
process on biochar. Based on the obtained values of
the characteristic adsorption energy (£ =~23 kJ -molﬁl),
it is clear that the mechanism is physical in
nature [36].

4. Conclusion

Biochar samples were obtained from crustacean
processing waste. The influence of carbonization
parameters on the development of the porous
structure of the biochars was studied. Carbonization
temperature can modulate the pore structure of
biochars. A three-hour biomass carbonization process
at 650°C proved to be most favorable for the
development of high specific surface area and pore
volumes (SggT= 2708 mz-g_l, Vp=1.58 cm3'g_1,
Vinic = 0.64 cm3-g71, Vines— 0.94 cm3-g71). This sample
is a micromesoporous material exhibiting high
methane adsorption  capacity, amounting to
18 mmol-g71 at room temperature and 100 bar.

Thus, this study demonstrates that crustacean
waste carbon material is a highly porous and
promising biosorbent for methane adsorption.
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© Valerii Yu. Dolmatov®™, Alexander A. Merkin®, Maxim N. Kiselev ",
Nataliya P. Satonkina ©, Natalia M. Lapchuk d, Anna N. Oleshkevich d,
Kristina V. Lotnikova *, Vladimir T. Senyut ¢, Sergey D. Pisarevsky ",
Alla V. Nozhkina &, Alexander P. Ershov

# Special Design and Technology Bureau “Tekhnolog”, 33-a, Sovetsky Av., St. Petersburg, 192076, Russian Federation,
bJSC “Plant “Selmash”, 66, Shchorsa St., Kirov, 610014, Russian Federation,

¢ Lavrentiev Institute of Hydrodynamics of Siberian Branch of RAS,
15, Lavrentieva Av., Novosibirsk, 630090, Russian Federation,
4 Belarusian State University, 4, Nezavisimosti Av., Minsk, 220030, Belarus,

€ The Joint Institute of Mechanical Engineering of the NAS of Belarus,
12, Akademicheskaya St., Minsk, 220072, Belarus,

f Geoinformation Systems of the NAS of Belarus, 6, Surganova St., Minsk, 220012, Belarus,

€ JSC “Research Institute of Natural, Synthetic Diamonds and Tools”,
65, Gilyarovsky St., Moscow, 107996, Russian Federation

P4 diamondcentre@mail.ru

Abstract. This review summarizes the results of using detonation nanodiamonds (DNDs) over the past 10 years in
emerging areas of science and technology. Oriented coalescence of nanodiamond crystallites (~4 nm) under high
temperature and pressure leads to the formation of single crystals with multi-micron dimensions. New magnetic resonance
imaging contrast agents have been proposed and studied in the form of aqueous suspensions containing DNDs doped with
manganese and gadolinium ions. The potential use of DND crystallites as reflectors for very slow neutrons (~ 50 m-sfl)
has been demonstrated. The feasibility of producing diamond coatings containing europium ions by the CVD-method has
been shown. An electrorheological effect was observed when an electric field is applied to suspensions of nanodiamond
crystallites in oils, with DND crystallites acting as nodes in a fractal conductive network. Mixing DNDs with tungsten (W)
powder followed by sintering increases the Young’s modulus of sintered tungsten by a factor of four and its hardness by
1.5-2.0 times. Replacing standard DNDs (derived from TNT/RDX mixtures) with boron-doped DNDs produced during
detonation synthesis further increases the microhardness of sintered tungsten by up to four times. New types of pseud
alloys were obtained for the first time: an aluminum-tungsten alloy containing 10 wt. % tungsten and 90 wt. % aluminum
with a hardness of HB 60, and an aluminum-copper-tungsten alloy containing 15 wt. % Al, 50 wt. % Cu, 35 wt. % W, and
1.2 wt. % DNDs. The resulting compositions are readily machinable. The use of aqueous nanodiamond suspensions in
photonics has been demonstrated for producing linear optical filters resistant to high-power radiation. Application of an
intermediate product from DND synthesis — diamond charge — increased the germination rate of Chinese cabbage seeds by
70 % compared to normal rates. Adding diamond charge to space-grade lubricants reduced component wear by a factor of
two. Modification of paste-like fuels with nanodiamonds increased their burning rate by up to 23%.

Keywords: detonation nanodiamonds; sintering; modification; electroplating; slow neutron reflectors; tungsten-containing
alloys; fuel; space lubricants.
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Annotanusi. O630p 0000I1aeT pe3ysIbTaThl HCIOJIB30BAHUS JETOHAIIMOHHBIX HaHoanMa3oB (JIHA) 3a nmocnenuue 10 ner
JUTS HOBBIX oOnacTedl Hayku M TexHUKH. OpHEHTHPOBAHHOE CpAalIMBaHWE KPUCTAJUINTOB HAHOAIMa3oB (~4 HM) mpHu
BO3/ICIICTBUM BBICOKMX TEMIEpaTyp M JaBJICHHH CIIOCOOCTBYET OOpa30BaHMIO MOHOKPHCTAUIOB MHOTOMHMKPOHHBIX
pazmepoB. IlpemioxkeHsl U U3ydyeHbl HOBbIE KOHTpacTHble MPT-BewiecTBa B BHJIE BOAHBIX CYCIIEH3UH C BBEICHHBIMHU
B HUX /IHA, nermpoBaHHbIE MOHAMM MapraHiia M ragoiauHus. [loka3aHa BO3MOXKHOCTb HCIIOJIB30BAHHS KPHCTAJUINTOB
JIHA B KkadecTBe oOTpaxareleil O4YeHb MeEJICHHbIX HEUTpoHOB (~50 wm/c). I[loka3aHa BO3MOXXHOCTb MOJYUYSHHUS
(CVD-mero) anMasHbIX MOKPBITHH, COAepKalux HOHBI eBpomnus. OOHapyeH sJeKTpopeosorndeckuii addexr mpu
HAJIOXKEHUH DJISKTPHUUYECKOTO MOJIsS Ha CYCIEH3WI0 KPUCTAUIMTOB HAaHOAIMAa30B B Maciax, nmpuieM Kpucrawmtsl JJTHA
SIBJISIFOTCSL LIGHTPOM Y3JI0B (ppakTanbHON TokonpoBosiei cetku. CmemmBanue JJTHA ¢ nopomkom Bosbgppama (W) mpu
MOCTeIyIoIeM ClIeKaHUHU MPUBOAUT K ycuieHuio Moxyins FOHra B 4 pasa u tBepaocts B 1,5-2,0 pa3a y cneuenHoro W.
3amena cranmaptabix JJHA (u3 cmecn Tportmna c rekcoreHom) Ha JIHA, mernpoBaHHBIX OOpOM NpH JETOHALIMOHHOM
CHHTE3€, YBEJINYNBAET MHKPOTBEPAOCTh CHEYEHHOro W IOIOJHUTENBHO /10 YeThIpeX pa3. BrepBbie mosydeHbl HOBbIE
BU/IBI TICEBJIOCIUIABOB — alllOMOBOJIb(paMoBbIid, coxepkammii 10 mac. % Bosbppama un 90 mac. % amroMuHHSA
¢ tBepaocteio HB 60 n amromMmHHEBO-MeTHO-BOIB(GPAMOBHIH, comepkammid 15 mac. % Al, 50 mac. % menp, 35 mac. %
Bombppam u 1,2 mac. % JIHA. IlomyueHHBIE COCTaBBI JIETKO MOJBEPraroTCs MeXaHW4eckod obOpabotke. [lokasana
BO3MOXKHOCTH HCIIOJIb30BAHHS BOJHBIX CYCIICH3MH HaHOAIMa30B B (DOTOHMKE C LEINBIO MOJIYYEHHs JIMHEHHO-ONTHIECKUX
(hUITBTPOB, YCTOMYMBBEIX K MOITHOMY u3nydeHuto. [Ipumenenne momynponykra cuaTe3a JIHA-anmasznoit mmxter (ALLD)
MIPUBEIIO K YBEIHMUCHUIO BCXOKECTU CEMSIH IEKMHCKOM KarycTsl Ha 70 % IO CPaBHEHMIO ¢ OOBIYHON BCXOXKECTBIO TAKUX
cemsH. Beenenune AIIl B ucnonb3yemble KOCMHYECKHE CMa3KM CHHU3HMJIO H3HOC Jeraiied B 2 pa3a. Moaudukaums
MacToo0pa3HbIX TOIUIMB HAHOAIMAa3aMH [TO3BOJIHIIA MTOJHATH CKOPOCTh UX TopeHus 10 23 %.

KiaioueBble ciioBa: JCTOHAIIMOHHBLIC HaHOAJIMa3bl; CIICKAHHUC, MOI[I/I(bI/IIII/IpOBaHI/IC; TaJIbBAaHUKA; OTpAKaTCJIn MCAJICHHBIX
HCﬁTpOHOB; Boan)paMcoz{epxcamHe CIINIaBbI; TOIINIMBO, KOCMUYCCKHEC CMAa3KHU.

s nurupoBanusi: Dolmatov VYu, Merkin AA, Kiselev MN, Satonkina NP, Lapchuk NM, Oleshkevich AN,
Lotnikova KV, Senyut VT, Pisarevsky SD, Nozhkina AV, Ershov AP. Application of detonation nanodiamonds
in new technologies. Journal of Advanced Materials and Technologies. 2026;11(2):172-193. DOI: 10.17277/jamt-2026-
11-02-172-193

List of Abbreviations DND - detonation nanodiamond;
DP — detonation products;

BTF — benzotrifuroxan (benzotris); EPR — electron paramagnetic resonance;
CEC — composite electrochemical coating; FL — fluorescence;
ClJ plane — Chapman—Jouguet plane; HE — high explosive;
CRZ — chemical reaction zone during explosive HPHT - a widely used method for layer-by-layer diamond
decomposition of HE; film growth at high temperatures and pressures;
DC — diamond detonation charge; MRI — magnetic resonance imaging;
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NMR — nuclear magnetic resonance;

NV —nitrogen-vacancy center;

OB — oxygen balance of the explosive;

PA — picric acid;

PVP — poly(N-vinylpyrrolidone);

RDX — cyclotrimethylenetrinitramine (hexogen);
SEM - scanning electron microscopys;

TATB — 1,3,5-triamino-2,4,6-trinitrobenzene;
TEM - transmission electron microscopy;
TG — charge composed of TNT and RDX;
TNT - 2,4,6-trinitrotoluene.

1. Introduction

Detonation  (ultradispersed)  nanodiamonds
(DNDs) were discovered by Russian scientists in
1963 [1]. Their synthesis uses carbon-containing high
explosives (HEs) that have an insufficient amount of
oxidizer (oxygen) in their molecular structure.
As a result, only part of the carbon is oxidized into
gaseous products, while the remaining carbon is
released in solid form within the detonation products
(DP). Under certain conditions (defined by 12 key
control parameters), DNDs form and persist within
these solid carbon products [2-5].

The resulting DNDs have a complex structure:
inside each crystallite (~5 nm) there is a classical
diamond cubic lattice, but closer to the surface the
crystal structure gradually transforms - from
“diamond-like” sp’-hybridization to “graphite-like”
sp’-hybridization of carbon with each coordination
shell [6]. The surface of DND particles
predominantly contains oxygen-containing functional
groups such as hydroxyl, carbonyl, carboxyl, ester
groups, etc. [3].

Typically, nanodiamonds are produced using
a mixture of TNT and RDX in proportions ranging
from 60/40 to 40/60 [1, 3].

At present, there is a significant resurgence of
interest in DNDs. New types of high explosives
(HEs), including those derived from decommissioned
materials, are being used. Research is underway on
producing doped (modified) DNDs, improving
various methods of nanodiamond functionalization,
and developing relatively simple and environmentally
acceptable purification technologies. Doping DNDs
with silver, gold, and platinum opens up the
possibility of creating superconducting materials in
the near future and expands their potential
applications in micro- and nanoelectronics.
Achieving high concentrations of NV centers in
nanodiamond  crystallites  contributes to the
development of nanodiamond-based spintronics.

Industrial production (in Russia, Belarus,
China, and Japan) is based on the use of mixtures

of TNT  (2,4,6-trinitrotoluene) and RDX
(cyclotrimethylenetrinitramine). In Russia,
a technology based on tetryl (N-methyl-N-2,4,6-
tetranitroaniline) has also been developed.
These explosives serve simultaneously as both an
energy source and a carbon source. The use of DNDs
across various industries is driven by the need to
significantly improve the performance characteristics
of composite materials.

The cost of DNDs is relatively affordable,
industrial-scale production exists, and market
expansion is expected. However, DNDs cannot yet be
considered a fully well-characterized diamond
material. This is due to variability in surface chemical
composition, crystal structure, and therefore properties,
which depend on differences in synthesis and
purification technologies among manufacturers [1-5].

The aim of this review is to systematize
empirical and theoretical knowledge on the
application of detonation nanodiamonds in various
fields of science and technology.

2. Oriented sintering of DNDs

Under high temperature (1300-1800 °C) and
pressure of 5-7 GPa (~ 50,000-70,000 atm.), DNDs
introduced into mono- or dihydric alcohols form
single-crystal diamonds up to 50 um in size with
a highly perfect crystal structure [7].

Most likely, according to the theory of
A. Barnard [8], at high temperatures nanodiamonds —
temporarily existing as individual crystallites in
liquid alcohols — become oriented relative to one
another through oppositely charged crystal facets and
“collapse” together in accordance with Coulomb’s
law. It is also possible that the carbon-containing
alcohols, upon further decomposition at high
temperature, act as an additional carbon source,
which under high pressure becomes incorporated into
the newly forming crystal structure of micron-sized
diamonds.

Since the resulting diamonds are multi-micron in
size and exhibit a highly perfect crystal structure,
reconstruction also occurs in the carbon atoms of the
defective near-surface regions of each DND
crystallite. In addition, carbon generated from alcohol
decomposition likely fills microdefects formed during
oriented sintering due to the imperfect shape of the
initial nanodiamond particles.

Prior to sintering, isopropyl or ethyl alcohol,
ethylene glycol, glycerol, and other alcohols were
added to DND powder. The influence of alcohol
content in the range of 5-60 wt. % was investigated.
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The yield of micron-sized diamond crystals from
the initial DND mass was significant — up to 100 %.
The resulting particle size range was broad, from
70 nm to 15 pum, with the majority consisting of
microdiamond particles > 4 pm.

As seen in Fig. 1, the authors [7] obtained
faceted single-crystal diamonds during sintering, with
sizes reaching up to 15 um (average size ~1 um).
Figure la shows that a significant portion of
microcrystals exhibit an octahedral shape.

Raman spectroscopy confirms the single-crystal
nature of the sintered DNDs. The resulting product
shows only a single narrow symmetric peak
at 1332 cm_l, corresponding to the diamond crystal
lattice.

Further evidence of the high structural perfection
of the obtained crystals is that the full width at half
maximum (FWHM) of the 1332.3 cm' band is
2.9 cm ', compared to 3.0 cm ' for natural diamond.
The growth of defect-free microdiamonds from
defective nanodiamond precursors most likely
proceeds via an oriented attachment mechanism,
which is only possible for particles with a truncated
octahedral shape. This geometry enables the
formation of void-free crystals.

In addition, it was established that the formation
of high-quality microcrystals from defective
nanocrystallites is only possible when a saturated
acyclic hydrocarbon is added to the DNDs.

No difference was observed between the sintering of
agglomerated and deagglomerated nanodiamonds
(Fig. 2).

In these micron-sized nanocrystals, an ensemble
of point defects (in particular, NV centers) forms
without the need for irradiation by high-energy
particles.

3. Nanodiamonds functionalized with Gd
and coated with PVP as a new and potentially
safer MRI contrast agent

The aim of study [10] was to investigate the
feasibility of using a saline suspension of DNDs
coated with polyvinylpyrrolidone (PVP) and
functionalized with gadolinium (Gd) as a new MRI
contrast agent.

Stable saline suspensions of highly purified,
deagglomerated Gd-functionalized DND particles
coated with a protective PVP shell were prepared.
Proton relaxivities T1 and T2 of suspensions with
different gadolinium concentrations were measured
at 8 Tesla. A series of ex vivo (phantom) and in vivo
dynamic scans were obtained using 3 Tesla MRI,
comparing PVP-coated Gd-functionalized DNDs
with gadoterate meglumine at equal gadolinium
concentrations. T1-weighted hyperintensity was then
evaluated.

Fig. 1. Appearance of oriented-sintered diamonds (scanning electron microscopy):
a—scale 1 um; b —scale 5 pm; ¢ —scale 10 pm; d — scale 100 pm [7]
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Fig. 2. a — Appearance of diamond single crystals after oriented attachment; » — surface morphology of a diamond crystal
corresponding to the oriented attachment mechanism (scale 50 um), scanning electron microscopy;
¢, d — obtained diamond single crystals (~100 um) [9]

It was found that the proton relaxivity
coefficients for PVP-coated Gd-functionalized
DNDs were r1=(33.4+0.8) s -mM ' and rm=
=(332+15) s ''mM! [10], respectively.
These values are slightly lower than those for
uncoated Gd-functionalized DNDs, but still remain
relatively high. MRI evaluation ex vivo demonstrated
dose-dependent T1-weighted hyperintensity, with
a significant advantage over gadoterate meglumine.
Similar results were observed in in vivo testing of the
two contrast agents.

Thus, the new MRI contrast agent-saline
suspensions of PVP-coated Gd-functionalized
DNDs — provides significantly higher signal intensity
than the conventional agent gadoterate meglumine,
increasing its potential for safer clinical use.

4. Manganese-functionalized detonation
nanodiamonds as a new potential MRI
contrast agent

In an effort to develop universal MRI contrast
agents, the authors [11] report the synthesis and
magnetic resonance study of DNDs with manganese
ions directly grafted onto their surface. The sample
was obtained by reacting an aqueous suspension of
nanodiamonds with an aqueous solution of
manganese sulfate. Evidence is presented for the
chemical bonding of Mn®" ions to the nanodiamond
surface; these ions interact with the electronic and
nuclear spins of the diamond nanoparticle, thereby
accelerating spin-lattice relaxation. The distance

between the Mn”" ion and the diamond surface was
estimated using BC NMR relaxation data.
Comparison of Mn-DND interactions with previously
studied Gd-functionalized DNDs [10] suggests that
Mn-NDs may serve as promising MRI contrast
agents.

Thus, highly purified nanodiamond particles
with surfaces functionalized by paramagnetic
manganese ions were obtained for the first time.
The Mn grafting was achieved via ion exchange,
where Mn”" ions replaced hydrogen atoms of
carboxyl groups during the reaction between an
aqueous DND suspension and a manganese sulfate
solution. NMR and EPR studies provide clear
evidence that Mn®" ions are chemically bound to the
DND surface and interact with the electronic and
nuclear spins of the diamond nanoparticles, leading to
accelerated nuclear spin-lattice relaxation.
The distance between Mn’’ ions and the DND
surface, estimated from 13¢ relaxation data, lies in the
range of 0.25-0.36 nm. The authors showed that
manganese functionalization reduces the Bc spin-
lattice relaxation time Tln(13C), with  values
comparable to those observed for Gd*"-functionalized
DNDs. They suggest [12] that Mn-functionalized
nanodiamonds could be promising candidates for
MRI contrast agents. Their safety and effectiveness
will require further investigation, similar to
studies conducted for Gd-functionalized DND
suspensions [10].
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In study [13], a new approach is reported that
enables determination of spatially resolved nuclear
spin—lattice relaxation times and NMR linewidths in
nanomaterials. This method was applied to DNDs
with manganese ions directly grafted onto their
surface [11]. Interaction between carbon nuclear
spins and paramagnetic Mn>" jons leads to
accelerated spin-lattice relaxation and broadening of
the '°C resonance line. Using spin dephasing
experiments, the authors were able to determine the
layer-by-layer contribution of Mn”" jons to relaxation
times and linewidths of carbon spins located
at different depths from the diamond surface.

Although developed for nanodiamonds, this
approach is more general and can be successfully
applied to study distributions of nuclear relaxation
rates and linewidth broadening, as well as to map
magnetic interactions within various nanoparticles.
This has practical applications in multiple
nanotechnology fields. In particular, it enables
investigation and tuning of magnetic interactions in
DND particles functionalized with paramagnetic ions.
The resulting insights are relevant for applications in
spintronics, memory devices, magnetic data storage,
sensors, and for studying the influence of
paramagnetic ions on the relaxation of NV centers
in diamonds.

5. Effect of particle size of fluorinated
nanodiamonds on the efficiency
of neutron reflectors

More than ten years ago, it was demonstrated
that DND powders diffusely reflect very cold
neutrons (VCNs) at any angle of incidence and reflect
cold neutrons quasi-specularly at small angles of
incidence [14]. This study investigated the neutron
reflection efficiency of nanodiamonds as a function
of their size. To do so, a fraction of smaller DND
nanoparticles (referred to here as S-DNDs) was
separated from the initially broad size distribution by
centrifugation. The neutron reflector performance of
these particles was then compared, both
experimentally and theoretically, with that of
deagglomerated fluorinated DNDs (DF-DNDs).

Typical = commercially  available = DNDs
with a size of ~ 4.3 nm are close to optimal for VCNs
with a typical velocity of ~ 50 m-s . Smaller DNDs
are more efficient for higher neutron velocities, while
larger ones are more effective for slower VCNs.

Neutrons serve as both tools and subjects in
many areas of research. Major global efforts are
focused on increasing the intensity of neutron sources
and improving neutron delivery efficiency for

experimental facilities. In this context, neutron
reflectors play a key role, as they can significantly
enhance both efficiency and cost-effectiveness.
For slow neutrons, DND powders exhibit
exceptionally strong reflective properties due to
a combination of enhanced coherent scattering and
low neutron absorption.

The enhancement is maximized when the
nanoparticle diameter is close to the neutron
wavelength. Therefore, both the average particle size
and the size distribution are critical factors.
Additionally, DNDs tend to form clusters, which
effectively increases their particle size. Study [14]
reports on how the breakup of agglomerates
influences DND clustering and overall reflector
performance.

The authors [14] characterized DNDs using
small-angle neutron scattering, X-ray diffraction,
scanning and transmission electron microscopy,
neutron activation analysis, dynamic light scattering,
infrared spectroscopy, and other methods. Based on
these results, they discuss the calculated particle size
distribution of DNDs, absolute neutron scattering
cross-sections, neutron albedo, and the neutron
intensity gain coefficient for neutron traps with DND-
based walls.

Fluorination of DNDs has little effect on the
nanoparticle size distribution or the surface chemical
composition.

Reducing the size of DND clusters increases
neutron albedo and neutron storage time, especially
in closed nanodiamond-based traps.

5. Eu-doped nanocrystalline
diamond films (CVD)

Paper [15] presents experimental results on the
formation of luminescent centers of europium ions in
CVD diamond films. The new approach is based on
using nanodiamond particles with surfaces modified
by Eu ions as seed material for CVD growth.
Europium-doped nanocrystalline diamond (NCD)
films were grown from the gas phase on silicon
substrates using microwave plasma CVD at
a frequency of 2.45 GHz. Photoluminescence spectra
clearly show several electronic transitions of Eu’”
ions, confirming their incorporation into the NCD
film.

In study [15], DND particles functionalized with
Eu’"  ions (DND-COO—{Eu}) were wused to
synthesize a europium-containing NCD layer.
Eu-containing DND particles were attached to
a 300 nm thick NCD film grown by CVD through
ultrasonic treatment. Subsequent overgrowth of the
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NCD film resulted in the formation of a europium-
containing diamond layer. The europium ions were
not etched away from the surface and remained
embedded in the film. Photoluminescence analysis
clearly revealed multiple electronic transitions of
Eu®’ ions, confirming their incorporation into the
NCD structure. Thus, by combining CVD growth
with Eu®"-functionalized DND particles, luminescent
europium centers were successfully created in NCD
films.

6. Electrorheological fluids
with detonation nanodiamonds

Study [16] investigated the feasibility of using
oils (mineral, olive, and silicone) filled with
DND crystallites as electrorheological fluids.
The introduced deagglomerated nanodiamonds were
characterized by specific surface chemical groups,
faceted shapes, and a narrow size distribution
(2-10 nm, with the majority in the 3—7 nm range).
The authors [16] used DND crystallites with sizes of
4 and 5 nm.

The resulting sols exhibited high sedimentation
stability. An increase in viscosity was observed with
increasing nanodiamond concentration, along with
the emergence of a yield stress even at low
nanoparticle concentrations.

A fractal structure formed by DND particles was
proposed and confirmed by cryogenic tomography
[16]. This method revealed differences in the fractal
structure of sols depending on the type and quantity
of functional groups on the nanodiamond surface.
In particular, fractals formed by carboxylated DNDs
are more compact than those formed by hydrogenated
nanodiamonds (where a percolation network is
formed, with a DND concentration of about 1 wt. %).

In carboxylated nanodiamonds, the charge is
localized near the functional groups.
For both hydrogenated and carboxylated

nanodiamonds, the interactions between DND
particles are governed by a balance between Coulomb
forces and van der Waals forces. The observed
differences in particle interaction depend on the
nature of the liquid, particularly the dielectric
properties of the solvent.

Particle size has a greater influence on the
sedimentation stability of the sol than the nature of
the solvent. For example, in hydrogenated DNDs,
the sedimentation ratio is higher for suspensions
with 5 nm particles than for those with 3 nm particles
(0.95 and 0.74, respectively).

This difference in sedimentation stability may be
attributed to variations in particle surface area and

less pronounced charge distribution on the facets
of 3 nm DND particles. These smaller particles
exhibit less well-defined faceting and a higher density
of structural defects.

Regardless of the type of oil used, sols of
hydrogenated DNDs exhibit an electrorheological
effect when an electric field is applied, whereas sols
containing  carboxylated nanodiamonds  show
electrophoresis. Thus, the nature of surface functional
groups plays a decisive role in determining the
behavior of DND suspensions under an electric field.

Small-angle X-ray scattering results demonstrate
that 5 nm DND crystallites form significantly more
branched, three-dimensional fractal structures,
providing a greater number of conductive pathways
in sols compared to similar structures formed by 3 nm
particles. A portion of the smaller particles does not
participate in fractal structure formation and remains
isolated.

Carboxylation of the DND surface promotes
electrophoretic motion of nanodiamond crystallites
under an applied electric field in dielectric solvents.
This is due to the dissociation of carboxyl groups
facilitated by layers of adsorbed water on the DND
surface, which generate surface charges upon
dissociation.

7. Electroplating

The development of technologies for applying
DND in electroplating has required further
optimization both in terms of the quality of the
resulting coatings and the quality and quantity of the
diamond component used [3, 17]. In essence, solving
this problem remained at the level of the 1980s in
Russia, China, South Korea, India, Belarus, Finland,
and other countries.

A striking and attractive feature of DND is the
narrow range of crystal core sizes of the particles
(4-5 nm). After chemical purification and removal of
non-diamond  (graphite-graphene)  carbon-which
partially hinders full aggregation of DND crystallites-
agglomeration intensifies, and the size of DND
agglomerates produced by industrial synthesis ranges
from hundreds of nanometers to several microns.

The problem of agglomeration in dried DND
powders is even worse: agglomerates range in size
from single microns to tens of microns. Such particles
are unsuitable for electroplating processes, as they
lead to a deterioration of coating properties.
However, even the use of ~4 nm DND nanoparticles
obtained by the complex and expensive method of the
loffe Institute does not provide any advantages over
the use of DND-TAN produced by the method of the
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FSUE “SKTB “Technolog,” [18]. Emmpirically,
it was established that for electroplating processes the
optimal agglomerate size is 30—70 nm, which are
essentially the first non-destructible agglomerates.

The solution to the problem lies in the ability to
control the structure and its transformation during the
creation of a new type of powder compositions based
on DND, capable of disintegration in an aqueous
medium into nanosized particles, and their effective
use in the process of applying electrochemical metal—
diamond coatings [18, 19].

To date, DND can be used for electroplating in
the form of aqueous suspensions obtained
immediately after chemical purification of the
explosion intermediate product — ASh. After
detonation of the explosive material, nanodiamond
particles of various sizes are formed: crystallites
of 3 to 8§ nm dominate, a smaller amount in the range
of 10 to 18 nm is present, and some individual
particles in the range of 20 to 40 nm are also formed.
The ratio of these groups strongly depends on the
type of explosive and the parameters of detonation
synthesis. However, due to the charge heterogeneity
of the faces of a single DND particle, Coulomb
interactions cause them to combine into aggregates:
primary aggregates range from 10 to 50 nm (the most
difficult to break down), secondary aggregates range
from 70 to 250 nm, and tertiary aggregates range
from 250 nm to several microns (the easiest to
disintegrate). Even strong ultrasonic or mechanical
disintegration cannot destroy primary aggregates and
only weakly affects secondary ones.

In addition, partially disintegrated DND in
suspension in strong electrolytes re-agglomerate due
to the formation of multiple ion layers from the
electrolyte on the surface of DND particles and their
aggregates, which promotes further aggregation into
rather “loose” structures that hinder the deposition of
high-quality metal-diamond coatings. As a result, it
becomes necessary to transport a relatively inefficient
5 % DND suspension over long distances (at higher
concentrations the suspension becomes difficult to
flow), meaning that 1 part of DND corresponds to
approximately 20 parts of aqueous “ballast.”
Furthermore, such a suspension is sensitive to
freezing, since this leads to irreversible
agglomeration of DND particles.

It is necessary to develop dry compositions (DC)
that are stable during long-term storage without
changes in their properties and effective when used in
aqueous solutions of strong electrolytes for the
deposition of electrochemical and chemical metal-

diamond coatings (chromium, nickel, copper, silver,
gold).

This problem has been solved as follows: the
native DND suspension obtained after chemical
purification is treated with an aqueous solution of
a surfactant (SAS) under simultaneous strong energy
input  (ultrasound, mechanical activation in
a disintegrator, etc.). The surfactant penetrates the
aggregated DND through macro-, micro-, and
nanopores and adsorbs onto the surface of DND
particles and their aggregates due to adsorption and
van der Waals forces, as well as through
compensation (neutralization) of electrical charges.

Next, an alkaline agent containing a carbonyl
group is introduced into the suspension, and the
suspension is again subjected to high-energy
treatment, facilitating the penetration of metal or non-
metal carbonates as deeply as possible into the DND
aggregates. After this, the aqueous suspension of the
primary composite is dried, crushed, and a calculated
amount of dry acid (for example, citric acid) is added.
The material is again ground and mixed, producing
the final composite suitable for introduction into an
aqueous electrolyte solution for the formation of
metal-diamond coatings [19].

When the dry composite is introduced into
water, soluble salts and the acid dissolve, and the
carbonates react with the acid, releasing carbon
dioxide gas, which disrupts the DND aggregates.
The presence of the surfactant in the solution
prevents re-agglomeration of the disaggregated DND
particles and their primary aggregates.

In addition, due to the high disaggregation of
DND and the activation of their surface, an increase
in their activity is expected, along with the possibility
of reducing their loading in electroplating baths.
For example, if standard chromium plating requires
a DND concentration of 10-15 g‘L_l, the proposed
product requires only 5 g-Lfl, with an operating
concentration range from 5 down to 1 g'Lfl.

Thus, preliminary testing of various DND-
containing compositions obtained under different
conditions has so far identified only one formulation
out of 17 that met the required quality criteria for
wear-resistant chromium—diamond coatings (an
increase in wear resistance of up to 4 times) at a DND
concentration of 5.0 g-Lﬁ1 (Table 1). It is clear that
reducing the DND loading in the electroplating bath
by a factor of 2-3 significantly improves the
economics of the process, especially at the initial,
most cost-intensive stage.

Dolmatov V.Yu., Merkin A.A., Kiselev M.N., Satonkina N.P., Lapchuk N.M., Oleshkevich A.N. et al. 179



Journal of Advanced Materials and Technologies. 2026. Vol. 11, No. 2

Table 1. Comparative values of microhardness and wear resistance (wear-resistant chromium):
Cr;0 —-250 gL', H,SO4 — 2.5 gL', SC (in terms of DND) — 5.0 g-L .
Deposition regime: current density — 50 A-dmﬁz, electrolyte temperature — 55 °C.

DND concentration — from 5.0 to 1.0 g-L71 in the electrolyte [19]

Microhardness Hy,, kgf~mm72. Coating thickness: 20 um (40 min)

Amount
of additive Difference
caleulated Point 1 Point 1 Point 3 Point 4 Point 5 bet\yeen Wear, g
based on DND, (o rier)  (center)  (top left) (bottom right) (bottom lefty ~AYerage  maximum
gL’ p £ and minimum
values
- 690 750 887 874 892 818 202 0.043
5.0 1050 1032 982 994 1057 1023 75 0.011

It is relevant to develop a universal diamond-
containing dry powder capable of ensuring high-
quality deposited coatings (chromium, nickel, copper,
silver, gold) at low electrolyte concentrations.
Such a powder should have a long shelf life (at least
5 years) without deterioration of properties, be
resistant to freezing, be easily introduced into the
electrolyte, and provide a wide range of working
concentrations relative to the initially introduced
amount (up to 80 %).

It should be noted that achieving
a microhardness above 1050 kg/mm? for wear-
resistant chromium leads to negative consequences —
reduced wear resistance due to embrittlement and
crack formation (numerous fine cracks appear),
as well as decreased adhesion of the chromium-
nanodiamond coating to the substrate surface.

In [20], the authors used a sulfuric acid
electrolyte and an intermediate product (ASh)
obtained from the detonation of a TNT-RDX
mixture, containing 56 % DND, to produce an anodic
coating. Under test conditions, the oxide layer
containing ASh does not wear off. After 220 hours of
exposure in a climate chamber, no signs of corrosion
were detected on samples with ASh, whereas without
ASh, corrosion traces appeared after 96 hours.

In this paper, for the first time, the influence of
ASh on the anodizing process in a sulfate electrolyte
was studied with the aim of eliminating the
impregnation step from the technological chain.
At an ASh concentration of 2 g-Lfl, a high
microhardness of the oxide coating is achieved —
up to 10 GPa-mm °. The corrosion resistance of the
oxide layer obtained in an electrolyte with 3 g-Lfl
ASh is at least 2.4 times higher than that of films
produced under standard conditions with water

impregnation. The porosity of films obtained in an
electrolyte with 3 g-Lﬁ1 ASh is 2.5 times lower than
that of films produced under standard conditions.

For obtaining anodized aluminum or aluminum
alloy coatings with high performance characteristics,
the  following  electrolyte  composition s
recommended:

— sulfuric acid — 200 g'Lfl;

— diamond-containing charge — 2.0-3.0 g-Lﬁl;

— remainder — water;

— process temperature — not higher than +12 °C.

8. Tungsten alloys with DND

Tungsten (W) has many unique properties,
including resistance to very high temperatures, high
density and hardness, and excellent wear resistance,
which determine its use in tool manufacturing,
mechanical engineering, and the aerospace industry.
It has the highest melting point (3420 °C) and high
thermal conductivity [21, 22]. A disadvantage of
tungsten is its high brittleness. However, reducing the
grain size of the powder improves ductility,
machinability of tungsten compacts, and resistance to
chipping [23]. In addition, the authors of [24-27]
suppress possible grain growth of W at high
temperatures by adding ultrafine particles such as
ZI‘C, HfC, La203, Y203, Ce()2, or TiC.

In studies [25], fullerene Cgyp and DND were
used as nanoscale carbon additives to tungsten, with
primary sizes of a single molecule and 4-6 nm
particles, respectively.

The sample preparation scheme consisted of four
stages:

1) milling of the initial powders to a size of
<50 nm;
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Table 2. Parameters of sintered tungsten-containing samples [25]

Compoiition, P.GPa T °C QCR.before gom™ 'OCR after Mif:rohardness E (Young’s

wt. % ’ ’ sintering, nm ’ sintering, nm  (Vickers), GPa  modulus), GPa
W 100 % 5.3 1220 34 18.4 37-38 7.7 290
1380 34 18.5 4647 7.2 285
1550 34 18.4 47-48 6 283
1700 34 18.6 48-50 5.3 278
W 99.7 % — 5.3 1220 34 18.2 30 13.0 895
nan%d;agzond 1380 25 18.0 25 15.9 1281
1550 25 18.2 40 13.0 805
W 99.7 % — Cqo 5.3 1220 37 17.1 - 7.3 348
0.3 % 1380 37 17.1 - 5.1 339
1550 37 17.0 - 3.2 261

Fig. 3. Sintered W powder (polished section),
light areas indicate reduced density of the compact [25]

2) forming the specimen of the future compact
from the milled powder;

3) sintering of the formed sample;

4) polishing and grinding of the obtained
compact for surface characterization.

The initial powders were ground in a planetary
mill. The formed samples were sintered at various
temperatures under a pressure of 5.3 GPa.
The resulting compacts were cylindrical, with a
diameter of 4.5 mm and a height of up to 4.6 mm.

For the obtained samples (before and after
sintering), the crystallite size, density, microhardness,
and elastic modulus were determined (Table 2) [25].

Table 2 demonstrates a decrease in the hardness
of sintered tungsten (W) with increasing sintering
temperature.

Figure 3 shows a sample of pure tungsten
(sintering temperature 7T, = 1200 °C); the light spots
correspond to regions of reduced density.

Fig. 4. Sintered tungsten powder with DND addition
(0.3 wt. %), temperature 1200 °C; light areas correspond
to W-DND conglomerates [25]

With the addition of 0.3 wt. % DND, sintering
had virtually no effect on grain size, and the density
of the material also remained nearly unchanged.
However, the microhardness of the compact
increased significantly—by a factor of 1.7-2.2 (Fig. 4).
At the same time, the stiffness (rigidity) of the
compact increased by a factor of 2.8—4.5.

Since the size of nanodiamonds is smaller than
the size of dislocations, they hinder crack propagation
in the compact and reduce recrystallization of
tungsten. The introduction of fullerenes (0.3 wt. %)
into the composition of sintered tungsten powder
leads to a reduction in tungsten grain size; however,
at the same time the main properties of the compact
deteriorate, namely hardness, strength, and density.

Thus, the authors of [25] showed that sintering
tungsten with a small amount of nanodiamonds
allowed an increase in the microhardness of the
compacts by 1.5-2.0 times, while the Young’s
modulus increased by almost 4 times.
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In [21], tungsten powder grade PVV (TU 48-19-
72-92) with a particle size of 0.8—1.7 um was used to
obtain samples. DND produced by the FSUE “SKTB
“Technolog”, (St. Petersburg, Russia), obtained from
tetryl in accordance with TU 3974-456-05121441-
2008, were used as an additive. The DND had an
average particle size of 3.5-6.5 nm and
a specific surface area of (310 £ 10) mz-gfl. Highly
purified DND with a non-combustible residue content
of 0.6 wt. % was used, as well as DND doped during
synthesis with amorphous boron in an amount
of 2 wt. %.

The powder mixture consisting of tungsten
powder and 0.3 wt. % DND additive (5 at. %) was
activated with a power density of 3 W-gf1 in
a planetary ball mill using steel balls 5 mm in
diameter in a hardened steel drum. Based on the
activated mixture, cylindrical compacts with
a diameter of 4.5 mm and a height of 5-6 mm were
produced by pressing. These were then sintered in
a high-pressure apparatus at 4.5 GPa in the
temperature range of 1200-1500 °C with a holding
time of 10 s. For comparison, compacts from pure
tungsten powder without DND addition were
produced under the same sintering conditions.

The microhardness (Hy,) of the sintered compacts
was measured using a PMT-3 microhardness tester by
the Vickers method under a load of 200 g.
The fracture toughness (K;.) of the compacts was
also evaluated using the indentation method.

It was found that the shrinkage of compacts
sintered without DND additives is 5-10% higher
compared to samples obtained from powder mixtures
containing DND.

As a result of thermobaric sintering in the
temperature range of 1300-1400°C, compacts based
on “pure” tungsten were obtained with
a microhardness H, in the range of 3.3-3.8 GPa.
An increase in sintering temperature to 1500 °C
contributed to a decrease in material porosity and an
increase in microhardness up to 5.5-5.7 GPa, with
fracture toughness at the level of 5.5-6.5 MPa-m'"?.

At the same time, the introduction of a 0.3 wt. %
DND additive led to an increase in Hy to 8-11 GPa,
which is 2.5-3 times higher than the microhardness
of compacts without DND addition (Table 3).

During indentation of compacts with DND
additives, no cracks were observed on the polished
surfaces, which may indicate relatively high fracture
toughness of the sintered material.

X-ray diffraction studies confirmed the presence
of tungsten and “traces” of DND in the sintered
compacts, with no graphite phase detected (Fig. 5).
Comparative studies of the fine structure of the
compacts showed a reduction in tungsten crystallite
size (L) in samples with DND compared to compacts
of “pure” tungsten (57 nm and 103 nm, respectively).
A decrease in the tungsten lattice parameter was also
observed (a=3.1648 A for pure tungsten samples
and @ =3.1635 A for samples with DND), indicating
the formation of a carbon solid solution in tungsten.

Analysis of the X-ray diffraction patterns
showed that the sintered samples predominantly
developed crystallographic planes in the {211}
direction, which is consistent with atomic force
microscopy data and indicates plastic deformation of
tungsten grains (Fig. 6).

Table 3. Results of microhardness studies of compacts [21]

Composition of the composite, Sintering Cell Sintering Microhardness Hy,
wt. % pressure P, GPa temperature 7, °C time 7, s GPa
1300 33
100 % W 4.5 1400 10 3.8
1500 5.5-5.7
1200 67
1300 9-11
99.7 % W +0.3 % DND 4.5 10
1400 8-9.7
1500 6.5-7.5
1200 7-8
1300 11.5-15.5
99.7 %W +0.3 % DND (boron) 4.5 10
1400 11.5-12.7
1500 8.5-10
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Fig. 5. Fragment of the diffraction pattern of a tungsten-based compact with 0.3 wt. % DND addition, obtained at a
pressure of 4.5 GPa, temperature of 1300 °C, and holding time of 10 s

X, um
(a)
Fig. 6. Microstructure of a tungsten-based compact with 0.3 wt. % DND addition, obtained at a pressure of 4.5 GPa,
temperature of 1300 °C, and holding time of 10 s:
a — lateral contrast image; b — topography of the submicrocrystalline structure [21]

After deformation, tungsten grains
predominantly acquire an eclongated shape, with
a size ranging from 100 to 500 nm (Fig. 6a, b). At the
grain  boundaries, inclusions are observed
(presumably aggregates of DND particles) with a size
of up to 30 nm (Fig. 6a).

Under isothermal holding of 10 s, an increase in
sintering temperature leads to a decrease in the
microhardness of the compacts (Table 3), which is
attributed to grain growth of tungsten [25]. Further
increase of isothermal holding time beyond 15 s in
the temperature range of 1300-1400°C also
contributes to a reduction in microhardness to
5.8-6.5 GPa.

At 1300°C, increasing the isothermal holding
time to 45135 s, on the contrary, leads to an increase
in Hy, to 8-10 GPa. As noted in [26-28], the increase
in microhardness in this case occurs due to the
formation of tungsten carbides. The tungsten lattice
parameter decreases to 3.1625 A, while tungsten
crystallites grow to a size of 138 nm.

2 0um x 2 um x 40, e [400 x 400]

—Z,um

()

Higher H, values are exhibited by samples
obtained with boron-doped DND additions (Table 3).
In this case, the resulting material is characterized by
pronounced structural heterogeneity, which manifests

itself in a wider range of measured H, values
(Fig. 7¢).

An increase in the sintering temperature of
compacts with boron-doped DND above 1400°C
leads to their embrittlement, as evidenced by the
appearance of cracks during sample indentation.
Structural studies of the compacts revealed the
presence on the polished surfaces of plate-like
particles with a hexagonal shape (Fig. 7¢), indicating
the formation of refractory compounds based on the
W-C-B system at these temperatures [29].

Thus, the use of high-pressure techniques in
combination with DND enabled the production of
tungsten-based compacts with a submicrocrystalline
structure and microhardness levels of 10-11 GPa and
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(b

Fig. 7. Structure of compacts after sintering for 10 s:
a — addition of deeply purified DND, sintering temperature 1300 °C; b — boron-doped DND addition,
sintering temperature 1300 °C; ¢ — boron-doped DND addition, sintering temperature 1400 °C [21]

11.5-15.5 GPa for samples containing 0.3 wt. %
deeply purified DND and samples containing
03 wt.% Dboron-doped DND, respectively.
At the same time, deeply purified DND improves the
ductility of the resulting material, whereas boron-
doped DND increases its brittleness due to possible
boride formation.

In [30], the possibility of producing lightweight
pseudo-alloys based on tungsten was investigated.
Tungsten pseudo-alloys with lighter metals such as
Cu, Fe, and Ni are well known [31].

The resistance of tungsten pseudo-alloys to high-
temperature creep and heat resistance is ensured by
the fact that nanoparticles hinder dislocation motion
and stabilize the sintered structure.

In [30], strengthening of pseudo-alloys was
achieved by introducing powders of DND, ASh
(produced by FSUE “SCTB “Tekhnolog”), and
multi-walled  carbon  nanotubes = (MWCNTS)
(produced by JSC “ZAVKOM”, Tambov) into
mixtures of tungsten powder with copper and/or
aluminum.

Analysis of the data in Table 4 shows that DND
treated at 650°C in the absence of air partially de-
agglomerates, and its introduction into aluminum
powder at a level of 10 wt. % (experiment 1, Table 4)
results in a non-pressable mixture (2000 atm); the
sample disintegrates after removal of the pressing
load. Thus, fully molten aluminum cannot wet the
entire surface of the DND.

Table 4. Characteristics of tungsten/aluminum (DND) compacts, & 25 mm [30]

. . . Actual . Hardness HB Tablet annealing
Experiment Pressed composition (ratio), . Porosity, o
s density, (pressed at room at 700 °C after Notes
No. wt. %, process conditions 3 vol. % .. .
conditions) pressing
1 Al+10% DND standard The sample
powder (650 °C), disintegrated
t=1750°C after pressing
2 W/AL (70/30), t=750 °C + Partially
+ 0.3 wt. % DC 5.11 24.7 21.5 disintegrated after
annealing
3 Al/W (33/67), t=750°C + . . Sent for
+0.3 wt. % DND (loffe 329 55 27.9 Wlthsil"];’ia‘znﬁahng’ annealing
Institute) ' at 1220 °C
4 AU/W (90/10) +0.58 wt. % Did not settle The powder
DND ) (Ioffe  Institute), 232 215 200 h =20 mm, composition
t=630°C Ao =5 breaks down
ay = &> Im after heating.
5 AW (90/10), +0.58 wt. %  2.13 27.9 Cracked
DND (loffe Institute) + after holding
+ MWCNTs (0,6 wt. %), at 700 °C

t=630°C
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The introduction into a tungsten—aluminum
mixture (70/30, respectively) of another allotropic
form of carbon—detonation diamond-containing
charge (ASh) (experiment 2, Table 4) —at a low
concentration of 0.3 wt. % (with ~70 % DND content
in ASh) made it possible to obtain a sufficiently
strong compact with a Brinell microhardness HB of
21.5, but with high porosity of 24.7 %. However,
after annealing at 750 °C, the compact partially
disintegrated.

In experiment 3 (Table 4), a sample consisting of
a mixture of aluminum (33 wt. %), tungsten
(67 wt. %), and 0.3 wt.% DND (above 100 %),
modified using the loffe Institute technology (DND
particle size ~4 nm in a 0.5 wt.% aqueous
suspension), was pressed at 3000 atm. The resulting
compact before annealing had a relatively high
microhardness of 27.9 HB (and very high porosity of
51.5 %), and after annealing at 700 °C, the sample
showed no visible changes and the microhardness
remained almost unchanged at 27.1 HB.

In experiments 4 and 5 (Table 4), compositions
with a significant predominance of Al over W (with
only ~10 wt. % W) were studied under 2000 atm

pressing. In experiment 4, the compact had
a microhardness of 20 HB with relatively high
porosity of 21.5 vol. %, using an addition of
~0.6 wt. % DND modified at the loffe Institute.
However, after heating at 630 °C, the compact
disintegrated. In experiment 5, multi-walled carbon
nanotubes (MWCNTs) were additionally introduced
in an amount of 0.6 wt. % into the composition of
experiment 4, which further deteriorated the compact;
after annealing, the sample cracked.

Table 5 presents the properties of three-
component systems based on copper, tungsten, and
aluminum with DND additions ranging from 0.3 to
~0.6 wt. %. For some samples, no pre-pressing
thermal treatment of the powder mixture was used
(experiments 1-3), while for others, thermal
treatment at 630 °C in an argon atmosphere was
applied. Considering the large difference in densities
of the metals used (Al:Cu:W), where Al is 7.1 times
and Cu is 2.1 times lighter than W, it is difficult to
expect the formation of a sufficiently homogeneous
pseudo-alloy with high intermetallic adhesion,
although such a material would have broad
application potential.

Table 5. Characteristics of compacts tungsten/copper/aluminum/nanodiamond,
25 mm, 2000 atm, aqueous DND suspension [30]

Theoretical

Experiment Pre?ssed co(r)nposmon density (;\Ctl.lal Porosity, Hardness H.B’ Annealing at 700 °C,
No (ratio), wt. %, process (non-porous) en51t};, vol. % without heating after pressing
’ conditions 3 . ’ after pressing
g-cm
Without heat treatment of the initial powder mixture
1 W/Cu/Al =75/5/20 + DND 8.44 6.10 27.7 22.5HB After annealing, a small
(Toffe Institute); amount of golden-silver
(0.58 %) powder is present on the
surface
2 W/Cu/Al=20/55/25 + DND 6.08 5.62 7.6 24.0 HB After 700 °C (argon, 1 h)
(Ioffe Institute); the compact cracked
(0.58 %)
3 W/Cu/Al = 50/25/25 + DND 6.83 5.14 24.7 After 700 °C (argon, 1 h)

(Ioffe Institute);
(0.58 %)

the compact
disintegrated

partially

Heat treatment of the initial powder mixture (630 °C, argon, 1 h)

4 W/Cu/Al =35/50/15 + DND
(Ioffe Institute);
(0.58 %)

7.71

5 W/Cu/Al=35/50/15 +
+ Standard aqueous DNA
suspension,
(0.3 %)

7.71

6.03

5.89

21.8 Sintered; did not fall
apart, but the appearance
is non-uniform subjected

to annealing at 1220 °C

23.6 Monolithic sintered body
subsequent  annealing

(Table 6)
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Experiment 1 (Table 5) showed relatively high
microhardness of 22.5 HB and medium porosity of
27.7 vol. %. However, due to ambiguous results after
annealing at 700 °C, the composition was not further
used.

A reduction in tungsten content (almost
fourfold) compared to experiment 1 (from 75 to
20 wt. %) in experiment 2 (Table 5) resulted in very
low porosity of 7.6 vol.% and relatively high
microhardness of 24.0 HB. However, after thermal
treatment at 700°C in argon, the sample failed and
cracked.

Experiment 3 (Table 5) also did not yield
a strong compact; after thermal treatment at 700 °C,
the compact partially cracked.

In experiments 4 and 5, aqueous DND
suspensions were used to treat the metal powders
separately rather than jointly, as in previous cases.
After water removal, the powders were mixed.
The porosity of the resulting compacts remained
relatively high (22-24 vol. %), but after sintering
at 700 °C, no disintegration or damage of the
compacts was observed, and they were subsequently
subjected to vacuum sintering at 1220 °C.

Next, the authors, having observed the low
wettability of metal powders with aqueous DND
suspensions, replaced water with isopropyl alcohol
(IPA) and found high wettability for W, Cu, and Al.
IPA containing DND readily penetrates into the pores
of metal powders, delivering nanodiamonds into
them, and is easily removed afterward. This makes it
possible to ensure uniform distribution of

nanodiamonds throughout all pores of the powders,
which is important for subsequent pressing and
thermal treatment at 1220 °C.

Before pressing, each metal was impregnated
separately; after removal of IPA, each metal was
thoroughly ground by mechanical rubbing.
After mixing the metals with DND, the mixture was
again carefully homogenized. Pressing was then
carried out at 3000 atm.

From the data in Table 6 it can be seen that
thermal treatment at 1220 °C in a vacuum furnace of
binary and ternary systems (based on W, Al, and Cu)
with DND additions preserved the integrity of the
compacts and increased their microhardness by
2-3 times compared to previous experiments
(Tables 4 and 5). However, the high porosity of the
sample in experiment 4 (Table 6) led to
embrittlement and failure of the specimen during
microhardness testing.

Experiments showed that among the studied
forms of carbon nanomaterial allotropy (DND,
graphene, and nanotubes), the most effective additive
was DND pre-treated at 650 °C. The stability of the
samples (Table 6) to heat treatment at 1220 °C was
not affected by their high porosity.

As a result, the authors of [30] obtained two new
types of lightweight pseudo-alloys — binary and
ternary systems containing tungsten. One of them
contains 10 wt. % W, 90 wt. % Al, and 0.3 wt. %
nanodiamond (above 100 %), and has
a microhardness of 60.2 kg-mmﬁz.

Table 6. Main parameters of W/Cu/Al/DND press-sintered compacts,
¢ 20 mm, annealing temperature 1220 °C [30]

Pressed composition Theoretical Actual
Experiment . Mass (table), densi . Porosity,
pNo (ratio), wt. %, process Diaméter II)l n% (non-portgus) density, vol %3/ Notes, HB
: conditions ’ 3 cm” ’
g-cm
1 W/Al=10/90, DND @25, h=17mm, the
(650 °C), suspensions 19.75 sample was preserved,;
in IPA, Y DND 0.3 wt. @25.06 2.95 2.5 13.6 HB 60.2
%.
2 W/Cu/Al =35/50/15, 2010 After annealing at
> 1.2 % DND (650 °C) @2'0 ) 7.71 4.94 359 1220 °C, the sample was
in [PA ’ preserved; HB 94.1
3 W/AL=10/90 2230 The sample was
DND (Ioffe Institute) ) 2.95 2.28 22.7  preserved; HB 40.2
0 ©20.10
0.45 %
4 W/Cu = 65/35, DND The sample was
(Ioffe Institute) 19.45 preserved, but cracked
0.45% 220.20 13.73 7.78 433 during microhardness
testing
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The other contains 35 wt. % W, 50 wt. % Cu,
15 wt.% Al and 12 wt.% DND, and has
a microhardness of 94.1 kg-mm_z. These
compositions are easily machinable and have smooth,
glossy surfaces.

9. Possibility of using nanodiamonds in photonics

The authors of [32] aimed to test the possibility
of using such a complex but promising product as
DND crystallites as a nonlinear light scatterer in
hydrosols. It was shown that the decrease in
transmittance of nanodiamond hydrosols under
optical limiting (OL) of pulsed laser radiation is
caused by an increase in nonlinear scattering. At the
same time, nanodiamond hydrosols exhibit high
stability under high-power laser exposure.
In addition, under prolonged and intense laser
irradiation (~1 GW-cm_z), nanodiamond hydrosols
demonstrate high optical stability — no aggregation of
crystallites was observed.

In [33], it was found that the nonlinear
transmittance coefficient of DND hydrosols is
independent of polarization. The results of [32, 33]
show that nanodiamond hydrosols are suitable for use
as optical limiters of laser radiation.

In [34, 35], the authors demonstrated the
possibility of producing films from nanodiamond
hydrosols on glass substrates and laser recording of
images on them. Under laser irradiation, the semi-
transparent films darken, accompanied by a decrease
in background luminescence.

In [36], nanodiamond hydrosols with aggregate
sizes of 50, 110, and 320 nm were investigated.
It was shown that the size of DND aggregates
influences both the optical limiting (OL)
characteristics and the stability of the hydrosol under
laser irradiation. Nanodiamond aggregates in
hydrosols with a size of 320 nm exhibit significantly
better OL performance than DND aggregates with
a size of 50 nm. In addition, such hydrosols can be
used for smooth control of laser pulse duration.

(@)

In [37], nanodiamonds were introduced into
heavy water (D,0), and a nanodiamond colloidal sol
was proposed as a nonlinear optical filter for the
telecommunication range. The resulting nanodiamond
sol in heavy water exhibits high beam and colloidal
stability.

In [38], the authors studied the optical limiting
behavior of nanodiamonds with surface-grafted
amino and hydrogen functional groups under
exposure to nanosecond Nd:YAG laser pulses. It was
shown that nonlinear attenuation in DND-H is
significantly greater than attenuation in DND-NH,.

The authors of [32—-38] demonstrated the strong
potential of nanodiamonds for generating nonlinear
optical effects.

10. Possible use of nanodiamonds
in crop production

The problem of increasing crop yield and disease
resistance in plant cultivation has always been and
will remain a key issue in agriculture across all
countries. In [39], in order to protect plant seeds from
diseases and preserve nutrients, the authors developed
a technology for applying a protective porous film

(a silica shell) wusing aqueous sols based
on tetraecthoxysilane  Si(OEt);.  Based on
tetracthoxysilane (TEOS), later in [40] the

compositions were significantly expanded, and sol-
gel systems were developed containing solutions of
micro- and macroelements, as well as DND or ASh,
where the latter was doped with amorphous boron
during detonation synthesis (produced by FSUE
“SCTB “Tekhnolog” St. Petersburg, Russia) [41].

Figure 8 shows SEM-images of barley seed
surfaces (a — untreated, b and ¢ — treated with silica
using different TEOS concentrations), and Fig. 9
shows SEM-images of Chinese cabbage seeds treated
with TEOS in the same proportions as in Fig. 8.

The most significant result was the use of boron-
doped ASh for modifying silica sols, which led to the
formation of plants with high biomass.

Fig. 8. SEM-images of spring barley seeds:
a — untreated; b and ¢ — treated with silica sols containing 1 wt. % and 20 wt. % TEOS, respectively [40]
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Fig. 9. SEM-images of Beijing cabbage seeds:
a —untreated; b and ¢ — treated with silica sols containing 1 wt. % and 20 wt. % TEOS, respectively [40]

Thus, ASh (boron) was tested as a biologically
active additive (0.05-0.1 wt. %) for pre-sowing
treatment of Chinese cabbage seeds (variety
Daqingkou, China, k — 56). As a result, a statistically
significant positive effect of the aqueous suspension
of ASh (boron) (0.05-0.1 wt. %) was observed on the
following seedling characteristics (compared to the
control): seed germination energy and germination
rate of Chinese cabbage increased by approximately
50-70 % [42].

A significant positive effect of ASh (boron) on
the morphological characteristics of Chinese cabbage
plants at early growth stages was also observed when
using ASh-boron for pre-sowing seed treatment in
combination with silica (increase in shoot length by
~20 % and root length by ~50 % compared to the
control), as well as an increase in plant biomass by
~100 % (20 days after planting treated seeds).

11. Oils and lubricants. Space lubricants
with DND

Components and mechanisms of spacecraft
operate under extreme space conditions, including
high vacuum, radiation, and low and high
temperatures [43, 44]. Space lubricants (SL) for
friction units are formulated from thickened synthetic
oils with various functional additives. However,
under the influence of penetrating radiation and
elevated temperatures (up to ~150 °C), undesirable
chemical reactions may occur on tribological contact
surfaces, including thermal degradation of the
lubricant.

The introduction of ASh into SL (0.2-5.0 wt. %)
according to [45] helps to suppress such destructive
processes. Table 7 presents the studied lubricant
compositions, while Table 8 shows the results of key

Table 7. Composition of main lubricant components [45]

Content in composition, wt. %

Name
1 2 3 4 5
Diamond-graphite nanopowder (NP) 0.20 0.75 1.50 3.00 5.00
Diamond NP 0.05 0.188 0.375 0.75 1.25
Graphite NP 0.15 0.562 1.125 2.25 3.75
Tin sulfate SnO4 1.00 5.0 10.0 15.0 17.0
Soap-based plastic lubricant 98.80 94.25 88.50 82.00 78.0

Table 8. Main characteristics of tested lubricants on the SMT-1 friction testing machine [45]

Composition of lubricants

Maximum specific load, MPa

Friction coefficient ~Wear rate, 10-10° kg~m73

1 26.3
3 33
5 21.4

Lubricant VNIINP-232

Russian Standart 14068-79 235

0.062 59.4
0.050 30.2
0.063 57.5
0.059 66.0
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performance characteristics of the proposed
lubricants. It was shown that the coefficient of
friction decreases by 12—15 %, and wear of mating
steel components is reduced by a factor of 2.

DND nanoparticles remove micro-asperities
from steel contact surfaces, increasing the real
contact area. At the same time, nanodiamond
crystallites also penetrate microcracks on the surfaces
of contacting parts, strengthening them. The non-
diamond graphite-like carbon also contributes to
reducing friction by filling the oil film.

12. Application of nanodiamonds for improving
internal combustion engine lifetime

Improving the service life of machines and
mechanisms strongly depends on enhancing the
quality of lubricants and oils, including the
introduction of various additives into them [46, 47].
To eliminate metallic contact between mating
components and to form a reliable boundary
lubrication layer, additives of ultrafine solid particles
are often used in oils and greases, providing high
anti-friction and anti-wear properties to the
lubricating composition [48]. At the recommended
minimum  concentrations of such additives
(0.01-0.5 wt. %), the physico-chemical properties of
lubricants and oils remain practically unchanged, and
the operating temperature range of such lubricants is
wide. These additives exhibit a pronounced positive
effect both on the contact surfaces and on the
characteristics of the boundary and lubricating layers
[49]. The use of ultradisperse additives makes it
possible to eliminate oil-soluble additives.

Layered fillers have often been used, such as
molybdenum disulfide, graphite, soot, and sometimes
metal powders and their compounds; however, the
particle size of these additives is relatively large
(1-20 um) [50]. In this context, the use of DND with
individual crystallite sizes of 4-8 nm is a logical
development. DND are characterized by low
chemical reactivity, a high specific surface area
(300400 m*g), and an almost spherical shape [46].
In addition, due to their high surface energy, DND
exhibit a strong structuring effect in lubricating
compositions. They significantly enhance the
physico-mechanical properties of lubricant films.

The running-in process of mating surfaces under
the influence of diamond-containing oil additives is
completed when the contact area reaches
a hydrodynamic lubrication regime. In this case,
closed liquid-crystalline structures are formed, which
contribute to an increase in the load-bearing capacity
of the contact.

In plastic lubricants, nanodiamonds, due to their
strong structuring ability, form a load-bearing
framework structure.

13. Fuel. Influence of detonation nanodiamonds
on the combustion process of model composite
solid rocket propellants

In [51], the authors evaluated the combustion of
various fuel compositions containing nanodiamonds.
A total of 14 formulations were prepared, and the
laws of burning rates were determined; five of the
compositions are presented in Table 9.

Among 14 formulations, different forms of
carbon nanomaterial allotropy were tested, including:
standard DND powder (DND-STP); DND-STP
treated at various temperatures without air access
(450, 650, 900 °C); nanocrystalline DND (4 nm)
produced by the loffe Institute method; charcoal,
graphite nanopowder; oxidized few-layer graphene;
and ground adamantane powder.

It was found that DND increases the burning rate
of the fuel compositions, with the highest increase of
23 % achieved when modified nanodiamond is
introduced. At the same time, the combustion
temperature decreases by approximately 200 °C,
which has a positive effect on engine lifetime. It is
assumed that DND particles do not fully oxidize to
carbon dioxide during combustion, but are instead
partially converted only to low-molecular-weight CO.

The introduction of DND into the fuel promotes
the formation of a fractal carbon system, with
a carbon framework emerging at the combustion
surface, thereby providing high thermal conductivity
of the composition.

14. Conclusion

It was shown that oriented sintering of DND
(~5 nm) makes it possible to obtain monocrystallites
of significant size (~80 um). New, safer contrast
agents based on DND grafted with gadolinium and
manganese for MRI were developed.
The effectiveness of DND as a material for diffuse
reflection of very cold neutrons was demonstrated.
The results of creating europium luminescent centers
in CVD diamond films using DND precursors with
europium deposited on their surface were described.

It was established that DND nanoparticles in
liquid media form branched fractal structures with
a dimensionality of d,, = 1.7-2.2 (in water and oils).
A universal powder additive based on DND for
electroplating processes was developed, providing
coating quality significantly superior to previously
achieved results.

Dolmatov V.Yu., Merkin A.A., Kiselev M.N., Satonkina N.P., Lapchuk N.M., Oleshkevich A.N. et al. 189



Journal of Advanced Materials and Technologies. 2026. Vol. 11, No. 2

Table 9. Investigated compositions of fuel formulations [51]

.. D .S
Composition Composition, % ependenc? Ulp), Uao, flnm s U 100, U 150,
number mm-S mm-S mm-S
Binder 28
1 Oxidizer 70 615p"" 19.7 26.2 29.8
Plasticizer 2
Binder 26
Oxidizer 70
2 Modified 5 2.585p"°% 19.6 32.4 40.5
DND 5
Plasticizer
Binder 28
3 Oxidizer 70 2.676p"% 18.9 30.6 37.8
DND (650 °C) 2
Binder 28
4 Oxidizer 70 3.031p"% 19.8 314 38.5
DND (4 nm) 2
Binder 28
5 Oxidizer 70 2.844p"" 18.4 29.1 35.6
DND (900 °C) 2

U — Burning rate of fuel compositions at different pressures in the combustion chamber.

Based on tungsten powder and DND, new high-
quality sintered compacts were developed, and the
use of DND in lightweight tungsten-based pseudo-
alloys made it possible to obtain new high-quality
lightweight tungsten—aluminum and tungsten-copper-
aluminum alloys.

The  nonlinear  optical  properties  of
nanodiamonds in aqueous suspension  were
demonstrated, enabling their use as optical power
limiters. The application of an aqueous suspension of
boron-doped diamond-containing charge for pre-
sowing treatment of Chinese cabbage resulted in an
approximately 100 % increase in plant biomass.

The effectiveness of diamond-containing charge
as an additive in plastic space lubricants was
demonstrated, reducing wear of mating parts by
a factor of 2, and by a factor of 2.2 for ground
transport components. DND additives in model paste-
like fuels increase the combustion rate by 23 %,
while the temperature of combustion products
decreases by approximately 200 °C.
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Abstract. This article presents a review of contemporary studies on the production of composite materials based on
polymethyl methacrylate (PMMA) and polypropylene (PP) with improved properties. The formation of a coherent
scientific understanding of the processes involved in producing nanocomposites underpins the development of next-
generation materials. In such systems, conventional polymers serve as the matrix, while carbon nanotubes act as the
conductive filler. The study of effects that arise from the introduction of ultra-small quantities of carbon nanoparticles is of
key importance here: it is precisely these effects that enable a dramatic change in a wide range of polymer properties
without significantly increasing material costs. Alongside experiments aimed at improving conductive polymers,
multiscale modeling is playing an increasingly priority role. Computational experiments reduce development costs and
predict the stability of materials under load, transforming modeling into a key driver of technological progress in the field
of organic electronics. Confirming the effectiveness of computational methods, the authors of this article present the
findings of their own research on the interaction mechanisms between the aforementioned polymers and single- and
double-walled carbon nanotubes, which led to the creation of a composite polymer system. This research was conducted
using a modern quantum-chemical method — density functional theory (DFT). Thus, the presented review not only
summarizes existing achievements in the field of CNT/PMMA and CNT/PP composites, but also establishes a new
methodological vector in which computational methods (particularly DFT) become an equal and, at early stages, a priority
tool for designing nanocomposites with predictable properties.

Keywords: polymethylmethacrylate; polypropylene; carbon nanotubes; polymer nanocomposites; density functional
theory; adsorption interaction; conductive properties.
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MoaunduuupoBaHHbie YIIepoIHble HAHOTPYOKHU
B MaTpHLaX MOJUMETHIMETAKPUIATA U MOJUIIPONMJICHA:
DFT-MoaesupoBaHue 3JIeKTPOHHO-IHEPreTHYeCKOM CTPYKTYPbI,
TEXHOJIOTHH CO3/1aHMS M NMEePCINEeKTUBbI MPpUMeHeHus (0030p)
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Annoranusi. CTaThsi COIEPKUT 0030p COBPEMEHHBIX paboT, MOCBSIICHHBIX MOJIYYEHHIO KOMIIO3HIMOHHBIX MaTepHaIoB
Ha ocHoBe momuMmermwiMerakpuiara ([IMMA), mnomumpormrena (IIIT) ¢ yimydmeHHBIMEH — XapaKTepPHCTHKAMH.
dopMHUpOBaHKE MENOCTHBIX HAYYHBIX MPEACTABICHUI O IMpoleccax IOJy4YeHHs HAaHOKOMIIO3MTOB JIE)KUT B OCHOBE
CO3/IaHMsI MaTePUAJIOB HOBOTO MOKOJICHUS. B Takux cucTeMax MaTpUIel CilyKaT TPaJULHOHHbIE TIOJIMMEPHI, a QYHKIHIO
MPOBOIAIIECTO HAMOJHUTES BBIMTOJHIIOT yIJIepoaHble HaHOTPYyOku. KilroueBoe 3HAa4YCHHE 3/1€Ch MPUOOPETACT M3yuCHHE
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5 {eKTOB, BOSHUKAIOIIMX IIPH BBEJACHUHM CBEPXMAIBIX KOJMYECTB YIJIEPOIHBIX HAHOYACTHIL: MMEHHO OHH ITO3BOJISIOT
KapIMHAIBHO W3MEHUTH IIMPOKUII CIIEKTP CBOMCTB IOJIMMEpPOB 0€3 3HAYMTENBHOTO YIOpOokaHWs Marepuana. Hapsmy
C 9KCIIEPHMEHTaMH T10 YITyUIICHHIO TPOBOSIINX MOJIMMEPOB Bce 0o0jIee MPUOPUTETHYIO POJIb UTPAeT MHOrOMAcIITabHOe
MOJIETTMPOBaHNE. BeraucinnTenbHble 3KCIEPUMEHTHI COKPAIIAIOT 3aTPaThl HA Pa3pabOTKy M NPOTHO3UPYIOT CTaOMIIBHOCTD
MaTepHalloB NPH HArpyskax, 4TO IPEBPAIIAECT MOJEIUPOBAHHME B KIKOYEBOH IpaiBep TEXHOJIOTHYECKOTO IPOrpecca
B 00yacTu opraHmueckoi 3mexTpoHuku. IlonTBepxnas 3()(EeKTUBHOCTD BBIYMCIUTENBHBIX METOJOB, aBTOPHI HPHBOIAT
pe3ysbTaThl COOCTBEHHBIX HCCIICJOBAaHMN MEXaHM3MOB B3aUMOJICHCTBUS MEPEUUCICHHBIX II0JIMMEPOB C  OJHO-
u aeycinoineiMu YHT, npuBeaiux K CO34aHUI0 KOMIIO3UTHOW MOJIMMEPHOM CUCTEMBI, BBIIIOJHEHHBIX C MCIIOJIB30BAHUEM
COBPEMEHHOTO KBAaHTOBO-XMMHYECKOro MeToja — Teopuu (QyHkumonana twiotHocth DFT. Takum oGpazom,
MPEJICTABICHHBIA 0030p HE TOJIEKO 0000IIaeT CYIIECTBYIOIIME JOCTHXECHUS B oOiactu kommnosutoB YHT/IIMMA
n YHT/IIII, HO u 3amaeT HOBBIH METOJOJIOTHYECKHH BEKTOP, B KOTOPOM BBIUYMCIHMTENbHBIE MeTOABI (B yacTHOCTH, DFT)
CTaHOBSATCSI PABHOIIPABHBIM, a Ha HAYAJIBHBIX 3TalaX — IPUOPUTETHBIM HHCTPYMEHTOM NIPOEKTUPOBAHUS HAHOKOMIIO3UTOB
C IPOTHO3UPYEMBIMHU CBOMCTBAMHU.

KiroueBbie c10Ba: MOTMMETHIMETAKPUIIAT; MOTUIPOIIICH; YIIEPOIHbIE HAHOTPYOKH; MOTUMEPHBIE HAHOKOMIIO3UTHL
MeTO TeopHH (HYHKIIMOHAJIA MIIOTHOCTH; afCOPOIIOHHOE B3aNMOACHCTBHE; HIEKTPOIPOBOSIINE CBOICTBA.

Jas mutupoBanus: Elbakyan LS. Modified carbon nanotubes in polymethylmethacrylate and polypropylene matrices:
DFT modeling of electronic energy structure, creation technologies and application prospects (review). Journal of

Advanced Materials and Technologies. 2026;11(2):194-204. DOI: 10.17277/jamt-2026-11-02-194-204

1. Introduction

Over the past decades, interest in nanostructures
based on conductive polymers has steadily increased
in both fundamental science and applied industries.
This field has seen particularly rapid development in
the last ten years, driven by the discovery of unique
properties in nanoscale forms of these materials and
significant increases in the efficiency of devices
based on them [1].

Market growth is driven by the automotive and
diesel industries, as well as the general demand for
lightweight, high-performance, and affordable
electronic components. However, to reach the mass
market, it is necessary to dramatically improve the
processability of these polymers. The main
challenges relate to their sensitivity to temperature
and time fluctuations, as well as the nonlinear nature
of their physicochemical properties.

The focus of modern research is on the creation
of polymer composite materials reinforced with
nanoscale fillers, including carbon nanotubes (CNTs)
[2-6]. As evidenced by an analysis of the extensive
scientific literature [7-9], CNTs occupy a key
position in the field of composites due to their unique
combination of thermal, mechanical, electrical, and
optical properties. Growing interest in integrating
CNTs into various polymer matrices is stimulating
the  development of CNT-based polymer
nanocomposites, as well as hybrid polymer/fiber
composites, which boast exceptional performance
characteristics [10]. Advances in the technologies for
producing such materials are considered among the
most significant advances in nanoscience, as well as
for biomedical, aerospace, construction, and other
industries [11-15].

Along with in-depth experimental research
aimed at improving the stability and processability of
conductive polymers, the development of theoretical
and computational foundations for their behavior
under real-world operating conditions is of
fundamental importance.

The development of multiscale modeling of
conductive polymers will be able to link quantum-
chemical calculations of binding energies, molecular
dynamics descriptions of charge transfer, and
continuum models of mechanical relaxation into
a unified picture. Computational experiments should
precede synthesis, minimizing development costs,
and accompany production, allowing for the
prediction of long-term material stability under cyclic
loads and temperature fluctuations. This approach
transforms modeling from an academic tool into
a key driver of technological progress in organic
electronics and “smart” materials.

A promising approach to assessing the
effectiveness of nanofillers involves quantifying the
interaction between the nanofiller and the polymer
matrix by studying the electron-energy parameters of
the process. This not only improves efficiency but
also minimizes the need for practical testing.
The quality of the adsorption interaction determines
the stability of the resulting polymer-CNT complex.
Given the difficulties associated with directly
measuring the interaction energy of the studied
complexes experimentally, computational methods
offer a good alternative. Density functional theory
calculations for solid-state systems yield results that
are in good agreement with experimental data.
Therefore, this method allows for studying the
interaction between different types of nanofillers and
polymers.
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The aim of this study is to review modern
approaches to producing polymethyl methacrylate
and polypropylene-based composite materials with
improved properties, as well as to develop and
validate a computational approach (based on density
functional theory (DFT)) for quantitatively assessing
adsorption interactions in a polymer-carbon nanotube
complex, ensuring the best balance between the
accuracy of describing the electron-energy
parameters and computational costs.

Determining the optimal functional and basis set
for density functional theory calculations is
a prerequisite for achieving computational reliability
and depends on a number of factors, such as the
purpose of the study, the size and complexity of the
system, the type of interactions, computational
resources, etc. For large systems (e.g., biomolecules
or materials), a tradeoff between accuracy and
computational costs may be required. Thus, the
optimal choice of functional and basis set is a balance
between the required accuracy and available
computational resources.

We investigated the effectiveness of functionals
in studying nanoparticles with semiconductor-like
conductivity using GaAs quantum dots and 5CB
(4-pentyl-4-cyanobiphenyl) liquid crystals [16].
Theoretical calculations showed that the B3LYP
functional is the most preferable for such systems, as
the obtained results are in good agreement with
experimental results and theoretical calculations by
other authors [17-19]. In [20], we tested the choice of
functionals and basis sets for the quantum-
mechanical DFT calculation method for TiO,
nanotubes. There are also works by other authors in
which the B3LYP functional in combination with the
3-21G basis set, known as B3LYP/3-21G, has
demonstrated accurate results for a number of
chemical systems, including complex organic
molecules such as natural resins or polymers [21, 22].

2. PMMA-CNT polymer composite materials

Polymethyl methacrylate (PMMA) is
a lightweight, non-toxic synthetic polymer with high
transparency, weather resistance, and good physical,
mechanical, and electrical insulating properties (Fig. 1).
It is characterized by high impact strength, light
transmittance, processability, and biocompatibility
[23]. Due to this, PMMA is widely used in lighting
engineering, medicine, aviation, and mechanical
engineering. However, its thermal and mechanical
stability are insufficient to meet modern industrial
requirements, making modification of the material
a pressing issue. The creation of new PMMA-based
composites with predictable physical and mechanical
properties will significantly expand its applications.

C|H3
— —CHz—(lj— =
C
X
H3C—O/ \O

—n
Fig. 1. The structural formula of polymethylmethacrylate

2.1. Experimental study of PMMA-CNT
composite materials

The introduction of carbon nanotubes into
polymer matrices plays a key role in expanding the
potential application of composites, providing an
increase in the elastic modulus and strength.
To achieve the desired result, the method of
producing the composite material plays a significant
role. For example, in [24], using the 3D mixing
method, various concentrations of multiwalled CNTs
(MWCNTs) were introduced into PMMA to create
polymer nanocomposites, followed by injection
molding.  Properties such as  permittivity,
conductivity, dielectric loss tangent, and electric
modulus at intermediate frequencies were studied.
The authors state that the findings have significant
potential for application in electronics, sensors, and
advanced materials, which emphasizes the novelty
and practical significance of the study.

In [25], PMMA/MWCNT composites with
concentrations of 2.5, 5, and 10 wt. % were obtained
by mixing solutions. It was found that at 5 wt. % with
the addition of 5 wt.% MWCNTs, the elastic
modulus and hardness increase by 44 and 27 %,
respectively, relative to pure PMMA. A further
increase in the nanotube content to 10 wt. % leads to
a decrease in these parameters by 23 and 28 %,
respectively, compared to the sample containing
5wt.%. Dynamic mechanical analysis in the
frequency range of 50-210 Hz showed that the
composite with 5 wt. % MWCNTs outperforms pure
PMMA in elastic modulus across the entire studied
range. Thus, the authors of [24] confirmed the
feasibility of using low MWCNT concentrations in
PMMA composites for operation under low- and
medium-frequency loads.

Studies [26, 27] have shown that an increase in
the CNT content leads to an increase in the elastic
modulus and a decrease in fracture strain. In [28], the
effect of process parameters (pressure, holding time,
melt temperature) and the CNT concentration on the
mechanical properties of composites was studied
using the injection molding method. It has been found
that with an increase in the nanotube content from
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0 to 1.5 wt. %, tensile strength and elongation at
failure decrease by approximately 30 and 40 %,
respectively, while hardness increases slightly.

A significant amount of research has been
devoted to the development of highly effective
PMMA/CNT-based materials for electromagnetic
shielding [29, 30].

In [29], the absorption characteristics of
electromagnetic ~ radiation by = PMMA/CNT
nanocomposite foam with a laminated configuration
were studied. The layered structure ensured an
absorption band extension to 3.5 GHz (8.9-12.4 GHz),
which is 0.8 GHz wider than that of a single-layer
2 mm thick foam, as well as a reduction in reflection
losses over a wide frequency range. This was
achieved by reducing reflectivity in the upper layer
and increasing absorption in the lower layer.

In the review paper [31], various methods for
synthesizing foamed carbon materials (3D printing,
supercritical foaming, carbonization, etc.) were
considered, and the -electromagnetic interference
shielding properties of polymer composites
reinforced with CNTs were analyzed, including
existing problems and prospects for their solution.

The optimization of structural solutions for
improving absorption characteristics is of particular
interest. In [32], a foam plastic design with
alternating layers of pure PMMA and PMMA/CNTs,
forming a gradient structure, was proposed.
The absorption band was 3.2 GHz (8.8-12.0 GHz),
and the minimum reflection loss reached — 30.2 dB at
8 wt. % CNTs.

In [33], the possibility of producing
PMMA/CNT composite granules combining high
electrical conductivity and optical transparency was
demonstrated. Using the electrostatic assembly
method, homogeneous decoration of PMMA particles
with nanotubes was achieved at their content of only
0.0068-0.068 vol. %, which ensured the formation of
conductive channels.

In [34], composites based on PMMA granules
with a coating of MWCNTs dispersed in
a thermoplastic polyurethane (TPU) matrix were
studied as sensing elements for pressure
measurements. As the load increases, the granules
converge, forming three-dimensional conductive
networks across the interphase boundaries, ensuring
early contact even at low pressures. An additional
advantage is the increased thermal conductivity of the
material. The authors recommend these composites
for use in pressure measurement systems. In [35], the
possibility of controlling the electrical conductivity of
PMMA/MWCNT nanocomposites through
halogenation was demonstrated, enabling the

formation of a stable percolation network and
achieving high conductivity.

In [36], a technology for producing flexible
monopole antennas from PMMA films filled with
single-walled carbon nanotubes (SWCNTs) was
presented. The characteristics (reflection coefficient,
radiation patterns, and gain) were evaluated in the
unbent and bent states, confirming the potential for
using such films. In [37], rectangular and circular
polymer antennas were developed in which carbon
nanotubes completely replace copper in the
conductive elements and grounding. The achieved
balance between dimensions, gain and efficiency
demonstrated the practical suitability of such designs.

2.2. Theoretical modeling of the PMMA-CNT
composite system

The reviewed studies were devoted to the
strengthening of a polymer matrix by carbon
nanomaterials, as well as imparting conductive
properties to it. A comparison of the mechanical
properties before and after the introduction of the
filler showed that carbon nanotubes are capable of
reinforcing the matrix. Furthermore, it was
established that their addition to a polymer dielectric
can lead to the emergence of electrical conductivity.
The contribution of researchers to the development of
nanocomposites is outstanding. Nevertheless, the
mechanisms of strengthening the same matrix by
different types of nanotubes are of particular interest;
this aspect requires further study. The DFT method
has proven itself as one of the most accurate
approaches for atomic analysis of the structure,
stability, mechanical and electronic properties of new
materials [38]. Modern DFT modeling also allows for
the prediction of the characteristics of carbon
nanocomposites [39]. In [40], extended tight binding
(xTB), DFT, symmetry-adapted perturbation theory
(SAPT), and molecular dynamics (MD) simulations
were used to understand the interaction of PMMA
polymer with industrial gases (H,, O;, N», and H,O).
A theoretical experiment allows us to investigate the
behavior of gas molecules in the presence of PMMA,
which is important for understanding their adsorption
and solubility in the polymer matrix.

In [41], molecular dynamics was used to analyze
the interaction of B-blockers with PMMA in a pure
matrix and in water, providing reliable information
on the potential role of PMMA at the molecular level

in the environment when in contact with
pharmaceutical pollutants.

In [42], theoretical modeling of PMMA
composites with SWCNTs was performed.
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The CNT diameters (0.54—1.08 nm), volume fractions
(8.1-16.5 %), and temperatures (100-700 K) were

studied. The results showed a significant
improvement in mechanical properties at low
SWCNT contents. Furthermore, double-walled

carbon nanotubes (DWCNTs) were twice as strong as
single-walled carbon nanotubes (DWCNTSs) at the
same simulation cell dimensions.

We conducted quantum-chemical modeling of
the interaction of polymethyl methacrylate with
carbon nanotubes of various types, diameters, and
layer counts. Theoretical studies revealed the high
sorption activity of polymethyl methacrylate with
carbon nanotubes of varying layer counts.
Figure 2 shows a model of the interaction between a
PMMA fragment [CsHgO,];5 and DWCNTSs. We also
studied the electron-energy structure of polymer
nanocomposites based on polymethyl methacrylate,
an analysis of which revealed that the complexes in
question are narrow-bandgap semiconductors [43—48].

In [49], the effect of boron (1650 %) on the
adsorption of methyl methacrylate by boron-carbon

nanotubes  was studied. Quantum-chemical
calculations showed that boron modification
increases the adsorption energy by 45-50%

compared to pure tubes due to donor-acceptor
interactions and electron density redistribution.
The stability of the complex is ensured by physical
adsorption with a Coulomb contribution. Boron-
carbon nanotubes (p-semiconductors) improve the
electrical conductivity of the composite and its
mechanical properties (strength, elastic modulus),
which is promising for flexible electronics and
Sensors.

Fig. 2. Model of the interaction
of the PMMA [CsHgO3]15 and DWCNT [46] fragment

The results obtained through quantum-chemical
modeling are of direct practical significance, as they
allow us to predict the effectiveness of using
polymethyl methacrylate nanocomposites with
carbon nanotubes as semiconductor materials for
micro- and nanoelectronics. The theoretical data
presented in this paper provide the basis for the
targeted creation of such composites with tailored
performance properties, promising for use in solar
energy, microelectronics, optical materials, and
polymer-based photoelectronic engineering.

3. Polypropylene-CNT polymer composite
materials

Polypropylene is one of the most sought-after
thermoplastics due to its high chemical resistance to
acids, alkalis, and solvents, although it is unstable to
non-polar liquids (Fig. 3). The material is
characterized by low vapor permeability, good
insulating properties, high air permeability, and water
repellency. This explains its application in a variety
of fields: from packaging and fibers to automotive,
medical equipment, and household appliances.

Today, polypropylene is one of the most sought-
after thermoplastics. This growth is driven by both
increasing plastic consumption and improved
processing technologies. However, the demands of
modern industry are already exceeding the
capabilities of traditional polymers [50].

The introduction of CNTs into a polymer matrix
opens up the possibility of creating composites with
improved electromagnetic shielding properties,
which is relevant for electrical engineering,
telecommunications, and the defense industry.

3.1. Experimental study of PP-CNT composite
materials

The authors of [51] studied polypropylene
composites reinforced with MWCNTs
(0.4-1.5 wt. %), produced by compression molding.
The introduction of MWCNTSs increased the tensile
strength to 62.80 % (at 1.2 wt. %), as well as the
impact strength (by 82.14%) and hardness
(by 12.44 %) at the maximum filler concentration.

— —CHz—ClH— —

CH3
n

Fig. 3. Structural formula of the polypropylene molecule
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In [52], it was shown that the addition of 5 wt. %
carbon nanotubes to polypropylene improves the
mechanical properties: the tensile strength increases
by 11 %, Young’s modulus by 33 %. Furthermore,
the thermal stability of the composite increases by
more than 30 °C compared to the original polymer.

The authors of [53] used microwave treatment to
improve the mechanical properties of PP/MWCNT
nanocomposites with a 10 % volume fraction of filler.
This method promotes uniform volumetric hardening
and increased strength. A strain rate sensitivity study
showed that the tensile strength varied from 5.74 to
15.7 MPa depending on the loading rate. The highest
flexural strength (21.91 MPa) and flexural modulus
(2.69 GPa) were recorded at a rate of 1.25 mm-min .
In [54], the effect of MWCNTs on the mechanical
properties of polypropylene fiber concrete (PPFC)
was studied. MWCNTs were dispersed in water using
ultrasound and added in three dosages (0.05-0.15 %
of the cement mass) with varying polypropylene fiber
content (0.5-1.5 % of the mixture volume). The tests
included compressive strength, flexural strength,
tensile strength, elastic modulus, rebound number,
and ultrasound velocity. Optimal results were
obtained with 0.10 % MWCNTs and 1.0 % PPF:
compression — 49.4 MPa, bending — 6.4 MPa, tension —
4.9 MPa, elastic modulus — 42257 MPa, rebound
number — 47.0, ultrasound velocity — 5567 ms .
The addition of MWCNTs significantly improved the
properties of PPFC, especially with this combination.

A number of studies [55, 56] are devoted to the
study of creep and recovery of polypropylene with
the introduction of carbon nanotubes. In [56], using
coarse-grained MD modeling, it was shown that
doping with CNTs increases the creep resistance of
the nanocomposite. In [57], M. Sabet studied the
effect of SWCNTs and MWCNTs on the thermal
behavior and  crystallization  of  isotactic
polypropylene. It was found that the addition of
nanotubes increases the crystallization temperature
and the critical cooling rate without significantly
changing the melting temperature. A percolation
threshold of 0.5 wt. % was found for MWCNTs,
at which the physical properties improved without the
use of a compatibilizer. The increased interfacial
surface area promotes increased thermal stability of
the polymer, which opens up opportunities for the
creation of high-performance nanocomposites based
on PP. The authors of [58] also observed an
improvement in the thermal stability of PP/CNT
polymer composite materials.

The potential of using carbon nanotubes to
impart high electrical conductivity to materials has
long been confirmed [59—62]. Researchers worldwide

are particularly interested in the development of
conductive polymers and studying the potential for
their practical use. In recent years, such polymers
have found application in the creation of electronic
devices, batteries, artificial muscles, solar energy
conversion systems, and various types of sensors
[63, 64].

In [65], it was shown that with an increase in the
MWCNT content, the electrical conductivity of
PP/MWCNT composites changes from insulating to
semiconducting. Up to 3 wt. % of the material is non-
conductive, but when this threshold is exceeded,
a conductive network forms, and the conductivity
increases sharply from 107 to 10" S-mﬁl, which
corresponds to a percolation transition. Moreover, the
conductivity is independent of the injection molding
temperature.

In [66], statistical percolation theory methods
were used to establish the electrical percolation
threshold for PP/SWCNT composites at 1.4 wt. %
(critical value #=2.05). An optimized melt mixing
process enabled the formation of a conductive
network with an SWCNT content of approximately
1.28 wt. %. However, given the superior properties of
SWCNTs compared to MWCNTs, such a low
percolation threshold may not meet expectations.

In a number of studies [67—69], special
nanocomposite production modes are used in addition
to the introduction of CNTs to achieve conductive
properties in polymeric materials. In [68], the effect
of injection molding parameters on the crystalline
structure and electrical resistance of PP/MWCNT
composites was studied. The materials were produced
by twin-screw melt extrusion followed by injection
molding. With the same MWCNT content, increasing
the mold temperature and injection speed resulted in
a decrease in specific electrical resistance.

3.2. Theoretical modeling of the PP-CNT
composite system

In parallel with the experimental work, a number
of theoretical studies were conducted to explore the
potential for improving the properties of
polypropylene. In [70], the construction of seven
models of PP-based composite materials was
presented, and molecular dynamics (MD) simulations
were conducted to determine the thermodynamic
properties of these composite models. This study
aimed to elucidate the microstructural mechanisms
underlying the improved mechanical properties
observed in functionalized MWCNT/PP composites.
Furthermore, the study compared the effects of
grafting different numbers of functional groups on
improving the mechanical properties of PP composites.
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Molecular models of CNT/PP nanocomposites
containing randomly dispersed bundles of carbon
nanotubes were also investigated in [71].
The modeling results showed that the properties of
the modeled nanocomposite continuously improve
with increasing nanotube content due to the effective
CNT/PP interphase boundary and the reinforcing
effect of the CNTs themselves.

In [72, 73] theoretical studies of the interaction
processes of polypropylene (PP) polymer with carbon
nanotubes of various types, diameters and layer
density are presented. The adsorption process of one

monomer unit (C3Hg) of polypropylene, as well
as a PP fragment [-CH,CH(CH3)-], consisting of

15 structural units, was modeled. The E,q values
revealed the fact of physical adsorption of the
polymer fragment with the CNT cluster. Thus, our
results allowed us to predict the possibility
of creating stable complexes of a composite
polymer material based on nanotube-reinforced
polypropylene. In this case, the adsorption energy
value is fundamentally independent of the CNT layer
density. We also analyzed the electron-energy
structure of complexes formed by SWCNTs and
DWCNTs and a polypropylene fragment [74].
The analysis of the band gap width AE, of the
complexes revealed that the system has
a semiconductor conductivity type (Figs. 4, 5).
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Fig. 4. Visualization of single-electron energy spectra of clusters of single-layer CNTs,
a fragment of PP and interacting PP + CNTs modeling the structure of a composite polymer material [74]
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Fig. 5. Visualization of single-electron energy spectra of clusters of two-layer CNTs,
a fragment of PP, and interacting PP + CNTs modeling the structure of a composite polymer material [74]
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Thus, the introduction of the nanotubes under
consideration into the polymer matrix of
polypropylene, which is a dielectric by conductivity
type, leads to the appearance of semiconducting
properties in the resulting polymer nanocomposite.

4. Conclusion

The analysis of experimental studies on polymer
composites based on polypropylene and polymethyl
methacrylate  with added carbon nanotubes
demonstrates the wide range of applications for such
materials. According to current data, PP/CNT and
PMMA/CNT composites represent a promising area
for further research and practical application.
Improving production technologies opens up
opportunities for creating new physical objects with
both fundamental and applied significance.
This review examines not only the unique
physicochemical properties of polymers but also the
effects arising from their modification with
nanofillers. The composites obtained in this way
exhibit enhanced mechanical, electrical, and radio-
absorbing properties, opening up broad prospects for
their application in various industries.

Ab initio calculations (DFT) reliably establish
that the introduction of modified MWCNTs into
PMMA and PP matrices leads to a restructuring of
the electron-energy structure. Modifying carbon
nanotubes in a polypropylene and polymethyl
methacrylate matrix creates additional energy levels
in the polymer's band gap, facilitating more efficient
charge transfer at the interface.

Thus, the synthesis of DFT modeling data and
fabrication technologies opens up prospects for
creating polymer composites with tailored properties,
defining a strategy for the further development of
functional materials.
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