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Recent UpdateonPerovskite/Organic Tandem Solar Cells

The emergence of multiple-junction photovoltaics (PVs) has presented a remarkable opportunity to overcome
the Shockley-Queisser limit of single-junction solar cells. Recently, perovskite solar cells (PSCs) and organic
photovoltaics (OPVs) are two of the most promising new-generation PVs, which have gained widespread
attention in the PV community due to their exceptional rapid growth in their power conversion
efficiencies (PCEs). Combining PSCs and OPVs in tandem structures offers numerous advantages, such as
the ability to tune the bandgap of absorbers to regulate the absorption bands and enhance transparency. The
use of thin-film technology ensures that the devices are lightweight and flexible, which is particularly
advantageous for certain applications. Furthermore, both PSCs and OPVs are low-cost, making them
attractive for large-scale deployment in the future. These advantages will make PSC/OPV tandem devices
promising for applications beyond traditional silicon-based PVs. This review provides an up-to-date account
on the recent progress of PSC/OPV tandem PVs. The state-of-the-art fabrication techniques and material
engineering on the properties of PSC and OPV sub cells as well as their functional layers are discussed. A
perspective guidance is also given to direct the future development of this type of tandem PVs. This paper
provides an insight into the development of PSC/OPV tandem PVs, providing researchers with a roadmap to
advance this technology further and unlock its full potential in the field of renewable energy.

Keywords: Perovskites, organic photovoltaics, tandem solar cells, device engineering.

Introduction

Due to the high energy demands and the risks caused by global warming, developing alternative energy
sources is essential to address these urgent challenges. Solar energy is a promising renewable source of
energy, which is safe, cost-effective and clean. In order to utilize solar energy, photovoltaics (PVs) are the
key device for converting the solar energy to electrical energy. The history of the PV effect was discovered
by the French physicist, Alexandre-Edmond Becquerel in 1839. The first practical application of
photovoltaic (PV) technology was realized in 1954 with the development of the first silicon (Si) solar cell,
which achieved a power conversion efficiency (PCE) of 6 % [1]. Nowadays PV technologies are classified
into three generations. PV cells based on single-junction silicon wafers (monocrystalline and
multicrystalline) and gallium arsenide (GaAs) are considered 1% generation PV technologies. Recently, the
PCE of the single-junction GaAs and crystalline Si PV have reached 26.8 % and 29.1 %, respectively [2].
The 2" generation of PV technologies utilizes thin-film materials such as amorphous silicon (a-Si), cadmium
telluride (CdTe), and copper indium gallium selenide (CIGS) to achieve a more cost-effective device
architecture for single junction devices, while they typically have a lower PCE compared to first-generation
PV technologies. Currently, the highest efficiencies of CIGS, CdTe and a-Si: H thin-film solar cells are
23.6 %, 22.1 % and 14.0 %, respectively. The 3" generation of solar cells is based on the emerging materials
such as conductive polymers, organic dyes, quantum dots (QDs) and perovskites, etc. This type of emerging
PVs provides promising alternatives of conventional Si-based PVs systems, ensuring more cost-effective
manufacturing processes and offering a wide range of potential applications. The certified record PCEs of
emerging PVs are 25.8 %, 19.2 %, 18.1 % and 13 % for perovskite solar cells (PCSs), organic photovoltaics
(OPVs), QD cells and dye-sensitized cells, respectively [2]. Among different types of third-generation PV
technologies, PSCs and OPVs are currently the two most promising examples, with rapidly PCEs being
recorded for both technologies. PSCs are based on perovskite materials with a chemical formula of ABX; (A
— monovalent cations, B — divalent metal cations, and X — halogen ions). The halide perovskite materials
have gained tremendous attention from researchers due to their excellent optoelectronic properties, such as
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high light absorption coefficients, tunable band-gaps, long carrier diffusion lengths and carrier lifetime, as
well as high carrier mobility [3]. Recently, the invention of NFAs (NFA) with a broader absorption range
and tunable energy levels has also made a significant breakthrough in materials properties of polymer: NFA
system, leading to very promising performance of OPVs [4].

It is noteworthy that the single junction devices face critical problems that limit their efficiency. The
first challenge is thermalization loss, caused by thermal relaxation when the energy of an absorbed photon is
greater than the bandgap (Eg) of the device. The second issue is photon transmission loss, where photons
with energy below the bandgap cannot be absorbed [5]. The theoretical PCE limit in single junction devices
was determined as 33.7 % (Shockley and Queisser (SQ) limit) [6]. Currently the existing single junction
devices are approaching SQ limit. Development of multi-junction solar cells can be the solution to surpass
the SQ limit by connecting 2 or more subcells with complementary absorption spectra in a tandem structure.
It was calculated that a PCE of around 46.1 % can be theoretically achieved by the tandem devices [5].
Nowadays, a lot of investigations have been performed on PSCs/Si tandem structure and a record PCE of
33.2 % have been recently announced [2]. However, the large difference of lifetime between silicon and
PSCs hinders the progress of their commercialization. The expensive fabrication processes and opaque
properties of Si also limit its potential for widespread use in conditions that require transparency or
flexibility. On the other hand, perovskite/organic tandem solar cells have attracted increasing attention as
these two types of PVs possess compatible material and device properties, making them a good pair in
tandem structures. PSCs and OPVs can be fabricated by similar cost-effective thin-film deposition
techniques on both rigid and flexible substrates. The bandgap of absorbers and transparency of the absorbers
can be tuned according to the requirements of the applications, creating more freedom in tailoring the tandem
device properties for future innovative products. Nevertheless, the PSC/OPV tandem PVs are still in the
stage of research, the potential for further growth in PCE will be significant as the theoretical calculations
have shown that a PCE higher than 30 % is achievable for this type of tandem PVs [7-9]. To provide
prospective guidance for further studies of PSC/OPV tandem PVs, the recent achievements in this area are
summarized, which provides analysis of the properties of each subcell and functional layer in the tandem
structures, and outlines future directions for the development of this type of PSC/ OPV tandem technology in
the PV community.

Table
Summary of perovskite/organic Tandem solar cells
Sub cell 2T/ | Tandem configuration Band- Ve Jsc FF PCE Ref.
4T gap, ) | (MA | (%) (%)
(eV) cm?)
1 | FA0sCso2Pb(losBros)s 2T | MgF2/ Glass/ITO/MeO- 185 [ 215 |17.90 | 80 23.1% | [10]
2PACz/WBG/PEAI (2022)
PM6: Y6: PC61BM /PCs1BM/ AZO NP / SnOx | 1.33
(1:1.2:0.2) / InOx / MoOx/NBG /Ceo /
BCP / Ag
2 Cso.25FA0.75Pb(lo.6Bro.4)s 2T ITO/NiOx/BPA/WBG/ 1.79 2.06 14.83 | 77.20 | 23.60 [11]
Ceo/BCP/ 120/ MoOx/ % (2022)
PM6: Y6: P71CBM NBG / PNDIT-F3N /Ag 1.36
3 2T | ITO/Poly-TPD/WBG/ [12]
MAPbI2Br + Pb(SCN 1.7
2Br+ POSCNY) PCBM/BCP/AU/MoO3/ 1.94 | 1312 | 787 | 2003 | (2022)
PM6: Y6 NBG /PFN-Br/Ag 1.3*
4 | MAPDI2sClos 2T | ITO/PVBT-SOs/WBG/ L6+ [13]
PCs1BM/ Ceo- 186 | 124 79 19.2 (2022)
] ionene/Ag/MoQOa/ . ' ’ ’
PM6: Y6 NBG/Cso-ionene/ Ag 131
5 2T | MgF2/Glass/ITO/2PACz/ [14]
FA0.8Cs0.2Pb(Bro.slos)s WBG/Ceo/SNOx/PEDOT- 1.78 vos 138 |eos | 176 (2022)
PTB7-Th: IEICO-4F PSSINBG/PFN-BI/ Ag 1.24
6 [FA0sMA..4Pb(lo.sBro.4)s+ 2T ITO/2PACz/WBG/Ceol 179 [15]
CIFA BCP/ : (2022)
Ag/MoOx/NBG/PDINN/A 188 | 157 | 746 1220
PTB7-Th: BTPV-4Cl-eC9 g 1.22
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B 2T | ITO/poly-TPD/WBG/ . [16]
MAo.96FAo.1PbI2Br(SCN)o. 1.75
096FA01PDIBI(SCN)o12 PCBM/BCP/Au/MoO3/ 196 | 138 | 784 |212 | (2022)
PM6: CH1007 NBG/PFN-Br/Ag 1.31*
8 | CsPblysBrio/TACI 2T | ITO/SnO2/WBG/TACI/ 1.93 [17]
PBDB-T/MoO3/Au/Zn0/ 2.05 | 13.36 | 76.82 | 21.04 | (2021)
PM6: Y6 PFN/ NBG/MoOs/Al 1.4
9 2T ITO/ZnO/WBG/poly- [18]
CsPbloBr TPD/MoQO3z/Ag/PFN-Br/ 1.91* 1.96 13.3 80.8 21.1 (2021)
PM6: Y6-BO NBG/MoO:/Ag 1.3*
10 |CsPbl.Br 2T | ITO/Sn02/ZnO/WBG 1.91* [19]
/PTAA/MoO3/Au/ZnO/ 1.96 | 13.07 | 80.8 | 209 (2021)
D18: Y6 NBG/MoO3/Ag 1.33*
11 [CsPbl2Br ITO/ZnO/SnO2/WBG/ ~19 [20]
2T | PDCBT/ MoQs/Ag/ZnO/ 195 | 125 |76 18.4 (2020)
PM6: Y6 NBG /M0oOs/Ag 1.31*
12 |CsPbl2Br ITO/ZnO/SnO2/WBG/ ~19 [20]
2T | PDCBT/Mo0O3/Ag/iZnO 186 | 129 |75 18.1 (2020)
PTB7-Th: O6T-4F INBG /M0O3/Ag 1.24*
13 |FAosMA00CsorsPbligBri, | 2T | ITONIOXIWBG/ Ceo/ | 77 206 | [21
_‘?F?gi/ /AAgg/ MoOx/ NBG/ 1.902 | 1305 | 831 | (1954 | (2020)
PBDBT-2F: Y6: PC11BM 1.41 )
14 |CsPbloBr 2T | TO/SnO2/WBG/ P3HT/ 191 |182 |132 |71.68 |17.24 | [22]
MoO3/Ag/PFN-Br/ (2020)
PTB7-Th: IEICO-4F NBG/M0Os/Ag 1.24
15 |Cso.1(FA0.6MAo.4)0.9Pb(lo.s 2T ITO/PTAA/WBG/ 174 [23]
Broa)s PMABI/ PCBM/BCP/Ag/ |™ (2020)
M-PEDGTINBG/ Bis. 1.85 | 1152 | 70.98 | 15.13
PBDB-T: SN6IC-4F C60/BCP/Ag 1.3
16 |CsPbl.Br 2T | (ITO)/SnO/WBG/ 1.92 [24](20
PTAA/MoO3/Au/Zn0O/ 19)
PTB7-Th: COi8DFIC: NBG/MoOs/Ag 1o L7l 111,98 | 734 | 1504
PC71BM ’
17 [MAPbI; 2T | ITO/PEDOT: 15 [25]
CoRCrC e 1 [ | |16 | B9
PCE-10: PC71BM g 1.46*
N/Ag
18 |CHsNHsPbls 2T ITO/PEDOT: PSS/INBG/  [1.572 [26]
PFN/TiO2/ PEDOT: PSS (2015)
PH500/PEDOT: PSS 152 | 10.05 | 67 10.23
PBSeDTEGS: PCs1BM 4083/WBG/PCe1BM/ 1.28
PEN/AI
19 4T | 1ITO/SnO2/ZnO/ WBG/ 21.25 | [27]
CsPbl.B 1.92 1.26 | 139 | 73.99
e HTL/ MoO3/ITO + (2022)
ITO/PEDOT:
D18-CI-B: N3: PCe1BM PSS/NBG/PDIN/Ag 1.31* 0.84 | 27.37 | 78.6
20 |CsPbBrs 4T | ITO/ZnO/WBG/ Spiro-  [2.3 1.38 | 6.15 | 705 | 14.03 | [28]
OMeTAD!/ transfer (2018)
laminated PH1000+
PBDB-T-SF: IT-4F ITO/ZnO/NBG/MoOz/Al  [1.46* | 0.88 | 12.18 | 75.2

* The values are calculated from the published EQE or absorption spectra.
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1. Narrow-bandgap subcell

The use of materials and device structures as well as the corresponding latest photovoltaic performance
based on PSC/OPV tandem PVs are summarized in Table [10-28]. Nowadays, the majority of works use
OPVs as the narrow bandgap subcells with a range from 1.20 eV to 1.46 eV in a tandem structure with PSCs.
The absorber layer is composed of blending polymer donor, NFA and/or fullerene acceptors in an optimized
ratio. The NFA based material system becomes the dominant absorber in OPVs used in tandem structure
with PSC. In comparison with OPVs based on fullerene derivatives, NFA based devices have further
enhanced absorption properties due to tunable energy levels and wider absorption range of the active layer
[29]. Additionally, a lower driving force is needed for NFA based OPV to overcome the exciton binding
energy, which leads to minimum Voclosses and higher Jsc [29-30]. Moreover, it is found that NFA based
devices are more stable under the light with minor burn-in losses [30]. Y6 and IEICO-4F are commonly used
as NFA materials in the OPV subcell of the tandem devices, with the absorption spectra extended to near
infrared (NIR) region and a peak absorption at 810 nm and 865 nm, respectively [4]. The OPVs with an
active layer composed of non-fullerene acceptors (NFA) blended with common polymer donors, such as
PM6, a member of the PBDB-T family, and PTB7-Th, have exhibited high PCEs over 14 % in single-
junction solar cells [30]. Due to their excellent optoelectronic properties, this type of OPV has been widely
used in tandem structures with PSCs. The recent development of copolymer D18 with a high hole mobility
of 1.59 x 10° cm? V* s? blended with Y6 in the single-junction OPV has demonstrated a promising
certificated PCE of 17.6 % [31]. The D-A copolymer donor D18 blended with NFA has been also applied in
OPVs tandem with PSCs in 2T and 4T structures, for which both of the tandem structures exhibit a PCE of
~21 % [19],[27], indicating a huge potential of this type of OPV subcell for future development of high-
efficiency PSC/OPV tandem PVs. The absorption onset for the D18, PM6 and PTB7-Th in thin films is 625
nm, 688 nm and 785 nm respectively, corresponding to an optical bandgap of 1.98 eV, 1.80 eV and 1.58 eV
[30-31]. The absorption spectra of narrow-bandgap NFAs are complementary to those of common polymer
donors used in OPVs, ensuring a wide absorption range extended to the long-wavelength region, which
makes NFA based OPV sub cells well-suited for using in tandem structures with wide bandgap PSCs.

The non-radiative recombination which reduces the charge transport efficiency in OPV subcell, is one
of the major challenges in achieving high-performance devices. By using fullerene as additives in the binary
bulk heterojunction (BHJ) to form a ternary blend system, which enables better photovoltaic performance of
OPVs as well as the overall efficiency of the tandem devices. It is found that adding an optimized amount of
fullerene additives to the NFA based bulk BHJ active layer can introduce multiple positive effects, such as
improved molecular packing for better carrier transport, enhanced light harvesting power, and better energy
alignment etc. [10], [21], [24], [32-33]. In addition to enhancement of carrier transport, ternary OPVs are
more flexible in controlling complementary absorption bands of the donor and acceptor components in the
active layer to optimize the absorption range of the OPV subcell. Brinkmann et al. [10] added an optimized
amount of PC61BM into the PM6: Y6 blend for improving the blend morphology of the photoactive layer,
resulting in enhanced charge transportation and reduced non-radiative recombination in the PSC/OPV
tandem solar cells, yielding a PCE of 17.5 % of OPV sub cell and 23.1 % for tandem with a PSC [10]. The
high non-radiative recombination rate is one of the reasons for the low external quantum efficiency (EQE) of
the OPVs. The EQE spectrum of binary PM6: Y6 extends beyond 900 nm and ternary cells exhibit enlarged
EQE beyond 85 % at A > 650 nm [10], which is suitable for use in tandem solar cells with a wide-gap front-
cell. Other works reported by Chen et al. [21] and Zeng et al. [24] also used techniques of adding fullerene
derivatives to form a ternary system in fabrication of OPVs. Jeong et al. [34] reported an improved PCE
from 14.9 % to 15.6 % can be obtained from OPVs based on a ternary blend system by forming the BHJ
blend with a fullerene self-assembled monolayer (C60-SAM). The OPVs with this ternary system were also
found to retain 90 % of their original PCE after 8 hours of illumination. Similar approach of incorporation of
PC71BM into the binary system has been reported by Chen et al. [11]. The OPVs based on the system of
PBDBT-2F: Y6: PC71BM (1:1.2:0.2) possess balanced charge carrier transports, yielding a PCE of 15.8 %
and a high PCE of 20.6 % (certified as 19.54 %) for 2T PSC/OPV monolithic tandem device.

Although the BHJ structure is widely used in OPVs, the random mixing of materials to form donor-
acceptor blends creates challenges in controlling the morphology of the resultant active layer, reducing the
batch-to-batch reproducibility. Recently, a sequential layer-by-layer (LBL) fabrication technique has been
reported to increase the control of morphology formation and promote vertical phase separation in the OPVs.
Qin et al. [15] have compared the fabrication techniques for forming LBL and BHJ structure and found the
advantages of using LBL technique for preparing the rear OPV subcell based on PTB7-Th: BTPV-4Cl-eC9.
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It is found that application of LBL leads to a better phase of the donor and acceptor, which can decrease the
trap density and inhibit the non-radiative recombination [15]. The thin films in the LBL structure can
facilitate charge extraction and transport at the interconnecting layer (ICL). The LBL-OPV subcell exhibits a
higher Jsc and FF compared to the BHJ based device. The Jsc and FF of the LBL-OPV subcell are
28.6 mA cm? and 69.2 %, respectively, while those of the BHJ-based device are 27.8 mA cm? and 65.2 %,
showing LBL as an effective technique for improving the performance of OPVs. A PCE of 22 % can be
realized by fabricating 2T-tandem based on PSC/LBL-OPV. It is also interesting to note that the OPV
subcells in monolithic tandem devices are usually fabricated in a regular structure (p-i-n), which can be due
to the feasibility of deposition methods of preparing typical high-performance functional layers for OPVs
and matching with the well-established inverted structures of organo-metal halide-based PSCs.

2. Wide-bandgapsubcell

The perovskite materials are commonly used in the wide-bandgap front cells in the tandem devices. The
organic-inorganic hybrid perovskites (i.e. multiple cation mixed halide perovskite) and Cs-based all-
inorganic perovskites (e.g. CsPbl.Br, CsPbl.gBri2) are the two major absorbers used in the PSCs. The
bandgap of the perovskites can be tuned by changing the amount of monovalent cations and halogen ions in
the range of 1.5 — 2.3 eV [15]. However, the chemical instability of organic—inorganic perovskites upon
exposure to moisture, UV-light, and heat caused by the weakly bound of organic components in the hybrid
crystal structure is still a critical problem for the device compliance with specific application
requirements [35]. The use of all-inorganic perovskites such as CsPblsBry(x = 0, 1, 2, and 3) as light-
harvesters by completely replacing organic cations with inorganic Cs* ions has emerged as a promising
technology for improving the thermal stability of PSCs.

The defects in the bulk of perovskites and at the material interfaces are the key factors that lead to non-
radiative charge recombination resulting in poor device efficiency and stability. Tremendous works have
been done on passivation engineering of single junction PSCs [36], but they are also useful to implement in
PSC/OPV tandem devices. Li et al. [23] used phenmethylammonium bromide (PMABTr) as an interlayer
between perovskite film and ETL, to passivate the defects in grain boundaries of
Cso.1(FA0sMA0.4)09Pb(losBroa)s. The PL and TRPL results show that using PMABT for passivation increased
the PL photon energy, resulting in a blueshift of PL peaks and suppressed nonradiative recombination,
yielding a PCE of 15.13 % for the tandem device [23]. Qin et al. used chloro-formamidinium (CIFA) to
passivate bulk defects in the FAosMAo.4Pb(losBro.4)s based PSCs. It is also found that the use of CIFA leads
to formation of bigger grains and more uniform film, resulting in reduction of trap density and better vertical
charge transport, yielding a final PCE of 22.0 % in tandem with OPVs [15]. Intensive research has been also
done on improving the quality of the interface between the perovskite and charge transport layers, since
defects are likely concentrated at the material interface and lead to severe carrier recombination. Brinkmann
etal. [10] have implemented passivation strategies, by modification of the perovskite surface with
phenethylammonium iodide (PEAI), which promotes the formation of a 2D perovskite capping layer. The
insertion of PEAI leads to notable lowering of the perovskite valence band maximum, which avoids
photogenerated holes from reaching the electron extraction layer (EEL) and thereby facilitates selective
extraction of electrons. As a result, a PSC/OPV tandem device with a remarkable PCE of 23.1 % and
excellent stability of more than 1000 hours can be achieved [10]. Chen et al. [11] applied benzylphosphonic
acid(BPA) for passivating the interface between NiOx and Csg2s5FAo.7sPb(losBro4)s. Their tandem devices
exhibited improved band alignment, reduced non-radiative recombination and better operational stability,
yielding a PCE of 23.6 %.

Device architecture also plays an important role in determining the performance of PSC/OPV tandem
devices. The PSCs can be fabricated in the n-i-p regular structure or inverted p-i-n structure. Notably, a
compelling correlation has been observed based on the analysis of existing scientific literature. The inverted
p-i-n structure is commonly employed for inorganic-organic hybrid PSC in tandem structure with the OPV
subcell. The adoption of the inverted structure has demonstrated enhanced device stability and PCE in hybrid
single-junction PSCs. These improvements are attributed to the increase of charge carrier lifetime and the
diffusion coefficient as well as enhancement of charge collection efficiency, resulting in an enhanced
performance of PSCs [37]. Meanwhile, owing to non-availability of corrosive additives in the inverted
device configuration and hydrophobicity of the PCBM layer, the device stability can be enhanced in the
ambient atmosphere [37]. In contrast, an n-i-p structure is almost exclusively used for all-inorganic Cs based
PSCs in the tandem devices, with the electron transport layer deposited on the substrate followed by the
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perovskite active layer and hole transport layer. This is not surprising, as high efficiency Cs-based all-
inorganic PSCs have not been demonstrated in p-i-n structure for single-junction devices.

3. Other Constituent layers

The interconnecting layer (ICL) is one of the key components in the development of high-performance
2-terminal monolithic devices. Requirements for good interconnecting layers include high transparency,
minimum optical losses, good interface for efficient recombination of holes and electrons generated from
WBG and NBG sub cells. Moreover, minimum current leakage is obligatory for the interconnecting layer.
The ICL in PSC/OPV tandem devices consists of carrier recombination layer (CRL) sandwiched between
hole transporting layer (HTL) and electron transporting layer (ETL) (or known as EEL and hole extraction
layer (HEL), respectively). The commonly used CRLs are thermally evaporated ultra-thin metal like Ag, Au
or transparent conductive oxides such as indium tin oxide (ITO). The CRL has to be used for tandem
devices. Otherwise, devices exhibit poor performance due to the Schottky barrier between the HTL and ETL.
By inserting a CRL between the top and bottom cells, this barrier can be reduced, allowing charge carriers to
recombine efficiently. Additionally, the CRL can improve the ohmic contact between the top and bottom
cells, enhancing the overall performance of the tandem solar cell. Brinkmann et al. [10] developed an
interconnection between sub cells using InOx layer prepared by low-temperature atomic layer deposition
(ALD) (80 °C) with a precise control of layer thickness. This approach has led to notable improvements in
the J-V characteristics of PSC/OPV tandem solar cells and rendering the SnO,/InO,/MoOy ohmic contact.
Chen et al. have found that 4-nm-thick sputtered indium zinc oxide (1ZO) ICL can also reduce optical losses
as well as Vo loss in the WBG PSC by interfacial passivation. These improvements cause a promising PCE
of 23.60 % (certified 22.95 %) for PSC/OPV tandem devices [11]. Xu et al. [14] demonstrated metal-free
ICL PSC/OPV tandem devices based on ALD grown SnO; and solution-processed PEDOT: PSS. The use of
metal-free ICL can simplify the device fabrication process and thus reduce the cost for future manufacturing.
This type of tandem device has good outdoor stability and exhibits a PCE of 17.6 % [14].

For PSC/OPV tandem devices, the most commonly used HTLs are MoOy, Poly-TPD, 2PACz/MeO-
2PACz while the ETLs are ZnO, SnO., NiOy, PCBM. A double layer of ETL based on ZnO and SnO; is also
popularly used in all-inorganic Cs based PSCs [19], [20], and [27]. The thickness of the ETLs in the ICLs
plays a critical role in affecting the performance of monolithic PSC/OPV devices. A very thin ETL can lead
to inefficient electron extraction from the WBG sub cell to the ICLs, while too thick ETL can also inhibit
electron extraction and compromise tandem device performance [12].

The deposition techniques used for constructing tandem devices should be also carefully considered.
The processing techniques directly impact the film thickness, interface quality, crystal structures, and
morphology of the layers, consequently influencing the overall performance of the tandem devices. For 2T-
PSC/OPV tandem devices, the majority of the functional layers are prepared by the spin-coating processes,
which is one of the most economical approaches among the thin-film deposition techniques such as e-beam
deposition, magnetron sputtering and thermal evaporation etc. The spin-coating technique is straightforward
to use under laboratory conditions while it is not suitable for large-scale production, and it can lead to
composition inhomogeneities in the layers of the devices. Other thin-film deposition methods, which are
compatible with solution-processed films, have been attempted during monolithic tandem device fabrication.
One of them is thermal evaporation, it is a common deposition technique in PSC/OPV tandem device for
preparing the thin metal layers of Ag or Au as the CRL and the electrode, as well as depositing ETL and
HTL materials such as Ce/BCP/TPBi and MoO; respectively [10], [11], [16], [20-22]. The thermal
evaporation has its advantages such as capability to control the film thickness, low contamination risks as
well as high compatibility with the solution-processed layers. It is also capable of preparing flexible samples
at low substrate temperature [38-39].

Apart from ICL, the external coating such as anti-reflective layers on the devices can reduce the light
reflection at the surface of incoming light. Brickmann et al. [10] and Troughton et al. [14] utilized MgF; as
an antireflective layer. The direct effect of the antireflective coating on the efficiency of the tandem device
was not discussed in these studies while it is predicted that approximately 1 % reduction in reflection
between the range of 400-800 nm can be achieved [40]. Given the promising results, the use of anti-
reflective layers such as MgF, or other materials is an interesting area for research to further enhance the
light harvesting ability of tandem PVs.

4. Perspective on future development PSC/OPV Tandem

The scientific community has made notable advances in developing efficient tandem PV devices using
emerging materials. Among these, PSC/Si-based tandem devices have been extensively researched and
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currently hold the highest PCE record of 33.2 % [2]. However, the mismatch in the lifetime of perovskite and
silicon remains a significant obstacle for practical applications. Furthermore, silicon cannot be used for the
construction of semi-transparent tandem solar cells, which limits the potential applications of PSC/Si tandem
devices. The certified record PCE of 23.1 % has been achieved for PSC/OPV tandem devices [10],
demonstrating the potential of using it as one of the future alternatives to conventional photovoltaics. The
tunability of bandgap and transparency in PSCs and OPVs is a distinct advantage, ensuring a wide range of
future innovative applications, such as smart PV windows with thermochromic functions and colorful PVs
for aesthetically oriented projects and other building-integrated PVs (BIPVs). However, despite the
promising progress made in the development of PSC/OPV tandem devices, there is still a scarcity of research
focused on their engineering for practical applications. This is because some limitations still need to be
overcome before PSC/OPV tandem devices can become commercially viable.

One of the major challenges is large-scale manufacturing of tandem structure which involves more
fabrication steps compared to their corresponding single junction devices. Currently, the common reported
active areas for PSC/OPV tandem devices range from 1.74 mm? [10] to 1 cm? [13, 23], which are still limited
for practical applications that require large-scale deployment, and thus it is very crucial to develop effective
thin-film deposition techniques for fabrication of larger devices while maintaining high efficiency is
necessary. For example, blade coating, slot-die coating, spray coating and inkjet printing should be
intensively investigated for preparing PSCs and OPVs while the vacuum deposition process such as thermal
evaporation can be used for preparing uniform large-scale perovskite thin films and metal oxides carrier
transport layers. Despite the ability to tune the bandgaps of both the perovskite and organic absorber layer in
OPVs, the majority of reported PSC/OPV 2-terminal monolithic tandem devices are based on a front wide-
bandgap perovskite subcell and a rear narrow- bandgap OPV subcell. This is due to the higher processing
temperature required for PSCs, such as the conversion of precursors and perovskite crystallization, compared
to the fabrication processes of OPVs. The high processing temperature steps of perovskite can cause the
degradation of the underlying OPV properties. The possible solution is to develop pre-synthesized inks of
perovskite, such as quantum dot dispersion solutions [41], and carrier transport materials, and investigate
effective deposition of these inks to avoid high-temperature processing steps of PSC fabrication. Only with a
maturity of diverse thin-film deposition methods can the freedom of PSC/OPV combination be largely
enhanced, and this is crucial for advancing the practical viability of this type of tandem PVs. On the other
hand, the development of transparent electrodes and the use of flexible substrates are also essential for
enabling more diverse applications of PSC/OPV tandem PV in the future. The materials such as graphene
with good flexibility [42] and sputtered ITO with desirable transparency and conductivity have been widely
demonstrated for application in OPV and PSCs [43-44]. However, the compatibility of large-scale processing
and the potential for induced damages on the thin films underneath during high-energy deposition processes
should be carefully addressed.

Device stability and lifetimes of PSC/OPV tandem PVs are other critical considerations in the
development of their practical applications. Both PSCs and OPVs are sensitive to environmental factors such
as moisture, heat, and UV exposure etc., which can lead to device degradation over time. Researchers are
exploring various strategies to improve device stability, including encapsulation techniques [45], material
and device engineering [30-31], [46] etc. and achieved significant advancements. Despite the fact that PSC
and OPV still have shorter lifetimes compared to Si at the current stage, their low material and fabrication
costs can provide a cost-effective replacement option. Therefore, they could potentially be employed in
certain applications that do not require a long product lifespan, which could be beneficial to indoor
applications and portable electronic devices, where cost-effective replacement options are desirable and
product lifetimes are relatively short due to frequent upgrades. This will be an incremental step towards
future practical application of PSC/OPV PVs. With continued research and development, this technology
will become a commercially viable option for a broader range of applications.

Acknowledgements

A.N. acknowledges the financial support from the Science Committee of the Ministry of Education and
Science of the Republic of Kazakhstan (Scientific Research Grant no. AP14869983, AP19576154) and
Nazarbayev University (Grant no. 021220CRP0422).

12 BecTHuk KaparanguHckoro yHuBepcuTeTa



Recent UpdateonPerovskite/Organic...

References

1 El Chaar, L., Lamont, L. A. & El Zein, N. (2011). Review of photovoltaic technologies. Renewable and Sustainable Energy
Reviews, 15(5), 2165-2175. https://doi.org/10.1016/j.rser.2011.01.004

2 Best Research-Cell Efficiencies Chart. Retrieved from https://www.nrel.gov/pv/cell-efficiency.html

3 Roy, P, Sinha, N. K., Tiwari, S. & Khare, A. (2020). A review on perovskite solar cells: Evolution of architecture,
fabrication techniques, commercialization issues and status. Solar Energy, 198, 665-688.
https://doi.org/10.1016/j.solener.2020.01.080

4 Zhao, F., Zhang, H., Zhang, R., Yuan, J., He, D., Zou, Y. & Gao, F. (2020). Emerging Approaches in Enhancing the
Efficiency and  Stability in  Non-Fullerene  Organic  Solar Cells. Adv. Energy Mater,, 10, 2002746.
https://doi.org/10.1002/aenm.202002746

5 Zhou, J., Huang, Q., Ding, Y., Hou, G. & Zhao, Y. (2022). Passivating contacts for high-efficiency silicon-based solar cells:
From single-junction to tandem architecture. Nano Energy, 92, 106712. https://doi.org/10.1016/j.nanoen.2021.106712

6 Shockley, W. & Queisser, H. J. (1961). Detailed Balance Limit of Efficiency of p-n Junction Solar Cells. Journal of Applied
Physics, 32, 510-519. https://doi.org/10.1063/1.1736034

7 Yan, C., Huang, J., Li, D. & Li, G. (2021). Recent progress of metal-halide perovskite-based tandem solar cells. Mater.
Chem. Front., 5, 4538-4564. https://doi.org/10.1002/adma.202002228

8 Jiang, Y. & Qi, Y. (2021). Metal halide perovskite-based flexible tandem solar cells: next-generation flexible photovoltaic
technology. Mater. Chem. Front., 5, 4833-4850. https://doi.org/10.1039/D1QM00279A

9 Wu, S, Liu, M. & Jen, A. (2023). Prospects and challenges for perovskite-organic tandem solar cells. Joule, 7(3), 484-502.
https://doi.org/10.1016/j.joule.2023.02.014

10 Brinkmann, K. O., Becker, T. & Zimmermann, F. et al. (2022). Perovskite—organic tandem solar cells with indium oxide
interconnect. Nature 604, 280-286. https://doi.org/10.1038/s41586-022-04455-0

11 Chen, W., Zhu, Y. & Xiu, J. et al. (2022). Monolithic perovskite/organic tandem solar cells with 23.6 % efficiency enabled
by reduced voltage losses and optimized interconnecting layer. Nat. Energy 7, 229-237. https://doi.org/10.1038/s41560-021-00966-8

12 Xie, Y.-M., Niu, T, Yao, Q., Xue, Q., Zeng, Z., Cheng, Y., Yip, H. -L. & Cao, Y. (2022). Understanding the role of
interconnecting layer on determining monolithic perovskite/organic tandem device carrier recombination properties. Journal of
Energy Chemistry, 71, 12-19. https://doi.org/10.1016/j.jechem.2022.03.019

13 Zhang, Z., Cueto, C., Ding, Y., Yu, L., Russell, T. P., Emrick, T. & Liu, Y. (2022). High-Performance 1 cm? Perovskite-
Organic Tandem Solar Cells with a Solvent-Resistant and Thickness-Insensitive Interconnecting Layer. ACS Applied Materials &
Interfaces, 14(26), 29896-29904. https://doi.org/10.1021/acsami.2c06760

14 Xu, H., Merino, L. T., Koc, M., Aydin, E., Zhumagali, S., Haque, M. A., Yazmaciyan, A., Sharma, A., Villalva, D. R,
Hernandez, L. H., De Bastiani, M., Isikgor, F. H., Troughton, J., De Wolf, S., Yerci, S. & Baran, D. (2022). Metal-Free
Interconnecting Layer for Monolithic Perovskite/Organic Tandem Solar Cells with Enhanced Outdoor Stability. ACS Applied Energy
Materials, 5(11), 14035-14044. https://doi.org/10.1021/acsaem.2¢c01749

15 Qin, S, Ly, C., Jia, Z., Wang, Y., Li, S, Lai, W., Shi, P., Wang, R., Zhu, C., Du, J., Zhang, J., Meng, L. & Li, Y., (2022).
Constructing Monolithic Perovskite/Organic Tandem Solar Cell with Efficiency of 22.0 % via Reduced Open-Circuit VVoltage Loss
and Broadened Absorption Spectra. Adv. Mater., 34, 2108829. https://doi.org/10.1002/adma.202108829

16 Xie, Y.-M., Yao, Q., Zeng, Z., Xue, Q., Niu, T., Xia, R., Cheng, Y., Lin, F.,, Tsang, S. -W., Jen, A. K.-Y., Yip, H.-L. & Cao,
Y., (2022). Homogeneous Grain Boundary Passivation in Wide-Bandgap Perovskite Films Enables Fabrication of Monolithic
Perovskite/Organic  Tandem  Solar Cells with over 21% Efficiency. Adv. Funct. Mater. 32, 2112126.
https://doi.org/10.1002/adfm.202112126

17 Chen, W,, Li, D., Chen, X., Chen, H., Liu, S., Yang, H., Li, X., Shen, Y., Ou, X, Y. (M.),, Jiang, L., Li, Y. & Li, Y., (2022).
Surface Reconstruction for Stable Monolithic All-Inorganic Perovskite/Organic Tandem Solar Cells with over 21 % Efficiency. Adv.
Funct. Mater., 32, 2109321. https://doi.org/10.1002/adfm.202109321

18 Wang, P., Li, W., Sandberg, O. J., Guo, C., Sun, R., Wang, H., Li, D., Zhang, H., Cheng, S., Liu, D., Min, J., Armin, A. &
Wang, T. (2021). Tuning of the Interconnecting Layer for Monolithic Perovskite/Organic Tandem Solar Cells with Record
Efficiency Exceeding 21 %. Nano Letters, 21(18), 7845-7854. https://doi.org/10.1021/acs.nanolett.1c02897

19 Liu, L., Xiao, Z., Zuo, C. & Ding, L. (2021). Inorganic perovskite/organic tandem solar cells with efficiency over 20 %.
Journal of Semiconductors, 42(2), 020501. https://doi.org/10.1088/1674-4926/42/2/020501

20 Xie, S., Xia, R, Chen, Z., Tian, J., Yan, L., Ren, M., Li, Z., Zhang, G., Xue, Q., Yip, H.-L. & Cao, Y. (2020). Efficient
monolithic  perovskite/organic tandem solar cells and their efficiency potential. Nano Energy, 78, 105238.
https://doi.org/10.1016/j.nanoen.2020.105238

21 Chen, X., Jia, Z., Chen, Z., Jiang, T., Bai, L., Tao, F., Chen, J., Chen, X,, Liu, T., Xu, X,, Yang, C., Shen, W., Sha, W. E. 1.,
Zhu, H. & Yang, Y. (2020). Efficient and Reproducible Monolithic Perovskite/Organic Tandem Solar Cells with Low-Loss
Interconnecting Layers. Joule, 4(7), 1594-1606. https://doi.org/10.1016/j.joule.2020.05.005

22 Lang, K., Guo, Q., He, Z,, Bai, Y., Yao, J., Wakeel, M., Alhodaly, M. Sh., Hayat, T. & Tan, Z. (2020). High Performance
Tandem Solar Cells with Inorganic Perovskite and Organic Conjugated Molecules to Realize Complementary Absorption. The
Journal of Physical Chemistry Letters, 11(22), 9596-9604. https://doi.org/10.1021/acs.jpclett.0c02794

Cepus «dunsukay. Ne 3(111)/2023 13



T. Serikova, G. Bizhanova et al

23 Li, Z., Wu, S., Zhang, J., Lee, K. C,, Lei, H., Lin, F., Wang, Z., Zhu, Z. & Jen, A. K. Y. (2020). Hybrid Perovskite-Organic
Flexible Tandem Solar Cell Enabling Highly Efficient Electrocatalysis Overall Water Splitting. Adv. Energy Mater., 10, 2000361.
https://doi.org/10.1002/aenm.202000361

24 Zeng, Q., Liu, L., Xiao, Z., Liu, F., Hua, Y., Yuan, Y. & Ding, L. (2019). A two-terminal all-inorganic perovskite/organic
tandem solar cell. Science Bulletin, 64(13), 885-887. https://doi.org/10.1016/j.scib.2019.05.015

25 Liu, Y., Renna, L. A, Bag, M., Page, Z. A., Kim, P., Choi, J., Emrick, T., Venkataraman, D. & Russell, T. P. (2016). High
Efficiency Tandem Thin-Perovskite/Polymer Solar Cells with a Graded Recombination Layer. ACS Appl. Mater. Interfaces, 8, 11,
7070-7076. https://doi.org/10.1021/acsami.5h12740

26 Chen, C., Bae, S., Chang, W., Hong, Z., Li, G., Chen, Q., Zhou H. & Yang Y. (2015). Perovskite/polymer monolithic hybrid
tandem  solar cells utilizing a low-temperature, full solution process. Mater. Horiz., 2, 203-211.
https://doi.org/10.1039/C4MH00237G

27 Liu, L., Xiao, H. & Jin, K. et al. (2023). 4-Terminal Inorganic Perovskite/Organic Tandem Solar Cells Offer 22 % Efficiency.
Nano-Micro Lett., 15, 23. https://doi.org/10.1007/s40820-022-00995-2

28 Chen, W., Zhang, J., Xu, G., Xue, R., Li, Y. W., Zhou, Y., Hou, J. & Li, Y. F. (2018). A Semitransparent Inorganic
Perovskite Film for Overcoming Ultraviolet Light Instability of Organic Solar Cells and Achieving 14.03 % Efficiency. Adv. Mater.
30, 1800855. https://doi.org/10.1002/adma.201800855

29 Zhang, J., Tan, H.S. & Guo, X. et al. (2018). Material insights and challenges for non-fullerene organic solar cells based on
small molecular acceptors. Nat Energy 3, 720-731. https://doi.org/10.1038/s41560-018-0181-5

30 Hou, J., Inganis, O. & Friend, R. et al. (2018). Organic solar cells based on non-fullerene acceptors. Nat. Mater. 6(17), 119—
128. https://doi.org/10.1038/nmat5063

31 Liu, Q., Jiang, Y., Jin, K, Qin, J., Xu, J., Li, W., Xiong, J., Liu, J., Xiao, Z., Sun, K., Yang, S., Zhang, X. & Ding, L. (2020).
18 % Efficiency organic solar cells. Science bulletin, 65(4), 272-275. https://doi.org/10.1016/j.scib.2020.01.001

32 Bi, P, Zhang, S., Chen, Z., Xu, Y., Cui, Y., Zhang, T., Ren, J., Qin, J., Hong, L., Hao, X. & Hou, J. (2021). Reduced non-
radiative charge recombination enables organic photovoltaic cell approaching 19 % efficiency. Joule, 5(9), 2408-2419.
https://doi.org/10.1016/j.joule.2021.06.020

33 Xie, Y., Li, T., Guo, J,, Bi, P., Xue, X., Ryu, H. S., Cai, Y., Min, J., Huo, L., Hao, X., Woo, H. Y., Zhan, X. & Sun, Y.
(2019). Ternary Organic Solar Cells with Small Nonradiative Recombination Loss. ACS Energy Letters, 4(5), 1196-1203.
https://doi.org/10.1021/acsenergylett.9b00681

34 Jeong, S., Rana, A, Kim, J. -H., Qian, D., Park, K., Jang, J. -H., Luke, J., Kwon, S., Kim, J., Tuladhar, P. S., Kim, J. -S., Lee,
K., Durrant, J. R. & Kang, H., (2023). New Ternary Blend Strategy Based on a Vertically Self-Assembled Passivation Layer
Enabling Efficient and Photostable Inverted Organic Solar Cells. Adv. Sci. 2206802. https://doi.org/10.1002/advs.202206802

35 Faheem, M. B., Khan, B., Feng, C., Farooq, M. U., Raziq, F., Xiao, Y. & Li, Y. (2020). All-Inorganic Perovskite Solar Cells:
Energetics, Key Challenges, and Strategies toward Commercialization. ACS Energy Letters, 5(1), 290-320.
https://doi.org/10.1021/acsenergylett.9002338

36 Aidarkhanov, D., Ren, Z.,, Lim, C-K., Yelzhanova, Z., Nigmetova, G,.Taltanova, G., Baptayev, B., Liu, F., Cheung, S.,
Balanay, M., Baumuratov, A., Djurisi¢, A., So, S., Surya, C., Prasad, P. & Ng, A. (2020). Passivation engineering for hysteresis-free
mixed perovskite solar cells. Solar Energy Materials and Solar Cells, 215, 110648. https://doi.org/10.1016/j.solmat.2020.110648

37 Raj, A., Kumar, M. & Anshul. (2021). Recent advancement in inorganic-organic electron transport layers in perovskite solar
cell: current status and future outlook. Materials Today Chemistry, 22, 100595. https://doi.org/10.1016/j.mtchem.2021.100595

38 Lee, J.-H., Kim, B. S., Park, J., Lee, J.-W. & Kim, K., (2022) Opportunities and Challenges for Perovskite Solar Cells Based
on Vacuum Thermal Evaporation. Adv. Mater. Technol. 2200928. https://doi.org/10.1002/admt.202200928

39 Wang, S., Li, X., Wu, J., Wen, W. & Qi, Y. (2018). Fabrication of efficient metal halide perovskite solar cells by vacuum
thermal evaporation: A progress review. Current Opinion in Electrochemistry, 11, 130-140.
https://doi.org/10.1016/j.coelec.2018.10.006

40 Chundi, N., Das, B., Reddy, K. Prasad, M., Koppoju, S., Ramasamy, E. & Sakthivel, S. (2020). Single layer hollow MgF2
nanoparticles as high-performance omnidirectional broadband antireflective coating for solar application. Solar Energy Materials
and Solar Cells, 215, 110680. https://doi.org/10.1016/j.solmat.2020.110680

41 Davletiyarov, B., Akmurzina, K., Seralin, A., Bizhanova, G., Baptayev, B., Balanay, M. & Ng. A. (2022). Investigation of
Synthesis and Deposition Methods for Cesium-Based Perovskite Quantum Dots for Solar Cell Applications. Eurasian Chem. -
Technol. J., 24(3), 241-249. https://doi.org/10.18321/ectj1437

42 Zhang, Y., Ng, S-W., Lu, X. & Zheng, Z. (2020). Solution-Processed Transparent Electrodes for Emerging Thin-Film Solar
Cells. Chem. Rev. 120, 4, 2049-2122. https://doi.org/10.1021/acs.chemrev.9b00483

43 Srivishnu, K. S., Markapudi, P. R., Sundaram, S., Giribabu & Semitransparent, L. (2020). Perovskite Solar Cells for Building
Integrated Photovoltaics: Recent Advances. Energies, 16, 889. https://doi.org/10.3390/en16020889

44 Ren, Z., Zhou, J., Zhang, Y., Ng, A., Shen, Q., Cheung, S. H., Shen, H., Li, K., Zheng, Z., So, S.K., Djurisi¢, A.B. &
Surya, C. (2018). Strategies for high performance perovskite/crystalline silicon four-terminal tandem solar cells. Solar Energy
Materials and Solar Cells, 179, 36-44. https://doi.org/10.1016/j.solmat.2018.01.004.

45 Dong, Q., Liu, F., Wong, M., Tam, H., Djurisi¢, A., Ng, A., Surya, C., Chan, W. K. & Ng, C. (2016). Encapsulation of
Perovskite Solar Cells for High Humidity Conditions. ChemSusChem., 9, 18. https://doi.org/10.1002/cssc.201600868.

14 BecTHuk KaparaHguHckoro yHnBepcuTeTa



Recent UpdateonPerovskite/Organic...

46 Ng, A., Liu, X., Jim, W., Djurisi¢, A., Lo, K., Li, S. & Chan, W. (2014). P3HT: PCBM solar cells — The choice of source
material. J. Appl. Polym. Sci., 131. https://doi.org/10.1002/app.39776

T. CepikoBa, I'. bmkanosa, Xaunun Xy, 9aHu Hr

IlepoBCKUTTI OPraHUKAJIBIK TAHAEM/IIK KYH 3JIeMEeHTTepPiHiH
AAMYBIH/IaFbl COHFbI MAJIIMETTEpP MeH TeHIeHuusIap

Bipueme erneni ¢otodnextp snementrepain (OD) maiiga Gomyst GipeTneni kyH 3nemeHTTepini [okim-
Ksuccep mierin eHcepyre MyMkinmik Oepezmi. COHFBI yakbITTa HEPOBCKUTTI KyH Oatapesuapsl (IIKD) xone
opraHuKaiblK (HoTodnekTpiik anementrep (OPD) — Oyt sHeprusHbl Typrienaipy tuimainirinin (EPE) ete
JKBULIAM ecyiHe OalIaHBICTHI (POTOINMEKTPIIK KOFaMIACTHIKTHIH KeH Ha3apblH ayJapraH jkKaHa OyBIHHBIH €H
HepCHeKTUBAIBI eKi (GoTodmekTpiik ameMenTi. [TIKD sxone ODPD-mi TaHmeMaik KypeUIbIMAapaa OipikTipy
a0COPOUMSIIBIK JKOJIAKTapABl PETTEy >KOHE MOINIIPIIKTI jKakcapTy VINIH JKapblK CiHIpyIIl KaOaTTap.bIH
HIEKTIK aliMakKTapblH ©3TepTy MYMKIHIII CHSKTBI KONTEreH apThIKUIBUIBIKTApAbl YChIHAAbl. JKyka kabaT
TEXHOJIOTHUSACHIH KOJJaHy KYPBUIFbUIAPABIH KCHUIAIIT MEH HUKEMIUITNiH KamTamachl3 ereii, Oyn acipece
Keibip 3amaHayn KonganOanap ymiH taiMal. ConeiMeH KaTap, IIKD xone ODD ekeyi e ap3aH OaracbIMEH
epekureneHeni, Oy1 omapapl OonamakTa KeH ayKbIMIBl KOMMEPUUSUIAaHABIPY YIIIH TapThHIMABI eredi. by
apTeIKWBUIBIKTap [IKD/OPD Ttannemaik KYpBUIFBLUIAPBIH ASCTYpIi KpeMHUH Herisinzeri ®D-meH ThIC
KOJIZIaHOaIap YIIiH nepcnektuBaibl ereii. by momnyna [TK3/0ODD tanaemaik @I-HBIH COHFBI KETIiCTIKTEP1
Typaisl ©3ekTi akmapar oepinred. [IKD xone ODD cyOrneMeHTTEpiHiH KaCHETTEpiHe, COHal-aK OJapIblH
(yHKIMOHANBI KabaTTapelHa dcep eTeTiH MaTepuaiapAbl dKacayIblH 3aMaHayd TEXHOJIOTHSIAphl MeEH
WHKEHEPIIiK d3ipaeMernepi Tankpuianrad. CoHgal-aK, TaHIAEMIIK (POTORICKTPIIIK AIEMEHTTEPIIH OCBI TYPiHIH
JamyblHa OarplT Oepy YINIH TEpCHEKTHBANBIK HYCKAaylmblK Oepimemi. Makana 3epTreymiiiepre Oy
TEXHOJIOTHSIHBI O/IaH 9pi JAMBITY )KOHE OHBIH )KaHAPTBUIATHIH SHEPTHS KO3/1ePi calachbIHIAFbI TOJIBIK JICYeTiH
amry YIIiH OarbIT KocnapbiH YebiHaA OTHIPHI, [IKD/ODD tanmemuik @D a3ipiey Typaisl TYCiHIK Oeperi.

Kinm ce30ep: TeEpOBCKUTTEp, OpPraHUKAIBIK (DOTONIEKTPUKTEP, TAHAEM KYH OJIIEMEHTTEpi, KYpBUIFEI
UH)KEHEPUSACHL.

T. Cepukona, I'. buxanona, Xannun Xy, Ouau Hr

Hoc.ﬂemme AAHHBIC H TCHACHIUU B PAa3BUTHU NEPOBCKUTHBIX OPraHUYCCKUX
TAaHACEMHbBIX COJTHCYHBIX 3JICMCHTOB

TosiBnerne GoTormekTpudecKux 3eMeHToB (P3) ¢ HECKONBKUMH EPEX0AaMH MPEIOCTABHIIO BO3MOKHOCTh
npeomoners mnpenen lokmu—KBuccepa OAHOMEPEXOMHBIX CONHEYHBIX DJIEMEHTOB. B mocienHee Bpems
nepoBcKUTHBIE conHeyHble nmeMeHTsl ([ICD) m opranmdeckue QoTtodnekTpuueckue 3neMeHTH (ODD)
SBJIAIOTCS JIByMsl HanOojiee NEepPCHEKTUBHBIMH (DOTOINEKTPUYECKHMMH 3JIEMEHTaMH HOBOTO MOKOJIEHHUS,
KOTOpBIE NMPUBIIEKIIN IIUPOKOE BHUMaHHE (POTOIIEKTPUIECKOro coolIIecTBa Onarogapst Mx UCKIIOYUTEIBHO
ObicTpoMy pocTy 3ddekTuBHOCTH TpeodpasoBanus sHeprun (DI1D). O6beaunenune I[ICD u ODPD B
TaHJIEMHBIX KOHCTPYKLHUSX IaeT MHOXKECTBO NPEUMYLIECTB, TAKMX KaK BO3MOXKHOCTH HAaCTPOWKHM IIUPUHBI
3aMpENIeHHOM 30HBI TIOTJIOTHTENCH ISl PETryINPOBAHMS MOJIOC MOTJIOIICHHUSI M MOBBIIICHNS TPO3PaYHOCTH.
Hcnonb30BaHne TOHKOIUICHOYHONW TEXHOJOTHHA OOECIeYnBaeT JIETKOCTh M T'MOKOCTh YCTPOWCTB, YTO
0COOEHHO BBITOJTHO LTSI HEKOTOPHIX mpuMeHeHHd. Kpome toro, kak [ICO, Tak 1 ODPD ornmyarorcss HU3KOM
CTOMMOCTBIO, YTO J[ellaeT WX MPUBICKATEIbHBIMA HX [UISI HIMPOKOMACIITAOHOHW KOMMEpUHATH3alUH B
ommkaitimeM OymyrieM. TH MPEUMYIIECTBa CACTAT TaHaeMHbIe yeTpolicTBa [ICD/ODD nepcrneKTHBHBIMU
JUISL IPUMEHEHHH, BBIXOMIINX 3a paMKH TpaaunuoHHeIX @D Ha ocHOBe kpeMHMs. B Hactosimem o63ope
Mpe/ICTaBlicHa aKTyalbHas WHpOpPMAIHsI 0 HeaaBHeM mporpecce TanaeMHbix @D [NC/0ODD. O6CyxaeHbI
COBPEMEHHBIE TEXHOJIOTUH M3TOTOBJICHUS U MH)KEHEPHBIE Pa3pabOoTKN MaTepHasoB, BIMSIOIINE HA CBOICTBA
cyoanementoB [ICD u ODD, a Takke WX (QYHKIHMOHAIBHBIX cioeB. Kpome TOro, JaHO INEpCIEeKTHBHOE
PYKOBOJCTBO JUUIS HAINpaBICHUS OyAylIero pas3BUTHS O3TOr0 THIA TaHIEMHBIX (DOTOIIEKTPHIECKUX
anmeMeHToB. Hacrosiiasi CcTaThs [aeT IpeicTaBileHrHe o0 paspabotke TaHmemHbix OO TIC3/0DD3,
MPEIOCTABIISIST UCCIIEIOBATENSIM TUIAH JIeUCTBHUIA ISl JalbHEUIIEr0 pa3BUTHS STOW TEXHOIOTHH M PACKPHITHSI
ee MOJIHOTO MOTeHIIKala B 001acTH BO30OHOBIISIEMbIX HICTOYHUKOB SHEPTHU.

Kniouesvle cnosa: TEPOBCKUTBI, OpraHMYECKHe (OTOPIEKTPHUKY, TaHAEMHbIE COJHEYHBIE 3IEMEHTHI,
pa3paboTka ycTpOMCTB.
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Review of the current state of technology for capacitive deionization
of aqueous salt solutions

The availability of clean water at affordable prices is one of the key technological, social, and economic
challenges of the 21st century. The increased extraction of groundwater worldwide is leading to the gradual
intrusion of salty water into sources and water horizons. In order to use this water for industrial and
agricultural purposes, or as drinking water, it needs to be purified and desalinated. Thus, methods of
desalinating water of different salinity levels, ranging from brackish to seawater, are becoming more
prominent. The overall goal of current research is to make water desalination technologies more energy-
efficient and cost-effective. One promising technology that meets these requirements is capacitive
deionization (CDI) of water. This technology has been widely known for over 30 years, but significant
progress in CDI research has only been achieved in recent years. In this review, we examine the currently
developed architectures of CDI cells, advancements in carbon materials, and discuss the prospects and
challenges of commercializing this technology.

Keywords: CDI, capacitive deionization, carbon materials, porous carbons, carbon electrodes, Faradaic
electrodes.

Introduction

With the growth of population and the development of technological progress, humanity's water needs
are increasing. At the same time, some freshwater sources are being polluted due to accidents at industrial
facilities, improper waste storage, etc. Currently, almost 98 % of the available water on the earth is seawater
or brackish water [1]. To use this water as technical in industries and agriculture or as drinking water, it must
be preliminarily purified and desalinated. Various methods are used for desalination, among which multi-
stage flash distillation (MSFD), reverse osmosis (RO), and electrodialysis (ED) are worth mentioning. The
main method of industrial desalination is reverse osmosis, accounts for about 64 % of the freshwater
produced, while 23 % is from multi-stage flash distillation systems, and the rest are other systems [2].

One technology that is currently being actively researched for water purification is capacitive
deionization (CDI) systems. The operating principle of such system was firstly described in 1960 [3], but
until the mid-2000s, the topic received poor attention by the researchers. Currently, the number of
publications is growing exponentially. Compared to classical reverse osmosis, distillation, and even
electrodialysis systems, capacitive purification systems have significantly lower energy consumption, lower
cost, higher energy efficiency, and eco-friendliness [4-7]. The specific energy consumption for the above-
mentioned systems is summarized in Table 1.

Table 1
Values of specific energy consumption for different methods of water demineralization.

Desalination method Specific energy consumption, kW*h/m?® | Ref
Distillation 10-58 [2, 6]
Reverse 0smosis 3,5-6,7 [8, 9]
Electrodialysis 0,4-8,7 [6, 10]
Capacitive deionisation 0,24-0,85 [11,12]
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Currently, CDI systems with various cell architectures and modifications of electrode materials are
being actively studied. In this review, we take a look at the progress in the field of CDI systems over the past
5 years.

Various capacitive deionization cell architectures

Up to date two main fundamentally different approaches to cell assembly are proposed. These are the
use of the same (symmetrical cells) or different (asymmetric cells) electrodes as the cathode and
anode (Fig. 1). Classical cells with carbon electrodes are symmetrical and differ in the principle of liquid
flow: through the electrodes (flow-through) or along them (flow-by). Symmetrical cells include systems
upgraded with ion-exchange membranes and systems with flowing electrodes. Asymmetric cells have
different electrodes, these include hybrid (carbon+faradaic electrodes) and inverse systems (carbon
electrodes modified with charged functional groups).

Symmetric cells Asymmetric cells
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(modified cndxup)

g B

Negative ckclm&e
(modified carbon)

Inverted CDI

Y [CEM Catholyte

N

Anolyte L A
Membrane CDI RedOx flow deslination
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Figure 1. Basic architectures of capacitive deionization cells.

The working principle of a classic capacitive deionization cell is as follows: water is pumped between
two electrodes with a potential difference of <1.4 V applied to them. Under the influence of the electric field,
positively charged particles migrate to the negative electrode, and negatively charged particles migrate to the
positive electrode, resulting in the formation of a double electric layer at the phase boundary. When the free
surface is depleted, an inverted or zero voltage is applied to the cell. The double electric layers collapse, and
the ions desorb back to the solution [9]. Two cells are required for continuous operation of a system: one cell
operating in the adsorption mode and the other in the desorption mode. When the electrode surface is
saturated, the cells are swapped [13].

The main problem of the classic CDI system is the secondary sorption of ions during cell regeneration
step, when the applied potential is reversed. Some of the ions reach the counter electrode and were sorbed on
its surface, which reduces the working capacity in the next cycle. There are two options for solving this
problem: regeneration of the cell at zero potential or modernization of the system with ion-selective
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membranes. The first option leads to an increase in the desorption time and a decrease in the capacity of the
electrodes, since not all ions can desorb under these conditions. The use of membranes is more expensive,
but more efficient and makes it possible to completely eliminate cross-sorption. The membrane capacitive
deionization (MCDI) cell was first described in [14] in 2006.

Capacitive deionization cells with flow electrodes (FCDI) are the next step in evolution of CDI,
developed in 2013 [15]. In such cells, the electrode is not static, and the cell always operates in the
adsorption mode [16]. Desorption occurs outside of the cell, through a combination with a second FCDI cell
(Fig. 2), reverse osmosis system, or another purification method [9]. Typically, activated carbon suspension
in an aqueous electrolyte is used as the electrode material [13]. The major problem of this system is a low
charge transfer efficiency of the suspension, as the main component of the electrode is water. An obvious
way to overcome this disadvantage is to increase the carbon content of the slurry, however, this leads to an
increase in viscosity and a higher probability of clogging the system. The maximum achieved saturation of
the slurry is 35 wt.% carbon [17]. Alternative approaches include the addition of conducting additives to the
electrolyte, such as acetylene black [18, 19], NaCl [12], CNTs [20, 21].

The hybrid cell (HCDI) was first described in the mid-1960s in [22], but active research on this
architecture began only in 2014 [23]. Such system consists of faradaic and capacitive electrodes. The
faradaic electrode is usually used to remove sodium ions, while the capacitive electrode is used to sorb
chlorine [24]. These systems are described in more detail in section devoted to non-carbon electrode
materials.
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Figure 2. Schematic of the FCDI operation. The upper cell operates continuously in sorption mode, the lower cell in
desorption mode.

A common problem of previously described systems is anodic oxidation, the process of formation of
oxygen-containing functional compounds on the anode surface, which leads to the displacement of co-ions,
and to decrease in the electrode capacity and efficiency [25]. This process is described in detail in the
corresponding section below. Possible solution to this problem is to modify the positive electrode with
negatively charged functional groups and the negative electrode with positive ones (ICDI). The classic
methods for such modification are acid treatment or sulfonation of the positive electrode and amination of
the negative. Modified electrodes are charged, so the cell is always polarized and voltage is applied only at
the desorption step. Such architecture significantly reduces the total power consumption of the system [26].

Main features of CDI cells of different architectures are summarized in Table 2.

Table 2
Main features of CDI cells of different architectures.

Symmetrical architecture
Flow by CDI (FB-CDI)

Assymmetrical architecture
Inverted CDI (ICDI)

Diffusion is the time determining process for sorption
Optimization of cell dimensions is needed to maintain the
required flow rate with minimum resistance.

The cathode and anode are initially charged, so there is no
need to apply the potential constantly (only during
regeneration), which reduces energy costs

Flow through CDI (FTE-CDI)
Less desalting time compared to FB-CDI

Flow electrode CDI (FCDI)
No regeneration stage, the process is continuous
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Membrane CDI (MCDI) Hybrid CDI (HCDI)
The usage of ion-exchange membranes reduces the capture |Faradaic material with high specific capacitance
of ions during regeneration of the electrodes lons storage by intercalation

Carbon materials for CDI

In this review, we will focus on materials for FB-CDI, FTE-CDI, MCDI since materials used for other
architectures have specific requirements in each case. For the manufacture of electrodes for cells of the
above types, carbon materials are mainly used, which are characterized by a large specific surface area (high
capacitance), good chemical and electrochemical stability, bioinertness, low cost, and good electrical
conductivity. In many ways, these criteria are similar to the requirements for materials used in
supercapacitors. Accordingly, similar mesoporous carbons, carbon fibers and fabrics, carbon nanotubes,
aerogels, etc. are used in the case of CDI [27-29]. Carbon materials can be used both in pure form and
modified. Modifications include doping with heteroatoms B, N, Si, P, S (individually or in combination);
modifications with metal oxides — TiO, [30-32], MnO- [33, 34], ZnO [35, 36]; activation with alkalis.
Various methods for modifying carbon materials are considered in details in a recent review [37].

Activated carbons are the most economically accessible materials, along with fibers and fabrics that are
based on them. The surface area of such materials varies from hundreds to thousands of m?/g, the ratio of
macro-micro- and mesopores can be set at the synthesis stage. Different types of pores characterize different
processes in the electrode: micropores are important for maximum sorption, mesopores for Kinetics, and
macropores for electrode permeability and maximization of the flow rate of purified water through the
cell [27, 38-40].

Comparative characteristics of electrodes made of various carbon materials are summarized in Table 3.
It should be noted that hereinafter we consider both modified and unmodified materials tested in cells for
conventional capacitive deionization in the potential range of 1.0-1.4 V.

Table 3
Different carbon electrodes and its performances in CDI cells.

Electrode material Electrode Specific Specific Voltage, NaCl solution SAC,
- surface area, ; X Ref.
type material melg capacitance, F/g \% concentration, mg/L | mg/g
Commercial AC 940 51.8 1.2 100 5.08 | [41]
OMC 844 133 1.2 - - [42]
Forous carbons NKZCs 2566 155,83 12 1000 31.30 | [43]
N-HMCS/HGH 337.7 226.5 1.4 500 17.8 | [44]
ACC-507-15 1339 125 1.2 — 16 | [45]
ACC 1200 - 1.2 100 5.8 [36]
Carbon cloth ACC/ZnO 1300 95 1.2 100 8.5
ACC/ZnO 1043 99 1.2 - 8.1 | [46]
ACA 2413 111.89 1.4 500 26.1 | [47]
Carbon aerogel CA 2057 156 1.2 100 29.7 | [48]
MO,/CNTf ~250 50-66 1.2 250 6.5 |[49]
ACF-900 712 228 1.6 - 4.64 | [50]
Carbon nantubes ACF-900-90 1300 77 1.2 - 4.84 | [51]
and nanofibers CNF-600 481 1.6 1.2 2000 2
CNF-800 579 41.8 1.2 2000 6.3 | [52]
CNF-1000 617 52.1 1.2 2000 13.3
Graph_ene-based R(é(r)a/,:r;ijo 2600 256 1.2 400 7.2 |[53]
material 356 205.20 1.2 500 14.9 | [54]
sponge

NKZCs — novel nitrogen-rich mesoporous carbons with the zeolitic imidazolate framework-8; N-
HMCS/HGH — N-doped hollow mesoporous carbon sphere and holey graphene hydrogel with in-plane
pores; OMC — ordered mesoporous carbon; ACC-507-15 — commercial activated carbon cloth textiles
Kynol-507-15; ACC — activated carbon cloth; ACC/ZnO — activated carbon cloth material modified
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with zinc oxide nanorods; ACA —activated carbon aerogel; CA — carbon aerogel; MO,/CNTf — a porous
metal oxide network interpenetrated into porous fibers of carbon nanotubes; ACF-900 — activated carbon
fiber activated at 900 ‘C; ACF-900-90 — activated carbon fiber activation processes with N»/CO- at 900 °C
for 90 min; CNF-600 — carbon nanofiber carbonized at 600 °C; CNF-800 — carbon nanofiber carbonized at
800 °C; CNF-1000 — carbon nanofiber carbonized at 1000 °C; RGO/ACF-10 — reduced graphene
oxide (RGO) and activated carbon nanofiber composites with varying content of RGO at 10 wt.%.

Mesoporous carbons

Mesoporous carbons (MCs) are widely used as a material for CDI electrodes due to their high specific
surface area, good pore size distribution, long-term stability, and low cost [55]. MCs were first applied in
CDI in 2008 [42]. The authors showed that, under the same electrochemical conditions, the specific
capacitance value of the MC electrode was 1.2 times higher than that of the activated carbon electrode (133
F/g and 107 F/g, respectively). In cell tests at a potential of 1.2 V and a salt solution concentration of 0.5
mg/L, the amount of adsorbed ions on the MC and activated carbon electrodes was 677.9 nug/g and 251.3
ug/g, respectively. The authors of the study attribute the better performance of MCs to the presence of pores
with an optimal size (~3 nm) for ion sorption. Modern methods for producing various mesoporous carbons
are summarized in recent reviews [56-58].

The main drawbacks of such materials are the need of hydrophobic binders used in the electrode
formation process (which reduces the efficiency of charged particle sorption) and low conductivity. To solve
the first problem, alternative binders such as PVA [59], PU [60] poly(arylene)sylphone [61], etc. are actively
being developed. To solve the second problem, various modifications of the material are applied: heteroatom
doping [43, 44], creation of composites with carbon nanotubes [49], modifications with semiconducting
oxides [46] or the introduction of conductive additives [62].

A mesoporous carbon material with one of the best performance to date was obtained in 2020
[63], with SAC values of 23.9 mg/g, 46.3 mg/g and 83.0 mg/g for saline solutions of 250 mg/mL,
500 mg/mL and 1000 mg/L, respectively. This result is of great interest not only due to the
extremely high SAC value but also because the material does not require any modifications. Thus,
the average SAC value for N-modified coals is about 25 mg/g, for undoped coals it is much lower
[64]. For example, in a study [43], nitrogen-rich mesoporous carbons (NKZCs) were synthesized
using a zeolite imidazolate framework-8. CDI cell testing showed a SAC of 31.30 mg/g for NKZCs
electrodes in a 1000 mg/L NaCl solution at 1.2V, which is higher than the carbons made from the
ZIF-8/KOH composite. (SAC-20.29 mg/g) and undoped ZIF-8 (SAC-17.18 mg/g). The specific
surface area of NKZCs was 2566 m?/g, the pore volume was 1.65 cm®/g.

A good cycling stability for mesoporous carbon-based cells is considered to be 100 cycles or more [65].
One of the records of cycling stability is a hierarchical porous carbon synthesized in [66], which has a low
SAC of 13.3 mg/g and can cycle for 600 cycles without losing efficiency.

Despite the extremely wide prevalence of mesoporous carbon materials as electrodes for CDI, we have
not found any recent reviews dedicated to them, except the work [67]. These materials are partially reviewed in
2017 in work [68] and in the review dedicated to metal-organic framework derived carbon for CDI [69]. We
summarized some salt capacity electrosorption of various types of hierarchical carbon materials in Table 4.

Table 4
Comparison of salt capacity electrosorption of various types of hierarchical carbon materials from the literature.

NaCl solution

CDI electrode material Cell voltage, V - SAC, mg/g Ref.
concentration, mg/L

Activated mesoporous carbon sheets 14 1000 35 [70]

Hierarchical ordered mesoporous silicon

carbide-derived carbon 12 290 128 [71]

Graphene sponge 1.2 500 14.9 [54]

Hierarchically porous carbon derived from

PolyHIPE 1.2 300 17.5 [72]

3D foam-like carbon nanoarchitectures 14 300 135 [73]

Carbon nanofibers reinforced 3D porous

carbon polyhedra network 12 500 16.98 [74]
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Micro/mesoporoussheets 1.2 300 15.34 [75]
3D porousgraphene 1.4 300 8.97 [76]
Hierarchicalporouscarbon 1.2 580 7.75 [77]
3D Channel-structuredgraphene 15 295 9.6 [78]
. . 1.2 292 12.63
HierarchicalporouscarbonsHPCs 12 292 140 [79]

Carbon cloth

The second most accessible and promising material for commercial CDI cells is carbon cloth. The use
of this material for electrode fabrication eliminates the need of hydrophobic polymer binders, as well as leads
to simplification of the electrode manufacturing process, reducing it to cutting the material. In addition, the
use of carbon fabric makes it possible to abandon the use of current collectors by connecting the contact
directly to the electrode [39, 80].

Increasing the specific surface area of carbon cloth and the efficiency of salt sorption can be achieved
by modifying the surface with semiconductor nanoparticles. In addition, the deposition of a semiconductor
enhances the uniformity of the electric field distribution at the electrode-electrolyte interface and reduces
resistance, leading to lower losses during device operation [35, 36, 46]. In [46] the authors achieved a 40 %
increase in SAC (from 5.7 mg/g to 8.1 mg/g) compared to unmodified carbon cloth electrodes by surface
modification with ZnO nanorods. Typical characteristic values of modified carbon cloths compared to
conventional ones are presented in Table 5 [81].

Table 5
Various activated carbon cloth (ACC) electrodes and their CDI treatment performance [81].
Carbon electrode Specific Sﬂrf"’me aréa, Cell voltage, V NaCl sc_>|ut|on SAC, mg/g
me/g concentration, mg/L
ACC 984 1.6 1000 5.4
1043 1.2 100 -
1980 1.0 5844 1.8
1200 1.2 100 5.8
1980 1.2 5844 -
ACC/ZnO 1300 1.2 100 8.5
637 1.6 1000 8.1
ACCl/titania 1180 1.2 5844 8.1
1890 1.0 5844 4.3
546 1.2 500 -

Carbon aerogel

Carbon aerogel is one of three most commonly used materials for capacitive deionization (CDI).
Aerogels were first used in CDI cells in 1995 [82]. Additional activation of carbon aerogel can improve its
characteristics. For example, in the study by [47], this material was synthesized by the sol-gel method from
glucose and then activated with KOH. The resulting carbon aerogels showed better characteristics (Table 6)
compared to conventional carbon aerogels: the specific surface area and total pore volume increased from
567 m?/g and 0.300 cm®/g (activated carbon) to 2413 m?/g and 1.389 cm®/g (carbon aerogel), and the specific
capacitance increased from 19.70 F/g to 111.89 F/g. The specific adsorption capacity values were determined
during desalination of a NaCl solution with a concentration of 100 mg/L and 500 mg/L at a liquid flow rate
of 30 ml/min, with a maximum SAC value of 26.1 mg/g.

Table 6
Comparison of NaCl adsorption capability of ACA electrode and other electrode materials [47].
. Adsorption conditions
Electrode materials - - —1 SAC, mg/g
Voltage, V | NaCl solution concentration, mg/L | Flow speed, ml/min
Carbon aerogel 1.2 500 50 15.7
Porous carbons 1.2 500 30 17.2
Activated carbon 1.5 1000 50 14.6
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Porous carbon spheres 1.2 500 20 15.8
Porous carbon spheres 1.6 500 50 5.8
Graphene 1.4 500 35 13.7
Graphene 1.8 100 50 4.8
Carbon sponge 1.2 500 80 16.1
Carbon nanofiber 1.2 1000 50 12.8
MoS;—graphene 1.2 500 50 194
Activated carbon aerogel 1.4 500 35 26.1

Carbon aerogels possess the capacity to adsorb heavy metals as well. The authors of [48] conducted
studies on the adsorption of Cu?* on a carbon aerogel synthesized by the sol-gel method from resorcinol and
formaldehyde. A Cu,SO4 solution with a concentration of 100 mg/L was used as a model, and the specific
adsorption capacity (SAC) was evaluated at different potentials on the cell (0.4-1.5 V). The best result of
29.7 mg/g was obtained at a potential of 1.2 V.

However, despite the fact that aerogels have all the characteristics for CDI processes, their use is
limited due to the high cost of production [67, 68].

Carbon nanotubes and nanofibers

Carbon nanotubes are a type of one-dimensional material with a hollow structure, characterized by high
conductivity and good mechanical and chemical stability [83]. The high conductivity of CNTs makes it
possible to use them as electrode materials and current collectors simultaneously. This also makes it possible
to reduce the contact resistance and increase the power density [84]. As electrodes in CDI cells, carbon
nanotubes were first used in 2005 [85].

The main problem of usage of a carbon nanotubes is the need for a binder to form the electrode.
However, in the case of CNTSs, alternative solutions are possible: growing directly on the surface of current
collectors [86] or embedding CNTs into the carbon electrode structure [95]. For example, in [49], a CDI cell,
including an anode and a cathode made of g-Al,Osz/CNT and SiO/CNT, respectively, showed a SAC of
6.5 mg/g and high performance compared to a number of other materials. The authors attribute the high
efficiency to the morphology of the electrodes, in which CNT fibers act simultaneously as a current
collector, active material, and metal oxide substrate. This architecture exhibits high capacitance with
minimal internal resistance.

Close relatives to carbon nanotubes are carbon nanofibers (CNF), which can be obtained by
electrospinning method [87]. The properties of this material can be easily varied: for example, the authors
of [50] changed the diameter of the obtained nanofibers within the range of 285-800 nm by varying the
activation temperature from 750 to 900 °C. The obtained material had a specific surface area within the
range of 335-712 m?/g and showed a maximum SAC of 4.64 mg/g at a cell voltage of 1.6 V.

The authors of [52] showed a higher value of SAC. In this work, a carbon nanofiber was fabricated by
electrospinning followed by one-stage carbonization using phenol resin as a precursor. While testing such
electrodes in a CDI cell, SAC value of 50.1 mg/g at a voltage of 1.2 V was achieved, the concentration of the
salt solution was 2000 mg/L. Similar values were obtained by the authors of [88]: in their work, the
electrodes demonstrated a specific surface area of 3066 m?/g, a pore volume of 2.23 cm®/g, and a SAC of
47.22 and 63.83 mg/g in a saline solution with a concentration of 500 mg/l at potentials of 1.2 and 1.6 V,
respectively.

It should be noted that despite the good characteristics of electrodes based on carbon nanotubes, their
use is associated with the highest risk of developing oncological diseases (compared to other carbon
materials) if particles of the material get into the treated drinking water [89].

Graphene-based electrodes

Graphene is a 2D material consisting of a monolayer of sp2-hybridized carbon atoms. Graphene has a
number of unique properties, such as high mechanical strength, large specific surface area (2630 m?/g), high
charge carrier mobility, and others [90]. Despite the enormous potential of graphene as a material for
electrodes in CDI cells, it is relatively rarely used. This is due to the fact that graphene monolayers can
spontaneously agglomerate, which reduces the specific surface area, affects the electrode conductivity and
ion transfer rate [91, 92].
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One way to solve this problem is to introduce other carbon materials into the graphene matrix. For
example, in [53], co-electrospinning of reduced graphene oxide and activated carbon nanofiber was used,
followed by activation at 800 °C. The authors noted that the reduced graphene oxide and activated carbon
nanofiber electrode exhibited SAC of 7.2 mg/g in 400 mg/L saline. The parameters of the specific surface
area and pore size of the electrode made of reduced graphene oxide and activated carbon nanofiber were
621 m?/g and 0.35 cm®/g, respectively. Other solutions of the problem can be the doping of graphene with
pyrgenic SiO, nanoparticles [93], the introduction of conductive polymers [94], or the bonding of graphene
sheets using large functional groups [95]. A side effect of using the above methods is a drop in the stability
of the composite material. It is also worth highlighting the use of crumpled graphene sheets [96, 97]. The
authors of [98] showed that this solution makes it possible to obtain a material with a high specific surface
area of 1568 m?/g and a good SAC of 1.72 mg/g.

Recent advances in the field of graphene-based materials for CDI application are summarized in a
number of recent reviews [99-102].

Non-carbon electrode materials

The main alternative to carbon materials in CDI are faradaic materials. These include primarily
materials for electrodes in Na-ion and Cl-ion batteries, less commonly materials for Li-ion batteries and
conducting polymer materials.

The most utilized materials for CDI are those used in Na-ion batteries. Among them, it is worth
highlighting 1D channel structures based on a-, -, and y-MnO., layered 2D structures based on 3-MnQOa,
transition metal dichalcogenides, carbides, nitrides, MXenes, and 3D structures based on A-MnO.. Notably,
sodium manganese oxide (NaxMnQ;) deserves separate attention due to its ability to form tunnel, layered, or
mixed structures, which is dependent on the quantity of sodium [24].

In 2014, the first cell with a NasMngO1s anode and a porous carbon cathode separated by anion-
exchange membrane was introduced [23]. When cathode was charged by a negative voltage, sodium ions
were embedded in the material and released into the solution upon voltage inversion. The material had an
SAC of 31.2 mg/g, which was much higher than that of a traditional activated carbon electrode at that time.
This work initiated the investigation of a new class of CDI architectures — hybrid CDI.

One-dimensional materials based on manganese oxide allow to obtain a wide range of channel
diameters, which can increase the selectivity of sorption for larger cations such as Ca?* or Mg?*. In [103], the
authors obtained a material characterized by channels of various sizes, which allowed for the simultaneous
accumulation of cations of different radii, such as Na*, K*, and Mg?* (Fig. 3).
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Figure 3. Scheme of available sizes for accumulating ions of various radii in a faradaic material based on MnO;
structure [103].

Layered two-dimensional materials, such as MoS; [104], TiS; [105, 106], V20s [107], MXenes [108],
etc, store ions between their layers. Some of these materials exhibit pseudocapacitive behavior and can store
both cations and anions, while others show battery-like properties and can store only cations. All these
materials have good specific capacitance and SAC, however, they also have a number of drawbacks.
Restacking of interlayers and rapid degradation due to volume changes during intercalation-deintercalation
processes are common issues [109].

Three-dimensional faradaic materials for CDI are mainly represented by NASICON structural type.
Such electrodes are characterized by fantastic SAC values up to 130 mg/g [110, 111], which are unattainable
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for carbon materials. The main problems of NASICONSs are the high selectivity (intercalation of ions other
than sodium is practically impossible) and the significant volume expansion during the operation.

Faradaic materials for CDI are described in detail in a number of recent reviews [24, 64, 112], so we
will not consider them. Briefly, the advantages and disadvantages of the considered types of materials for
electrodes in CDI cells are summarized in Table 7.

Table 7
Advantages and disadvantages of various adsorption materials for CDI process.

Material Advantages Disadvantages
Mesoporous carbons Ej;ics)tc; ?biﬁ‘g; lowest cost, control of pore size Small pore size, high degree of pore bending
Carbon fiber and Low cost, ease of processing, wide Medium SAC, difficult technology to
carbon cloth availability of commercial samples manufacture in the lab

High specific surface area, control of pore

Carbon aerogels size distribution

High costs

High tendency to aggregate (drop in specific

Carbon nanotubes and |High surface area, great electrical surface area), need for hydrophobic binder, low

nanofibers conductivity, high cycling stability SAC

Graphene High surface area, great electrical Extreme tendency to aggregation (drop in specific
P conductivity surface area, SAC, etc)

Metal_—carbon High specific capa_10|tance, wettability and Complicated production process and high cost

materials good electrochemical performance

Complicated production process and high cost
Faradaic materials Very high specific capacitance and SAC Insufficient cyclic stability, high selectivity,
significant volumetric expansion of the material

To sum up, there are following trends in the development of carbon materials for CDI: currently, the
best results are achieved with classical mesoporous carbons, although the average specific adsorption
capacity (SAC) of 25 mg/g for this type of material is still relatively low. Recently, materials with various
modifications have been actively studied, including N and B doping, development of composite materials
that include both classical carbon and nanoscale materials, and the active exploration of possibilities for
transitioning from classical binders (such as PVDF) to more hydrophobic ones. However, there are also
harmful trends: when multiple modifications are introduced in pursuit of improving one characteristic,
authors often lose ground in others. Therefore, we would like to emphasize the need for a rational approach
in the design and development of new materials [113].

The use of faradaic materials as electrodes for CDI seems to be more promising in terms of seawater
desalination. Such materials currently allow the desalination of much more concentrated solutions in
comparison with classical carbon materials. Nevertheless, this direction has its own peculiarities, among
which it is necessary to highlight the extremely high selectivity for the removal of Na* and CI" ions, which
does not allow most materials to be used for water purification from heavy metals and associated ions. The
second feature is the presence of a small amount of faradaic materials suitable for capturing Cl- anions. In
fact, currently there are only 3 materials for Cl- storage in CDI systems: these are MXenes [108], BiOCI
[114] and Ag [115]. Adapting other materials used in batteries for Cl- storage seems to be a promising task.
The third feature is that due to the specificity of materials and processes involved, symmetric CDI cells
cannot always be created. This leads to the fact that different amounts of electrons may be required to
remove ions of opposite charge [114], which means that without additional optimization and synchronization
of the processes occurring at the electrodes, such CDI cells will have a reduced desalination efficiency.
However, most current research ignores the issue of cell balancing, both in the case of Faraday and carbon
electrode materials, focusing solely on the efficiency of the finished system. We highly recommend
performing individual ion capture studies for each electrode and optimizing finished cells.

A separate problem is the degradation of electrode materials during operation. And if for faradaic
materials this problem is associated with a change in volume during operation and is universal for CDI and
batteries, then for carbon materials this problem is unique and does not manifest itself in other applications.
We will discuss this issue in details in the next section.
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Degradation of electrodes

The most common process of electrode degradation is the process of anodic oxidation, when oxygen-
containing functional groups are formed on the surface of the electrode. The reactions describing this process
are presented below [64]:

C+H0>C=0+2H"+2¢e

C+H:0>C-OH+H +e

C+2H,0 > COy+4 H* + 4, E° = 0.21 V/SHE

First, the formation of functional groups disrupts the uniform distribution of potential both on the
electrode surfaces and between them, leading to faster cell wear. Second, the formation of new groups
reduces the available surface area and pore volume. Finally, this undesirable surface modification leads to an
“inversion effect”, which is characterized by the displacement of anions from the surface of the charged cell,
resulting in a decrease in efficiency [25, 116]. The authors of [117] observed this phenomenon during
cycling of a symmetric cell in the +1.2/0 VV mode, which led to a decrease in the SAC index from 7.3 to 0.5
mg/g over 70 cycles. Transitioning from a symmetric to an asymmetric cell and optimizing the operating
mode (+0.8/-0.4 V) increased cyclability to over 120 cycles without loss of effectiveness while maintaining
SAC of 6.3 mg/g. In [118] it is shown that activated carbon tissue undergoes oxidation in Na;SOs or
KH2PO4/KOH buffer solutions at potentials ranging from -1.5 to 5.0 V. The Table 7 summarizes XPS data,
BET surface area determinations, and pH at the point of zero charge for samples subjected to various
conditions. It can be seen that the available surface area decreases with increasing applied potential and
simultaneous changes in the C and O contents in favor of the formation of oxygen-containing groups on the
surface (Table 8). The shift in pH at point of zero charge (pHezc) from 7.40 to 3.21 also indicates an increase
in surface acidity. Based on the research results, the authors propose an optimal range of potentials from -1.5
V to +0.8 V, which is significantly lower than the classical potential values on the cell in the sorption mode
(+1.2-1.6 V).

Table 8
Surface textural properties of pristine and polarization treated ACC samples [118].

Sample SgeT, M?/g Viot, CM3/g C H 0 pHpzc
ACC 1596 0.697 85.9 1.13 13.0 7.40
ACC + 0.5 1549 0.671 85.1 1.12 13.8 6.83
ACC +0.8 1541 0.655 81.4 1.15 17.4 6.34
ACC + 1.5 1488 0.652 76.8 1.45 21.8 3.95
ACC +5.0 1300 0.559 68.3 0.98 30.8 3.21
ACC-1.5 1518 0.662 84.4 1.14 13.3 7.32

The second undesirable process is cathodic reduction, characterized by the following reactions:

0, + 2 H" + 2e> H,0;, E° = 0.69 V/SHE

H,0, + 2 H" + 2e> 2 H,0, E® = 1.78 V/SHE

O, + 4 H* + 4> 2 H,0, E° = 1.23 V/SHE

It can be seen that the main process here is a two-electron transfer with the formation of hydrogen
peroxide, which is a strong oxidizing agent. The formation of H,O; in the system further exacerbates the
anodic oxidation process. There are several options for solving this problem: modification of the surface of a
carbon material [119, 120], the use of membrane technologies [121], which prevent the access of oxygen to
the electrode, or the transition to inversion CDI [26]. However, these solutions have their drawbacks: for
example, the use of ion-selective membranes and modification of electrodes significantly increase the cost of
the device, and iCDI devices cannot compete with classical systems yet.

Regarding non-carbon materials, they are not subjected to oxidation processes during device operation,
however, they have their own issues related to the wvolume change during ion
intercalation/deintercalation [24].

Commercial prototypes

Large-scale commercial applications of CDI cells are rarely discussed in major reviews, indicating that
the technology is still in its early stages. Nevertheless, the number of patents with the C02F1/4691 code
(treatment of water, waste water, or sewage by electrochemical methods; by electrochemical separation, e.g.
by electro-osmosis, electrodialysis, electrophoresis; capacitive deionization) has been growing exponentially
in the past 25 years (Fig. 4). The leader in the field is China with approximately 40 % of published patents,
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followed by South Korea and the US, each with about 19 %. Approximately 9 % of the patents belong to
European countries and WIPO, while the remaining countries account for less than 5% of the
patents (Fig. 4). These data collectively indicate the potential of the technology and the interest of the global
community in its development.
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Figure 4. The number of published patents with CO2F1/4691 classifier since 1997 till 2022 (left) and the ratio of
country codes in these patents (right). CN — China, EU — European countries, WO — WIPO, JP — Japan, US —
United States, KR — South Korea, etc. — other countries.

Interestingly, that among the data we analyzed, patents with flow-by cell geometry are rare, in contrast
to scientific articles, where such a geometry is used almost universally. As we pointed out at the beginning of
the review, the flow-through geometry does not require optimization of the dimensions of the fluid flow
channel and separator, which, apparently, simplifies the scaling of the system.

Figure 5. Calculated fluid flow vectors in the square (left) and hexagonal (right) CDI cells [122].

Most of the patents concerning the assembly of the CDI system describe conventional cells [123-125]
or MCDI cells [126-128], in recent years FCDI cells [129-131] have also been represented. We have not
found any patents for systems with asymmetric electrode geometry. In addition to systems that include only a
CDI cell, various combinations of purification systems are also described: ED-CDI [132, 133], FO-
CDI [134], RO-CDI [128, 135], PVD-CDI [136], etc.

A lot of patents do not provide any information about any tests of described systems, which makes it
difficult to analyze and evaluate the data provided. Nevertheless, we have tried to select a number of works
that are interesting from our point of view, concerning configurations and assembly of prototypes. In
particular, patent [123] describes the procedure for assembling a conventional CDI cell with an optimized
desalination efficiency of 93 %. Liquid inlet is carried out along the plane of the electrodes, outlet from the
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center, perpendicular to the plane. We did not find such a cell geometry in scientific articles, but it is not rare
in patents [127, 137]. The work [122] describes the optimization of the shape of the flow chamber of the cell,
it is shown that the hexagonal shape makes it possible to achieve a much more uniform liquid flow, which
increases the purification efficiency (Fig. 5).

CEN(ROL R W)
o
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Figure 6. Schematic of a cylindrical CDI module with a winding of a six-layer MCDI [127].

Multilayer cylindrical modules [127] represent another intriguing solution. For this, a six-layer flexible
MCDI with two separators (Fig. 6) is assembled, which is wound around the hollow central axis of a
cylindrical container. The scheme of fluid flow through the module is shown in Figure 7. Variation of the
number of layers makes it easy to control the capacity of the module, the winding process is widely used
technologically and does not require the development of additional systems. The procedure for fabricating
flexible electrodes for MCDI is described in a patent [129].

Another solution we did not find in the scientific articles is to increase the working area of the
electrodes by corrugation [137]. However, this solution seems inefficient, since it entails an increase in the
thickness of one module, which leads to an increase in the cost of a full-size installation. FCDI patents
mainly describe the general principles for creating such systems, the most interesting prototype is described
in [131] with a desalination efficiency of 75 %.

A semi-industrial CDI system available on the international market is the CapDI system manufactured
by Voltea [125, 138-140]. System modules are an assembly of several square MCDI cells. Liquid inlet is
carried out through 2 holes on opposite square edges, outlet is manufactured through the central hole. The
average voltage on the cell is 1 V, the efficiency of desalination is 25-90 %, depending on the characteristics
of the source water.

Summary and outlook

Currently, CDI technology is one of the most energy-efficient and cost-effective technologies for
desalinating brackish and, in near future, seawater, which makes it extremely attractive for researchers
around the world. Ideal materials that can be used as electrodes in CDI systems are various carbon materials
similar to those used in supercapacitors. Their comprehensive research has been actively carried out for
several decades, and to date there is a huge number of options for various carbon materials suitable for use in
CDI systems. The use of well-studied faradaic materials has allowed for further increases in SAC and has
shown potential for desalination not only of brackish water but also seawater.

The main methods for improving the characteristics of both carbon and faradaic materials are the
methods of modification of bulk material or its surface. However, there are not many studies devoted to the
purification of not ideal solutions based on NaCl, but real samples or at least model systems consisting of
various ions. This is especially true for works dedicated to faradaic electrodes that have high selectivity for

Cepus «Duanka». Ne 3(111)/2023 27



A. Zakharov, A. Tukesheva et al

Na* ions. Also, many researchers in the pursuit of improving one characteristic lose in a number of others,
which indicates the insufficient use of rational approaches to design and obtaining new materials for
electrodes in CDI cells. In addition, it should be noted that there are only a few works devoted to optimizing
cell geometries, studying processes occurring in the pre-electrode space, and mechanisms underlying ion
sorption/intercalation. Such neglect of fundamental research leads to the underestimation of key indicators of
CDI systems, as researchers often conduct tests of unoptimized systems. In articles devoted to the study of
hybrid cells based on faradaic and carbon materials, the absence of balancing the cathode and anode is often
encountered, although the processes occurring on them are fundamentally different. We urge researchers to
conduct their work more carefully and take these aspects into account. We would also like to draw the
attention of researchers to the lack of unified protocols for testing CDI cells, the use of different SAC
designations and different units for measuring the concentrations of starting salt solutions, which makes it
difficult to evaluate and analyze published works.

Commercial use of CDI cells is currently in its early stages. However, there is a certain interest in this
direction: the number of patents related to this technology is steadily increasing and in recent years it has
been around 200 works per year. In recent years, works [141, 142] have been published on the techno-
economic analysis of CDI technology compared to alternative water purification methods, which have shown
that there are several challenges on the path to successful commercialization of the technology. The main
challenge is electrode degradation caused by anodic oxidation in the case of carbon materials and volume
changes during cycling in the case of faradaic materials. To a large extent, this problem can be solved by ion
exchange membranes, but this leads to a complication of the system and an increase in its cost. Solving these
problems at a fundamental level will make it possible to significantly increase cell cycling, reduce
depreciation costs and move CDI technology to a fundamentally new level.
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A. 3axap0B1, A. TYKGIHeBal’Z, Caiien ®axan bun Xak®, JxoH CIDeppapHc3, A. 3axuos®,
T. Taxubaesa?, T. bazap6aesa?, B. IlaBnenko?"

CyJanbl epitinaijiepai cbIHBIMABLIBIKTHI HOHCBI3AAHABIPY
TEXHOJIOTUSICHIHBIH Ka3ipri KaraibIHA 0y

Taza cynpiH komketimaimiri XXI racelparsl 0acTbl TEXHOJOTHSIIBIK, QJICYMETTIK KOHE 3KOHOMHKAIIBIK
MiHIeTTep i Oipi. JlyHue Ky3iHIe *Kep acThl CyJapblH OHIIPYIIH apTybl TY3/bI CYABIH OYJIAKTap MCH CYIIbI
TOPHU30HTTapFa OIpTIHACN eHyiHe oKeNeaAi. Byl cyapl @HEpKICil MeH aybul MIapyambUIbIFBIHAA TEXHUKAIBIK
Cy peTiHze HeMece aybl3 Cy PeTiH/e MaiilaaHy YIIiH ajJJbIMEeH OHbI Ta3apThIN, MUHEPAICHI3AAHBIPY KaXKeT.
Ocputaiimma, TY3JbUIBIFBI SPTYPIL CyJIApbl, SJICI3 TY3ABIIAH TeHI3Te NeHiH TY3CBHI3AaHABIPY omicTepi OipiHmI
OpbIHFa LIbIFaabl. JKyprizinin xaTKaH 3epTTeyJIepIiH Kbl MaKCaThl TY3ChI3NaHIBIPY TEXHOIOTHSIAPBIH,
SFHA OSHEprHsHBl THIMAIpeK >koHe YHemal ery. Ocwl Tamanrapra ayanm O€peTiH IepCIeKTHBTI
TEXHOJIOTHSUIApABIH Oipi — CyIbl CHIMBIMABLIBIKIICH JeroHu3amysuiay. by texnomorus 30 kpuimaH acram
yakpIT OOMBI KEHiHeH TaHbIMay, OipaK COHFBI JKBUIAAPBl FaHA CYABI CHIMBIMIBUIBIKIICH JEHOHU3ALUsIIAY
OOMBIHIIIA 3ePTTEYNIEpAC alTapJbIKTall MPOrpecke KOJ KETKi3iimi. Byn mronmyna cyabl ChIABIMIBLIBIKICH
JEMOHM3AISIIAY YIIiH Ka3ipri yaKpITTa 93ipJIeHTeH jKacyllla apXUTEKTYPachlH, KOMIPTEKTI MaTeprangapaarsl
JKETICTIKTEp KapacTBIPBUIFAH JKOHE OCBHI TEXHOJIOTHMSHBI KOMMEpPLHSUIAHABIPYABIH TMEPCHEKTHBATIApbl MEH
KHUBIH/IBIKTaPbl TAJIKbLIAHFaH.

Kinm ce30ep: CCJl, CBHIMBIMIOBUIBIK JEHOHU3AIMACH, KOMIPTEKTI MaTepHajimap, KEyeKTi KeMIpTeKTep,
KOMIpPTEKTi 3JeKTpoATap, hapaacii IeKTpoaTaphl.

A. 3axapos, A. Tykemesa, Caiieq ®axan bun Xak, J[>xon ®@eppapuc, A. 3axuos,
T. Taxubaesa, T. bazapOaesa, B. [laBnenko

O030p COBPEeMEHHOr0 COCTOSTHUS TEXHOJIOTUH €eMKOCTHO 1eHOHU3AIMU BOTHBIX
pPacTBOpPOB

JlocTynHOCTE  4YUCTOM BOABI SABISIETCS OJHOW M3 KIIOYEBBIX TEXHOJOTMYECKUX, COLMAIbHBIX U
sKoHOMHYecKHX TpobiaeM XXI Beka. YBenmuueHHe NOOBIYM IMOJ3EMHBIX BOJ BO BCEM MHpPE HMPUBOAUT K
INOCTCIIEHHOMY IIPOHUKHOBEHUIO COJICHOM BOAbl B MCTOYHHUKH U BOJHBIC T'OPHU3OHTEI. ﬂﬂﬂ HCII0JIb30BaHHUA
3TOMH BOJbI B KQYECTBEC TEXHUYECKOHN B MPOMBIINIJIEHHOCTH U CEJIbCKOM XO3SMCTBE WJIM B KaUeCTBE MUTHEBOM
BOJBI OHA JOJDKHA OBITH IPEBApHUTENbHO OYMINeHa M obecconeHa. TakuM oOpa3oM, Ha MEpeqHUH IUIaH
BBIXOJISIT METOIBI OTIPECHEHHUS BOJI Pa3HOH COJICHOCTH: OT cIab0CONEHbIX 10 MopckuX. OOmas meib TeKymux
HCCIIeIOBAaHNI COCTOUT B TOM, YTOOBI CHIETATh TEXHOJIOTHH ONPECHEHHs BOJBI OoJiee YHeprod(h(heKTHBHBIMH
n peHtabenbHbIME. ORHON W3 MEPCHEKTHBHBIX TEXHOJIOTHH, OTBEYAIOmEH 3TUM TPEeOOBAHHSAM, SBISIETCS
eMKocTHas aenoHusanus Boas! (EJIB). Ota TexHonmorus mupoko u3BectHa yxe 6omnee 30 sieT, 0THAKO TOJIBKO
B TOCJIEIHUE TO/BI ObUI JOCTUTHYT 3HAYMTEIbHBIN mporpecc B uccienoBanusix EJIB. B stom o630ope Mbl
paccMoTpenu pa3paboTaHHBbIE B HacTosIee BpeMms apxXuUTeKTypsl sueek EJIB, nmoctmxenus B obnactu
YIrII€pOAHBIX MAaTEPHAJIOB, 4 TAKKE IIEPCIICKTHUBLI U l'lp06.]'leMbI KOMMEpIHAIU3aliun 3TOI TEXHOJIOTHUH.

Kniouesvie cnosea: EJIB, eMkocTHast NenOHH3AIWs, YIJICPOIHBIE MaTepHAaNbl, IMOPHUCTHIE YINM, YrOJIbHBIE
3IIEKTPOJIBI, (hapasieeBCKHE IITEKTPOIbI.
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Features of hole transport and density of localized states in CuCr1-xMgxO> and
CuCri.y MgyO2/(MgCr20s)x-y polycrystalline ceramics

Magnesium doped polycrystalline ceramic samples of cooper chromite (1) with 0.6-4.0 at % Mg content have
been synthesized. Phase composition of ceramics has been investigated by X-ray diffraction. Temperature
dependencies of electrical resistivity and Seebeck coefficient have been measured by four probe method and
analyzed in frame of variable range hopping conductivity. The density of localized electronic states and
characteristic energy of its variation near Fermi energy have been estimated. It was obtained that the density
of localized states at Fermi energy increases with an increase of Mg content, while characteristic energy of
variation of localized state density near Fermi energy decreases. Obtained results show that relatively large
values of Seebeck coefficient in Mg doped copper chromite (I) can be understood within variable range
hopping transport of holes with rapidly increasing density toward valence band maximum.

Keywords: p-type semiconductors, thermal conductivity, electrical conductivity, density of localized states.

Introduction

Copper chromite is a p-type semiconductor partially transparent for the visible light [1]. It makes it
promising material for transparent electrodes in optoelectronic devices [2-3]. One of the key issues is its
relatively large resistivity compared to the best known n-type transparent semiconductors as zinc oxide or
indium-tin oxide [3-4]. The resistivity of copper chromite (1) can be reduced by several orders of magnitude
by doping with group Il elements particularly with Mg [5-8]. The mechanism of the hole transport in pure
and Mg doped copper chromite remains the subject of research now. Most often copper chromite (1) is
synthesized in the form of polyctrystalline ceramic or thin films. Polycrystalline ceramic of magnesium
doped copper chromite (1) is usually obtained by heating of the mixture of copper, chromium and magnesium
oxides in oxygen poor atmosphere during few tens of hours [6-8]. Such material exhibits up to several
hundred microvolts per kelvin Seebeck coefficient together with relatively large electrical conductivity at
room temperature [6-7]. Therefore temperature dependencies of resistivity and Seebeck coefficient and their
analysis in frame of different models have been reported in several publications [6-8]. Hole transport in
polycrystalline ceramic of magnesium doped copper chromite (l) is affected by point defects such as oxygen
vacancies, dopant atoms, microstructure and morphology of the material, as well as the presence of
additional phases in doped material. The question whether the band or hopping transport of holes dominates
in copper chromite (1) remains the subject discussions until now.

In the present work we report the results of the measurements and analysis of the temperature
dependencies of electrical resistivity and Seebeck coefficient of polycrystalline copper chromite doped with
magnesium using the procedure of chemical homogenization. Magnesium content was taken below and
above solubility limit. Measured temperature dependencies have been analyzed in frame variable range
hopping transport approach.

Experimental

Polycrystalline Mg doped copper cromite samples were synthesized by solid phase method from a
mixture of CuO, Cr,O3 and MgO. This mixture was obtained by thermolysis of nitrates in liquid phase
solution in NH4NO3. Reaction and details of nitrate thermolysis were presented in [9]. According to X-ray
diffraction data obtained mixtures were amorphous. The mixtures were annealed at 500-600 °C to dissolve
the rest of nitrates. Small traces of CuO were detected by X-ray diffraction after this annealing. Then
mixtures were pressed in tablets and annealed 24 hours at 1080 °C in argon flow for final formation of Mg
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doped copper chromite (I) ceramic material and cooled to room temperature. Composition and density of
obtained samples are shown in Table.

Table
Mg content, density p, an estimated density of hole states at Fermi energy go, and characteristic energy of its
variation JE.
Sample number Mg content, at. % p, g/em?® go, 1026 eVIim?3 OE, eV
1 0.6 2,85 1.2 0,27
2 1,3 3,60 11 0,13
3 4 3,84 212 0,04

Typical XRD pattern of synthesized ceramics are shown in Figure 1. Only delafossite phase was
detected in the samples with Mg content up to 1,3 at. %. For 4 at. % Mg content small fraction of spinel
phase of MgCr.04 was detected. This is consistent with the data of Mg solubility in copper chromite (1)
reported earlier [7-10].
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Figure 1 XRD pattern of the ceramics with different Mg content: 1 — 1,3 at %; 2 —4 at. %

The dependence of lattice parameters on Mg content confirms incorporation of Mg in the delafossite
crystalline lattice. No significant dependence of lattice parameters on the duration of synthesis was observed.
Density of all samples increases with an increase of Mg content and duration of annealing.

Microstructure of synthesized samples was studied by electron microscopy and reported in previous
publication [11]. The larger is the Mg content the better connected look crystallites. Fraction of empty space
decreases with an increase of Mg content in accordance with observed increase of density. For the samples
with 4 at % Mg formation of micrometer size MgCr,0, crystallites is seen in SEM images.

For the measurement of electrical resistivity and Seebeck coefficient samples with rectangular shape
and typical dimensions 2x2x5 mm were prepared. Electrical resistivity was measured by 4-probe method at
constant current. For the measurement of Seebeck coefficient one end sample was connected to heat drain.
Another end of the sample was connected to the heater. The temperature difference between potential
contacts at the sample was measured by thermocouple. The voltage between these potential contacts was
measured by digital multimeter for several values of temperature difference controlled by the power of the
heater. Then the dependence of the voltage on the temperature difference was approximated by linear
function and the value of Seebeck coefficient was obtained from the slope of the dependence.

Results and discussion
Temperature dependencies of Seebeck coefficient are shown in Figure 2. For all investigated materials
Seebeck coefficient increases when temperature rises. Seebeck coefficient decreases with an increase of Mg
content.
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Figure 2 Temperature dependencies of Seebeck coefficient: a) S(T), b) S(T?) for samples with different Mg content: 1
— 0.6 at. %; 2— 1.3 at. %; 3— 4 at. %. Points are experimental data. Solid lines are approximation by proportional
dependence for 4 lowest temperature points.

Temperature dependencies of resistivity are plotted in Figure 3. For all samples resistivity increases
with lowering of temperature. Resistivity decreases by several orders of magnitude with increase of the
magnesium content from 0,6 at % to 4 at %.
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Figure 3. Temperature dependencies of resistivity: a) p(T) and b) In(p(T*4)) for samples with different Mg content: 1
— 0.6 at. %; 2 — 1.3 at. %; 3 — 4 at. %. Points are experimental data. Solid lines are approximation by linear
dependence in the temperature range of 4 lowest temperature points in the temperature dependence of Seebeck

coefficient.

At temperatures below 180-300 K temperature dependencies of resistivity can be approximated by
Motts law for variable range hopping conductivity [12]:

T 1/4
p= poeXpK?Oj J (1)

where Ty is determined by the density of localized states at Fermi energy go and localization length a:
21
T, = o
Kggoa

2)
where kg is the Boltzmann constant.

We use the following expression derived for variable range hopping transport to fit temperature
dependence of Seebeck coefficient [13]:
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localized states, F is the Fermi energy, e is the elementary charge. Temperature dependencies of Seebeck
coefficient were fitted by expression (3) in the temperature range within 4 lowest temperature points.
Temperature dependencies of resistivity were fitted by expression (1) in the same temperature range for each
sample. The characteristic energy of the variation of the density of states near Fermi energy was estimated

from the slopes of fitting lines. Obtained estimates are listed in Table.
To get an estimate of the density of localized states at Fermi energy we estimated localization length

using expression for localization length and ionization energy E. of shallow acceptors:
4 2
me dre, e h
B.=o v 27 % (4)
2(4me,e) h me®

where m is an effective mass of holes, £ is the electric constant, ¢ is the dielectric constant, h is the Planck
constant. We assumed that earlier observed activation energy of conductivity of undoped copper chromite (1)
equal to 0,28 eV is the energy of ionization localized acceptor state [9]. An estimate of localization length

was calculated using expression:

e2

A" (4meye)E,

()

. . . . /3 . .
as an estimation for the dielectric constant we took &= (gf,gl )‘ , where g and ¢ are dielectric constants for

in-plane and along c-axis polarization [14]. Obtained estimation value for a was equal to 0,29 nm. Obtained
results point to a strong localization of holes. Estimated value of localization length is rather small and in
general expressions (4) cannot be used for accurate calculation. The estimated density of states at Fermi
energy calculated for this value of localization length is listed in Table.

As can be seen from table one density of states at Fermi energy increases by more than 2 orders of
magnitude with an increase of Mg content from 0,6 at.% to 4 at. % and by more than 1 order of magnitude
with an increase of Mg content from 1,3 at.% to 4 at. %. This fact points to an effective doping of copper
chromite by Mg in the range of Mg content close to the solubility limit. The characteristic energy of the
variation of the density of states decreases from 0,27 eV to 0,04 eV with an increase of Mg content from
0,6 at. % to 4 at. %. This variation of the density of states at Fermi energy and its derivative can take place
because of the creation of localized acceptor states in the bandgap due to substitution of Cr by Mg and shift
of the Fermi energy towards the valence band. The reduction of the characteristic energy of the variation of
the density of states near Fermi energy with an enhancement of Mg content could point to the significant
contribution of magnetic frustration to the energy fluctuations of localized electronic states. Substitution of
Cr by Mg suppresses these frustrations [8, 10]. This suppression could make energy distribution of localized
states narrower.

Conclusions

Temperature dependencies of electrical resistivity and Seebeck coefficient were measured in Mg doped
polycrystalline copper chromite (1) and analyzed in frame of variable range hopping of holes. The estimated
density of localized states and the characteristic energy of variation of the density of states near Fermi energy
were calculated. Calculated density of states at Fermi energy increases more than 2 orders of magnitude
while the characteristic energy of variation of the density of states near Fermi energy decreases several times
with and enhancement of Mg content from 0,6 at % to 4 at. %. The obtained results can be explained by
creation of localized acceptor states in the band gap and suppression of magnetic frustration due to
substitution of Cr by Mg in the crystalline lattice.
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B.I'. Kyrtun, E.E. Kynpusnos, A. Anpenesa, B.A. Kyns6auunckuii, .E. Kopcaxos,
T.}O. Kucenena, XX.T. Ucmamion

CuCri1xMgxO2 xane CuCri1.yMgyO2/(MgCr204)x.y MOJMKPHCTAIABI
KepPaMHKAJAaFbl KEMTIKTEPAiH TachbIMAIAHYJIaAPbIHBIH JKIHE
JOKATN3ANMSIAHFAH KYHJIePaiH ThIFbI3IBIKTAPLIHBIH epeKIeTiKTepi

Tommkpucranasik xepamukansk Mg memmepi 0,6-4,0 at. % Ter Kocnananrad Meic (I) xpomuTiHig yiarinepi
cunTe3nenai. KepamukansH (azanslk Kypambl peHTTeHIIK (a3anblK Talngay apKbUIBl 3epTTeni. DIEKTp
KeZepriCiHiH koHe 3eeOek K03 OUIIMEHTIHIH TeMIIepaTypara TOYESIIUTIKTEepl TOPT 30HATHI SAICIICH OIIICHIL
’KSHE aybICHaJbl CEKipy OTKI3TIIITIr TYpFBICBIHAH TaigaHabl. JIokanu3anysiaHFaH NMEeKTPOHIBIK KYyHIepain
TBIFBI3JBIFEl JKOHE OHBIH DepMy DHEPTUSICHIHBIH JKAHBIHIAFBl ©3TEPYiHIH CHUMATTaMalblK YHEPrHsCHI
Garananran. OepMH YHEPTUACHIHBIH KAaHBIHIA OpPHAJIACKAH JIOKAIU3AlUUsUIAaHFaH KYWIEP/iH THIFBI3ABIFE Mg
MeJIILIePiHiH JKOFapblIaybIMEH JKOFApbLUIANTHIHBGI, an DepMu SHepPTUsIChIHBIH )KaHBIHAAFbI JTIOKAIN3alMIIaHFaH
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KYWIEpIIH THIFBI3ABIFBIHBIH ©3TepyiHiH CHIOATTaMajblK JHEPTUsIChl TOMEHACHTIHI aHBIKTANIbL. AJIBIHFAH
HoTkenep Mg kocrananrad Meic (I) xpomutinzeri 3eebex k03 GUITMEHTIHIH CANBICTBIPMANbI TYPAE YIKeH
MOHJIEpiH BAJICHTTIK JWANa30HHBIH MAaKCHMyMbIHA Kapail THIFBI3ABIFBI TE3 ©CETIH KEMTIKTEPIiH aybICHabl
JIMaTa30HIa CEKipill TachIMalaHybIMEH TYCIHAIpyTe OOJIATBIHBIH KOPCETEe .

Kinm ce30ep: p-THNTI >kapThUIall OTKI3TiIITEp, JKBUTYOTKI3TIIITIK, JEKTPOTKI3TIIITIK, JOKAIH3aMMsIIaHFaH
KYWJIEPIiH THIFBI3/IBIFEL.

B.I'. Kytun, E.E. Kynpusinos, A. Anpenepa, B.A. Kyns6aunnckuii, 1.E. Kopcakos,
T.}YO. Kucenesna, JK.T. Ucmaniio

OC00EeHHOCTH TPAHCIIOPTA ABIPOK M IIOTHOCTH JIOKAJIH30BAHHBIX COCTOSIHHIA B
CuCr1xMgxO2 u B mostukpucraiindeckoii kepamuke CuCriyMgyO2/(MgCra0a4)x.y

CHHTE3UpOBaHBI JISTUPOBAHHBIE MarHHEM ITOJHKPHCTAIIMIECKHE KepaMuieckrne o0pa3nel xpomuta Menu (1)
¢ coxepxkanumeM Mg 0,6-4,0 ar. %. MeromoM peHTreHO(a30BOTO aHAIM3a HMCCICAOBaH (a30BbI COCTaB
KepaMHKH. TemrepaTypHble 3aBUCHMOCTH YIEIBHOTO SJIEKTPHYECKOTO CONPOTHBICHUS M K03 dHIMEHTa
3ecOeka U3MEPEHBI YETHIPEX30HA0OBBIM METOJOM M NPOAHAIU3UPOBAHbI B PAMKAX IEPEMEHHOH MPBDKKOBOH
npoBOAUMOCTH. OLICHEHBI INIOTHOCTD JIOKAIM30BaHHBIX 3JICKTPOHHBIX COCTOSHMIT U XapakTepHasi SHEprHs e
U3MeHeHUs BOmM3M sHeprud Pepmu. IlonydeHo, YTO IUIOTHOCTH JIOKAJM30BaHHBIX COCTOSIHHN BOJNH3M
sHeprun Pepmu yBeIMUMBAeTCS C IMOBBINIEHHEM coaepxaHus MQ, a XapakTepHas JHEpIrUs M3MEHEHHUs
IUIOTHOCTH JIOKQJIM30BaHHBIX COCTOSIHMH BOiM3M 3Heprun depmu ymeHpmraercs. [lomydeHHBIE pe3ysbTaThl
MOKa3bIBAIOT, YTO OTHOCHTEJHbHO Ooibline 3HadeHWs kodd¢umueHnra 3eebexka B xpomure mexu (1),
JIETHPOBaHHOM Mg, MOXXHO OOBSICHHTH NPBDKKOBBIM IHEPEHOCOM IBIPOK C IIEPEMEHHBIM IHANa30HOM C
OBICTPO YBEIMYUBAIOLIEHCS INIOTHOCTHIO K MAKCHMYMY BaJICHTHOH 30HBL

Kniouesvie crosa: TOMYNMPOBOAHUKHM P-THIA, TEIUIONPOBOAHOCT, 3JIEKTPOIPOBOIHOCTD, IDIOTHOCTD
JIOKAJIM30BAHHBIX COCTOSHUI.
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Structure and tribological properties of detonation coatings
based on Cr;C,-NiCr after pulse-plasmaine treatment

Cr3C,-NiCr metal-ceramic coatings have found wide application in the protection of machine parts and
equipment operating under extreme conditions. In this study, CrsC,-NiCr based detonation coatings which
have been subjected to pulse-plasma treatment were studied. The study showed that IPO reduced the surface
roughness by 48 %, reduced the coating friction coefficient by about 2 times, increased the hardness of the
coatings from the original 12 GPa to 16.2 GPa and improved their wear resistance by 2 times compared to
untreated coatings. Pulse-plasma treatment provides qualitative formation of coatings from metal-ceramic
material of Cr;C,-NiCr system with complex heterogeneous structure-phase state, where the layered structure
of areas of carbide particles and matrix metal in immediate proximity from “carbide-matrix” border with
selections in matrix of dispersed secondary carbides is revealed.

Keywords: ceramic metal coatings, detonation spraying, pulse-plasma treatment, coating modification,
hardness, wear resistance.

Introduction

Metalloceramic chromium carbide-nickel-chromium alloys are used as acid-resistant materials in the
chemical industry and for the manufacture of wear-resistant parts. They compete in this respect with WC-Ni-
Cr and TiC- Ni(Co)-Cr alloys. Due to the high melting point, hardness and chemical resistance the highest
Cr3C, chromium carbide is used as a component of cladding alloys, as well as alloys used for manufacturing
nozzles, stamps, high-temperature bearings, press molds for pressing brass profiles, sandblaster tips, inserts
in large-sized matrices for pipe broaching [1-4].

Cr3C,-NiCr based coatings are used for corrosion and wear protection of component surfaces working
at high temperatures and in aggressive environments [5], which is provided by the possibility to bind a solid
phase of Cr;C, carbide with a NiCr matrix and create a high density coating material [6]. Various spraying
technologies are used for coating deposition: atmospheric plasma spraying (APS), high-velocity oxy-fuel
spraying, air-fuel spraying (HVOF, HVAF) and detonation spraying.

In the process of coating materials made of CrzC,-NiCr powder by HVOF and HVAF methods, a
change in the chemical composition of the material is observed due to a decrease in the carbide content in the
coating due to elastic rebound [7] and also due to oxidation [8, 9] caused by the presence of oxygen and
superheated water vapor in the combustion products [9, 10].

The coating materials obtained by detonation spraying are characterized by increased hardness and wear
resistance compared to HVOF and atmospheric plasma spraying [11-13]. Detonation spraying does not cause
a large change in the chemical composition of the material and it is possible to regulate the chemical
composition of the coating by changing the technological regimes [14, 15].

The specifics of gas-thermal spraying methods of ceramic-metal materials on a carbide base is that
under the influence of high temperature (several thousand degrees) and oxidizing atmosphere of gaseous
combustion products of a combustible mixture the depletion of higher carbides to lower carbides, oxidation
of carbide particles, as well as migration of products of carbide particles dissociation into the metal matrix
takes place [16, 17]. Since the highest carbide Cr;C, has the highest performance characteristics, the
processes of significant decarbonization of carbide particles are undesirable.

Further improvement of the qualitative characteristics of carbide-based metal-ceramic coatings is
possible by external high-energy impact [18, 19]. The most effective technology is a complex pulse-plasma
treatment, including surface modification by: magnetic field, electric current (flow of charged elementary
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particles), high gradient thermal stream (plasma), containing metallic and nonmetallic alloying elements
[20].

Pulse-plasma treatment (PPT) provides a rapid heating (heating time 10° — 10 s) of a surface layer
followed by its intense cooling by heat removal into the volume of a product. High speed (up to 107 K/s) of
melting and crystallization of surface layers contribute to formation of nanodisperse crystal structure and
high density of dislocations. Impulse heat influence, elastoplastic deformation of processed material structure
in combination with electromagnetic influence are carried out. Due to pulse current (up to 10 kA/cm?)
flowing through the surface layers of the coating, physical and chemical processes as well as heat and mass
transfer are intensified.

The purpose of this work is to study the possibility of increasing the complex of physical and
mechanical properties of the coating material made of Cr;C,-NiCr powder with the use of modern methods
of cumulative-detonation coating deposition and subsequent pulse-plasma treatment.

Materials and methods of research.

Powder of Cr3C2-NiCr (75/25) (H.C. Starck: AMPERIT® 584.054) with a dispersion of 10-45 um was
used as the spraying material. The coatings were applied to 12Cr1MF steel samples by detonation
spraying (DS) on a multichamber detonation apparatus [21]. To create high parameters (pressure, velocity)
of the combustion products, a multichamber device design was used in which the detonation combustion
regime of the gas mixture in specially profiled chambers and the subsequent accumulation of combustion
energy from these chambers in a cylindrical bore are implemented [21]. The device provides formation of a
jet of combustion products to accelerate and heat the sprayed powder and to apply high-quality metal and
ceramic coatings [21, 24].

Figure 1 shows a general view of a multichamber detonation device [21, 24], which was developed at
the E.O. Paton Institute of Electric Welding, National Academy of Sciences of Ukraine. The device has three
chambers: 1 — prechamber for initiation of the detonation process; 2 — the main cylindrical chamber, where
the detonation mode of combustion occurs; 3 — an annular hemispherical chamber with a slotted exit to the
conoid chamber coaxial with the barrel. The powder dosage is accelerated and heated in the cylindrical
barrel 4. The powder is metered and fed through an annular slot 5. Detonation is initiated by a spark plug 6.
The pressure and velocity of the combustion products are measured by pressure sensors 7 and 8 mounted at
the ends of the barrel. In the hemispherical chamber, the detonation mode in the corner concentrators is
implemented, which significantly increases the rate and completeness of combustion of the combustible
mixture components. The combustion products from the chambers are accumulated and provide them with
high pressure and temperature. In the final result, this is realized in high velocity and sufficiently high
temperature, providing the possibility of spraying ceramic coatings [25].

Figure 1. Scheme of the detonation apparatus. 1 — prechamber; 2 — cylindrical chamber; 3 — annular hemispherical
chamber; 4 — barrel; 5 — annular slot; 6 — spark plug for initiation of detonation; 7, 8 — pressure sensors.

The design features of the multichamber detonation device provide the possibility of detonation
combustion of poor combustible mixtures, which reduces the temperature of the combustion products, almost
without reducing their velocity. For acceleration and heating, a dose of powder is fed into the barrel. The
internal diameter of the barrel is 16/18 mm and its length is 300/500 mm, depending on the material
properties of the sprayed powder. As a result of collapse of combustion products in front of the nozzle barrel
from the annular hemispherical and cylindrical chambers, the pressure (up to 40 atm.) and their density
increase significantly, which ensures effective acceleration and heating of the powder dose fed through the
annular slot of a special gas dynamic dosing and pulse delivery unit of a compact dose of gas-powder
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mixture. The detonation regime of combustion of the combustible mixture is initiated by an automotive spark
plug.

The detonation repetition frequency is 20 Hz or higher. The supply of gases and powder to the
detonation device is carried out continuously, from a standard powder feeder. Powder flow rate is 0.9
kg/hour and higher. Dosing of gases and powder and their release into the device is carried out by gas
dynamic devices at the expense of the energy of combustion products. The flow rate of combustible mixture
components of this device is shown in Table 1.

Table 1
Consumption of combustible mixture components of the detonation apparatus
The components of the mixture: Flow rate, m*/hour

0O, 2.92

Chamber 1 Air 1.33
CsHg 0.66

0O, 2.93

Chamber 2 Air 1.43
CsHg 0.66

Transporting gas: 0.9

To modify the resulting detonation coating on the surface of the product, a pulsed plasma
technology (PPT) was used. Pulsed plasma generation was carried out at the “Impulse-6 unit developed at
the Institute of Electric Welding named after E.O. Paton of the National Academy of Sciences of Ukraine
[21]. Paton Institute of Electric Welding of NAS of Ukraine [22]. The peculiarity of the technology is the
possibility to commutate electric current up to 15 kA by ionized gas region behind the detonation wave front
[23].

The pulsed electric current releases thermal energy on the weakened areas of the coating material that
have an increased resistivity. It heats them, up to melting, activates diffusion processes and, eventually,
“heals” defects (microcracks, pores), increasing the adhesion and cohesion characteristics [26, 27].

Pulse-plasma generator (Fig. 2) consists of a detonation chamber — 1, where the initiation of
combustion of combustible gas mixture (CsHsg, O, air) and coaxial electrodes — 2, 3. If it is necessary to
introduce dopant elements into plasma in the form of vapor phase, erodible electrode — 4 is used. When
electric current flows behind the detonation wave — 5 in the interelectrode gap, joule heat is released,
thereby increasing the electromagnetic and gas dynamic components of the force, which accelerates the
plasma flowing on the surface on the products -6. The energy characteristics of plasma jets at the outlet of
the pulse-plasma device depend on the geometry of the coaxial electrodes and the electric field strength in
the interelectrode gap.

Figure2. Schematic diagram of the pulse-plasma device. 1 — detonation chamber; 2,3 — coaxial electrodes; 4 —
eroding electrode; 5 — interelectrode gap; 6 — product; H — distance to product surface.
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The parameters of the pulse-plasma treatment are shown in Table 2.

Table 2
Consumption of combustible mixture components of the detonation device

Parameter Value
Capacitor battery voltage (V) 3200
Capacitor bank capacity (uF) 960
Discharge circuit inductance (LH) 30
Plasma pulse frequency (Hz) 1.2
Displacement speed (mm/s) 5
Distance to surface (mm) 50

At electric field strength between the electrodes 3.5%10° V/m the plasma velocity at the exit from the
plasma torch reaches 4 km/s, and the temperature is 12000 K. At the moment of interaction of the plasma
pulse with the surface of the product — 6 an area of shock-compressed plasma layer is formed in the contact
zone.

The electric circuit between the electrode being eroded and the item is closed. The current density
reaches 10 kA/cm?. As a result, the surface is subjected to multiple pulses of electric current, magnetic field
and plasma heat. Heat flux power density is 10*-10° W/cm?. It is possible to generate pulsed plasma with a
frequency of 1-4 Hz and energy up to 7 kJ.

The phase composition of DS and DS/PPT coatings was studied using X-ray diffractometer X'PertPRO
with Cu-Ka radiation (A = 2.2897 A), voltage 40 kV and current 30 mA. The diffractograms were interpreted
using HighScore software, and measurements were made in the 26 range equal to 20°-90° with a step of 0.02
and a counting time of 0.5 s/step. The surface morphology was investigated by scanning electron
microscopy (SEM) using backscattered electrons (BSE) on a JSM-6390LV scanning electron microscope.
Micrographs of the coating surface were obtained using an Altami MET 5S metallographic microscope. The
surface roughness of the coatings Ra was evaluated using a profilometer model 130. Microhardness of cross-
section of samples was measured according to GOST 9450-76 (ASTM E384-11) on Metolab 502 microtest
meter at loads on indenter P=1 N and exposure time 10 s.

Tribological tests for sliding friction were performed on a TRB® Anton PaarSrl tribometer, using the
standard “ball-on-disk” technique (international standards ASTM G 133-95 and ASTM G99), where a ball
6.0 mm in diameter, SiC coated steel, with a load of 6 N and a linear speed of 15 cm/s, a curvature radius of
5 mm, a friction path of 1200 m was used as a counterbody.

Results and discussion.

Figure 3 shows the results of measuring the surface roughness of the Cr;C,-NiCrbased coating material,
according to which it was found that the surface has a non-uniform structure with the presence of pores. The
Ra value, which is the arithmetic mean deviation of the profile, was chosen as the main parameter for
assessing the surface roughness of the coatings. The roughness parameter of the coatings obtained before the
PPT has a value of Ra = 11.2 (Fig. 3a), and after the PPT has a value of Ra = 5.31 (Fig. 3b). The twofold
decrease in the roughness parameter is caused by pulse plasma melting of the protruding fragments and pores
of the coating roughness, which contributed to a decrease in the surface roughness value by ~ 48 % as
compared to the coating roughness parameters before PPT.
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Figure 3. Micrograph of topography and surface roughness of Cr;C, coatings before (a) and after the PPT

Figure 4 shows the diffractograms of the coating surface before and after the pulsed plasma
treatment (PPT). The following phase components were detected in the coatings before the pulse-plasma
treatment: Ni-Cr-Fe, Cr;C,, Ni-Cr-Fe/ Cr;C; and Cr;C; phases (Fig. 4a). Cr,0; chromium oxide phases were
found on the surface after PPT (Fig. 4b). Thus, after an PPT on the diffractogram it is observed growth of
intensity of peaks of chrome carbide CrsC,, (Fig. 4b), the reason for which is short-term activization of a
surface of a covering from behind a pulse plasma where the plasma containing active carbon and oxygen
causes course of two mutually exclusive chemically thermal processes of oxidation and carburization. The
combination of solid phases of chromium oxide and carbide in the hardened metal matrix significantly
increases the durability of the resulting material in conditions of abrasive wear.

1001

a =< e — (Cn0;
* —CrC2
¢ —CnCs
50 4 ¢
m — Ni-Cr-Fe
El
£,
E b T i ] T T T T 1
@ 200- °
g :
£

1504

100

50

20, degree (Cu,Ka)

Figure 4. Surface diffractograms of Cr;C,-NiCr coating material before (a) and after (b) pulse plasma treatment
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Figure 5 shows SEM images of the cross section of the coating material before (Fig. 5a) and after the
pulse-plasma treatment (Fig. 5b). According to the image obtained with SEM before the pulse-plasma
treatment (Fig. 5a), one can observe the porous structure characteristic of detonation spraying with large
open defects of medium size localized closer to the surface layer of the coating. After pulse-plasma treatment
in a subsurface layer of the coating pores are reduced to the minimum indicators, see Fig. 5b., which is
associated with melting of the boundaries of large defects, as well as melting by pulse plasma of the
protruding fragments and pores of coating that is caused by subsequent “healing” of defects during the
passage of pulses of electric current.

Figure 5. SEM image of the coating material before (a) and after PPT (b).

Figure 6 shows the plots of microhardness distribution by coating thickness before and after pulse-
plasma treatment. The graph of dependence of microhardness on thickness of the Crs;C,-NiCr coating
material (Fig. 6) shows non-uniform distribution of hardness: the coating material near the transition layer to
the part base has a lower value of microhardness in contrast to the near-surface layers. The microhardness of
the coating material deposited after the PPT (Fig. 6b) is rather higher than before the pulsed plasma

treatment (Fig. 6a).
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Figure 6. Graph of the depth hardness distribution of Cr;C,-NiCr coatings before (a) and after the PPT (b)

One of the main properties responsible for the durability of products is the tribological parameters,
which in this work were evaluated by the value of the wear volume of coatings before and after the PPT
according to the scheme “ball-on-disk” (Fig. 7a). Profilograms were built using the obtained values of the
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profilometer, and values for calculating the wear volume before and after the PPT were obtained using a
special program. The test results showed that after PPT the coating has increased wear resistance according
to the confirmation of the XRD this is most likely due to the increased proportion of CrsC, carbide phase,
which has a high resistance to wear. According to the study of tribological characteristics of the coating
surface it was found that the pulsed plasma treatment had a significant impact on the friction coefficient of
the coating surface (decreased by 2 times) and wear resistance (increased by 2 times compared with the
values before the PPT).
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Figure 7. Graph of the depth hardness distribution of Cr;C,-NiCr coatings before (a) and after PPT (b)

Conclusion

According to the evaluation and analysis of all obtained results, we can draw the following main
conclusions on the present research work:

- Detonation coating technology and subsequent pulse-plasma processing provide formation of quality
coatings from ceramic-metal powder on the basis of Cr;C,-NiCr with complex heterogeneous structural-
phase state, where the layered structure of carbide particles and matrix metal areas in the immediate vicinity
of the “carbide-matrix” border with allocation of dispersed secondary carbides in the matrix is revealed,;

- Pulse-plasma treatment of coatings provides increase of hardness of matrix without
significant degradation of primary carbide particles and formation of high values of local internal
stresses that is caused by healing of defects, as well as accelerated mass transfer of carbon, oxygen,
increase of carbide particles quantity and creation of chrome oxides in near-surface layer;

- Pulse-plasma treatment contributes to a 48 % decrease in surface roughness value and coating
friction coefficient, an increase in material microhardness of Cr;C,-NiCr coatings from ~12 GPa
(initial) to ~16.2 GPa and a 2-fold increase in wear resistance compared to untreated coating;

Detonation spraying and subsequent pulse-plasma treatment, can be recommended as an
optimal way to protect the surfaces of parts operating in extreme wear conditions.
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b.K. Paxamgunos, JI.H. Kokimxanos, }0.H. Tropun, O.B. Konmucandenko,
O.A. CrenanoBa, A.K. CeliTxaHoBa

Nmnyabcri-masmansik eHaeyaeH keiin CriCo-NiCr Herizinaeri
AE€TOHANMSJIBIK KA0BIHHBIH KYPBLUIBIMbI M€H TPHOOJIOTHUSIIIBIK KACHETTepi

Cr3Cy-NiCr MeTaan KepaMHKalbIK KaObIHAAphl SKCTPEMAalbl JKarAaiiiapaa KyYMbIC ICTEHTIH MamivHa
OeumexTepi MeH KaOIBIKTaphlH KOpFayla KEeHIHEH KOJNIaHBUIQABL Byl 3epTTey HMITYIbCTi-IIIa3MaibIK
oenneyneH oTkeH Cr3C,-NiCr HeriziHmeri IeTOHAIVSUIBIK >KaOBIHAApIBI 3epTTeyre apHajFaH. 3epTrey
HOTIDKEJIepl KepCeTKeHIeH, MMITynbCTi-IasManslK exuey (UIIO) OGerinin kemip-OyaslpiabiFbeiH 48 %-Fa
TOMEH/ICTE T, XKaOBIHHBIH YiKeTic kKoadduImeHTin mamamMeH 2 ece a3aiTabl, )KaObIHIAPABIH KaTTHUIBIFBIH
Oactankpl 12 I'Tla-pan 16,2 I'Tla-ra geiiiH apTThIpagbl jKOHE OHJIEIMETeH XaOBIHIAPMEH CAIBICTBIPFaHIa
ONIapAbIH TO3YFa TO3IMIUIITIH 2 ece akcapTaibl. VIMIyNbCTIK-IIa3MaiblK ©HAEY Kypledi IeTeporeHni
KYpBUTBIMIBIK-(hasanbik Kyii 6ap CrzC,-NiCr skyiieciHiH MeTai-KepaMHKaIbIK MaTepHajiblHAH jKacalFaH
JKaOBIHAAPIBIH camajgbl KaJlbIITACYbIH KaMTaMachl3 eTeli, MyHJAa IUCIepcTi KalTamama KapOuaTep
MaTPHULACHIHIAFEl CEKPELUMUIAPMEH «KapOHI-MaTpuIla» IIeKapachlHa JXKaKplH KapOwpj OelmiekTepi MeH
MaTpPULANBIK METaJUT allMaKTapbIHBIH Ka0aTThl KYPbUIBIMBI aHBIKTaJIa bl

Kinm ce30ep: MeTali-KepaMHUKaJbIK KaOBIHAAp, JCTOHAIMSIBIK OYpPKY, HUMITYJIbCTi-IIa3MalbIK OHJCY,
JKaOBIH/IBI ©3TEPTY, KATTHUIBIK, TO3YFa TO3IMJILIIK.

b.K. Paxangunos, /I.H. Kakumxkanos, FO.H. Tropun, O.B. Konucuuuenko,
O.A. CremnanoBa, A.K. CeliTxaHoBsa

CTpykTypa 1 Tpu60J0rudecKne CBOMCTBA J€TOHAIMOHHOIO OKPBHITHUSI
Ha ocHoBe Cr;C,—NiCr mocJjie *MIyJIbCHO-IIJIA3MEHHOI 00padoTKH

Meramnokepamuueckue mokpbIThsi CraC,—NiCr HalwM IMPOKoe NPUMEHEHNE B 3aI[UTe MAIIMHHBIX JeTaleH
u o0opynoBaHus, pabOTAOIIMX B IKCTPEMANBHBIX YCIOBHSAX. B TaHHOM wHccieqoBaHWMM OBIIM H3Yy4YEHBI
JeToHanMoOHHbIe MOKPBITHS Ha ocHOBe CrzC,—NiCr, KoTOpble ObUIM MOABEPTHYTH MMITYJILCHO-TIA3MEHHON
obpabortke. UccnenoBanue nokasaio, uro UI1O cHmkaeT mepoxoBaToCcTh MOBEPXHOCTH Ha 48 %, yMeHbIIaeT
K02 QUIIHEHT TpEeHUs MOKPBITHS MPUMEPHO B 2 pa3a, yBEIMIUBACT TBEPJAOCTh MOKPBITHI OT HCXOAHBIX 12 10
16,2 I'lla m ynmy4maer mX M3HOCOCTOMKOCTH B 2 pa3a MO CPaBHEHHIO ¢ HEOOPaOOTaHHBIMH IMOKPBHITHSIMH.
Taxoke ObuTO BBIABIEHO, 4TO mocie WUIIO moBemmaercs croikocts mokpbituii CrzC,—NiCr x abpa3suBHOMY
W3HOCY H 5po3ud. MMmynbcHo-TuTa3MeHHas o0paboTka oOecreyuBaeT KadecTBEeHHOE (opMHpOBaHHE
MOKPHITHH W3 Merayuiokepamudeckoro Marepuana cucteMbl CraC,—NiCr co CIOXKHBIM TeTepOTreHHBIM
CTPYKTYpPHO-(ha30BBIM COCTOSTHHEM, Iie OOHApY)KUBAETCS CIIONUCTAsi CTPYKTypa obnacTell KapOUIHBIX YacTHIL
W MaTPUYHOTO METAJUIa B HEMOCPEICTBEHHON OJIM30CTH OT TPaHMIIBI «KapOHI—-MaTpHUIay C BBIACICHUSIMH B
MaTpuIle TUCIEPCHBIX BTOPHYHBIX KapOUIOB.

Knrouegvie cnosa: MeTamnokepaMHYecKue MOKPBITHS, ACTOHALMOHHOE HANBUICHHE, UMITYJIbCHO-TUIa3MEHHAs
00paboTka, MOAU(UIIPOBAHHE TIOKPHITHS, TBEPIOCTh, H3HOCOCTONKOCTB.
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Formation of targets and investigation of Mn4Si7 coatings produced
by magnetron sputtering

The morphology, composition, electrical and optical properties of bulk samples and vacuum coatings of
Mn4Siz obtained by magnetron sputtering on a SiO2/Si structure were studied. It is shown that manganese
silicide coatings with a thickness of about 150 nm are close in properties to bulk MnsSiz, have a uniform fine-
grained structure of a semiconductor nature, which is characterized by thermal sensitivity up to 20-30 pV per
degree. In addition, this article presents the electrophysical properties of high manganese silicide films
produced by the authors by magnetron sputtering method. Heated films Mn4Siz -146 nm coating has a
uniform structure with fine grains, due to sufficient coating density. Since MnsSiz nanoclusters are
semiconductor materials, it can be assumed that there will be energy barriers for charge carriers at the
nanocluster—amorphous phase interface separating this phase. An increase in thermal sensitivity from 0 uV/K
to 20 uV/K up to 800 K is explained by the disappearance of energy barriers for charge carriers at the
nanocluster—amorphous phase interface due to the ordering of nanoclusters. The change from 20 uV/K to
28 uV/K upon cooling is explained by the appearance of structural relaxation in the amorphous phase.

Keywords: Hall constant, MnaSiv, thin coating, nanocluster, electrical conductivity, nanostructure, resistivity,
volume concentration.

Introduction

The main task facing scientists all over the world today is to search for environmentally friendly types
of energy and increase the utilization rate of identified types. The main goal at the same time is to receive
energy without harming the environment. Unfortunately, the efficiency of currently produced thermo- and
photo batteries is very low. A key role in solving this problem is played by the creation of new materials and
structures or the replacement of existing ones with cheap and high-quality ones.

Receiving and converting energy is one of the most important activities of modern civilization [1-7]. In
this regard, much attention is paid to solid-state thermoelectric converters that do not have moving parts,
operate silently, have high reliability and small size. An increase in the efficiency of using thermoelectric
materials is associated with the formation of high quality layers [8-23]. Of all silicon compounds of
thermoelectric interest, one can choose compounds representing a certain class of materials. These are, for
example, solid solutions based on cobalt monosilicide (CoSi), high manganese silicide (MnSii7), and
Mn,X (X=Si, Ge, Sn). Highmanganese silicide (HMS-MnSi17.175), even in the unalloyed state, has a high
thermoelectric efficiency and is a good basis for creating an efficient p-type thermoelectric. Therefore, thin
vacuum coatings of Mn,Si- were chosen as objects of study.

Experimental

To obtain thin-film samples of Mn.Siv, a disk target was first formed. Pure monocrystalline silicon and
manganese were first pulverized in a mill (HERZOG HSM-100P), then 52.9 % Mn and 47.1 % Si (by mass)
were mixed and sintered using electric spark plasma welding (SPS). The Mn4Si; disk target was pressed in a
setup under vacuum conditions with a residual gas pressure of 10 Torr at a temperature of 1050 °C, with a
pressing force of 6.5-10* N for 2 hours (Fig. 1).
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)

Figure 1. Preparation of the Mn,Si- target by the (SPS) method

Polished silicon wafers of the Si(111) type with a diameter of 60 mm were used as a base (substrate) for
deposition of thermally sensitive coatings. A group of plates after preliminary chemical cleaning in an
ammonium peroxide solution, washing and drying were subjected to high-temperature treatment to create an
oxide layer. Silicon dioxide layers of various thicknesses were grown on plates in an environment of dry
oxygen at a temperature of 1200 £5 °C in a diffusion furnace of the SDO-125 type. The SiO./Si structures
prepared in this way were processed in a vacuum working chamber. The surface of the Si(111) substrate was
cleaned with an Ar plasma flow for 1 minute. The device and the process of processing plates is shown in
Figure 2.

The SiO2/Si structures were placed in a modified (EPOS-PVD-DESK-PRO) installation for magnetron
sputtering of the Mn.Si- target and coating formation. The coating formation process was carried out after
reaching the starting vacuum degree of about 10-°Torr. The SiO2/Si structures were treated individually with
heating up to 150 °C. The pressure of the working gas (pure argon) during spraying was (2-4)-10°Torr. The
discharge current was 200-300 mA at voltages of 450-550 V. The coating deposition time was 2—
10 minutes. In one vacuum cycle, 3 structures were sequentially processed. The morphology, microstructure,
and chemical composition of the coated samples were determined by scanning electron microscopy and
energy-dispersive X-ray spectroscopy (Scios FEI; Quanta 200 3D setups). The electrical properties of the
Mn.Si- coating were studied by a four-probe method (JANDEL RM3000 setup), and the Hall constant was
determined using an ECOPIA setup (HMS-3000 VER3.53).

Mn.Siz samples obtained by sintering (SPS) and coated samples obtained by magnetron sputtering on
the EPOS-PVD-DESK-PRO facility were studied.
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Figure 2. The process of forming the Mn,Si; coating by the method of magnetron sputtering

Results and Discussion

Figure 3a, b shows images of the surface of the samples and the results of energy dispersive analysis:
(a) — sample prepared by the (SPS) method, (b) — sample obtained by magnetron sputtering.

Figure 4 shows an electron microscope photograph of a cut of the Mn,Si- coating on the SiO/Si(111)
structure. The measurements show a thickness of the silicon dioxide coating of about 249 nm, and the
thickness of the Mn,Si- coating is about 146 nm.

The results of averaged measurements by the four-probe method of the conductivity of Mn.Si; (SPS)
samples and the conductivity of Mn,Si; coatings obtained by magnetron sputtering are shown in Table 1.

Table 1
Layer resistances of bulk samples Mn4Si7 and Mn4Si7 coatings on the SiO2/Si structure
Sample type Sheet resistance values, Ohm/square Average value of sheet resistance, Ohm/square
Volume 508-602 556
Coating 4380-4460 4401

EDS Quanttative Results
Elemant Wty AtH
o 3.3 10
K b8 D
Mk 47 B4 20 38
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Figure 4. Image of nanosized MnSi- coating on SiO2/Si structure

The measurement results show that the resistance of the samples (SPS) is different, which is possibly
due to the different concentrations of Mn and Si in different zones of the samples. In MnsSizvacuum
coatings, the uniformity of the formed layer is higher, which indicates the same coating thickness.To
determine the Hall constant on an ECOPIA(HMS-3000 VER3.53) instrument, a (SPS) Mn4Si- sample with
an area of 1 cm? and a thickness of 1 mm and a sample with a vacuum coating of Mn,Si; with a thickness of
146 nm were used. In all measurements, the current strength was 100 pA, the magnetic field induction was
0.54 T, and the temperature was 27 °C.

The results of measurements obtained for these samples (Table 2), the dependences of the
samples (VAX) and resistance on current (Fig. 5) are presented. There are the results of Hall measurements
of bulk samples of Mn,Si7 and Mn,Si7 in the SiO-/Si structure in Table 2.
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Table 2

Electrophysical properties of high manganese silicide structure formed by two different methods
Options Volume Mn,Siy Coating MnsSiy
Resistivity, Ohm-cm 7.826:10 4 6.409-10*
Hall constant, cm3/C 1.285-10°° 1.597-10°°
Conductivity, 1/Ohm-cm 1.278-103 1.560-103
Surface concentration, cm 1.215-10Y 9.770-10%6
Volume concentration, cm 4.859-10% 3.908-10%
Carrier mobility, cm?/V-s 1.642 2.492

From the results obtained with the ECOPIA instrument (HMS-3000 VER3.53), it can be seen that the
bulk sample (SPS) and the coating sample (EPOS-PVD-DESK-PRO) are close to each other.
Figure 6 shows the optical absorption and transmission spectra of the samples obtained on an IR Tracer-

100-SHIMADZU instrument.

The measurement results show that the nanoscale Mn4Si; coating (a) has an IR transmission of 35 %,
(b) an IR absorption of about 1 %, from which it can be seen that the Mn,Si- coating has a low IR absorption
of the rays. Figure 6 shows the results of measurements of the Seebeck coefficient (S) and resistance (R) of

the Mn,Si7 -146 nm coating d

uring heating and cooling.
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When heated, Mn;Si7 -146 nm coating has a uniform structure with fine grains, due to sufficient coating
density. With an increase in temperature from room temperature to 800 K, a decrease in resistance is
observed from 250 Ohms to 25 Ohms, which in turn indicates a change in the characteristics of this material.
The Seebeck coefficient decreases upon heating from room temperature from 300 K to 620 K. Since Mn.Si~
nanoclusters are semiconductor materials, it can be assumed that there will be energy barriers for charge
carriers at the nanocluster—amorphous phase interface separating this phase (Fig. 7).

An increase in thermal sensitivity from 0 uV/K to 20 pV/K up to 800 K is explained by the
disappearance of energy barriers for charge carriers at the nanocluster—-amorphous phase interface due to the
ordering of nanoclusters. The change from 20 nV/K to 28 pV/K upon cooling is explained by the appearance
of structural relaxation in the amorphous phase. Seebeck coefficient (S) and resistance (R) vary with coating
thickness.

Conclusions

Studies of the parameters of thin coatings of manganese silicide deposited on the SiO2/Si structure by
magnetron sputtering of a silicide target show that manganese silicide layers have a uniform fine-grained
structure of a semiconductor nature, which is characterized by thermal sensitivity up to 20-30 uwV per degree.

Heated films Mn,Si; -146 nm coating has a uniform structure with fine grains, due to sufficient coating
density. With an increase in temperature from room temperature to 800 K, a decrease in resistance is
observed from 250 Ohms to 25 Ohms, which in turn indicates a change in the characteristics of this material.
The Seebeck coefficient decreases upon heating from room temperature from 300 K to 620 K. Since Mn.Siy
nanoclusters are semiconductor materials, it can be assumed that there will be energy barriers for charge
carriers at the nanocluster—amorphous phase interface separating this phase.

An increase in thermal sensitivity from 0 uV/K to 20 pV/K up to 800 K is explained by the
disappearance of energy barriers for charge carriers at the nanocluster—-amorphous phase interface due to the
ordering of nanoclusters. The change from 20 uV/K to 28 uV/K upon cooling is explained by the appearance
of structural relaxation in the amorphous phase.
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b.JI. Uramos, I'.T. MmanoBa, A.. Kamapausn, 1.P. bexnynaros

Hpicanabl KaJabINTACTHIPY KOHE MATHETPOHAbI IAIIBIPATY
apKbLIbI aJIbIHFAH MN4Si7 :KaGbIHAAPBIH 3ePTTEY

SiO2/Si  KypbUIBIMBIHIAa MArHETPOH[Bl INANIBIPATY apKbUIbI anbiHFaH MnsSiz kedempai yiriaepi MeH
BaKyyM/IBIK JKaOBIHIAPBIHBIH MOpP(OJIOTHSICH, KypaMbl JKOHE OJIEKTPIIK JKOHE ONTHKAJBIK KachuerTepi
3eprrenmi. Kamsiapirsl miaMamer 150 HM 60aThIH MapraHenTi CHITHIUATI KaObIHAap KacueTTepi OOMbIHIIIA
MaccasbiK MnaSiz-re jkaKplH, sKapThulail OTKI3Till CHIIATTaFbl GIpKEJKi ycaK TYHIpIIIKTI KYpbUIBIMBI 6ap, o
6ip rpagycka 20-30 MxB-Kka qefiiHri TepMUSUIBIK ce3iMTanabIKIeH cunarranaapl. COHBIMEH KaTap Makaniaaa
aBTOpJIAp MAarHETPOHIBI MIAIIBIPATY 9MICIMEH IIBIFAPFaH YKOFAphl MapraHeNTi CHIIMIHMATI KaOBIpIIaKTapIbIH
ANEKTPOPU3UKAIBIK KACHETTEPIH YCbIHFaH. KeI3abipburan mieHkasap MnaSiz-146 HM sxkaObIHHBIH KETKUTIKTI
TBHIFBI3/IBIFBIHA OalIaHBICTHI ycaK TyHipurikrepi Oap Oipkenki KypbuibiMFa ue. MnsSiz HaHOKIacTepiepi
JKapThUIAll OTKI3TIll MaTepuangap OOJNFaHIBIKTaH, OChl (a3aHbl OeJeTiH HaHOKIacTep-amopdThl (aza
uHTepQelcinae 3apsa TackMaaylbuiap YIIiH SHEPTeTHKAIBIK Keaepriiep Ooxansl nen 6oipkayra 6oasl.
Tepmusibik  cesiMmTamablkThiH 0 MkB/K-nen 20 wMmxB/K-men 800 K-re jeifin  KorapbuiaybiHa
HAaHOKJIACTEpJIEepiH peTTelreHiHe OailaHbICTHl HaHOKIAacTep-aMop(Thl (asza uHTepdelcinmeri 3apsn
TachIMaJIaylIbUIapFa apHAIFaH DHEPTeTUKANBIK KeAepTrilepAiH KOUBUTYbIMEH TyciHmipineni. CaiakelHAATY
kesinge 20 MxB/K-nen 28 MxB/K-re nefiin e3repyi amopdThl (hazagarsl KYpbUIBIMABIK PeaKCaIlMsTHBIH Haiaa
OOTyBIMEH TYCIHIIpiNei.

Kinm ce30ep: Xonn Typakrbickl, MnaSiz, jxyka 'xa0blH, HAHOKIACTEP, JICKTPOTKI3TIIITIK, HAHOKYPBUIBIM,
MEHIITKTI KeAePTi, KeJIeM/Ii KOHIICHTPALIUSCHI.

b.Jl. Uramos, I'.T. ImanoBa, A.W. Kamapaun, 1.P. beknynaros

dopmupoBaHHe MUIIIEHEH U Hcc/ie0Banne MOKPbITHI MN4Si7, MOTyYeHHBIX MeTOIOM
MarHeTpOHHOI'0 pacnblICHUA

HccnenoBanel MOpQOJOTHS, COCTaB, JJCKTPHYECKHE M ONTHYECKHE CBOWCTBA OOBEMHBIX OOpa3loOB W
BaKyyMHBIX TOKpPBITHIA MN4Si7, MOMydIEeHHBIX METOMOM MarHETPOHHOTO HAIbUICHUS Ha CTPYKTYpy SiO2/Si.
[Toka3aHo, YTO TOKPBITHS M3 CHJIUIMJA MapraHia TOJIIMHOW okoysio 150 HM OnM3KKM MO CBOMCTBaM K
o0beMHOMY MnN4Si7, UMEIOT OJHOPOIHYIO MEIKO3CPHUCTYIO CTPYKTYPY MOJYIPOBOJHUKOBOM MPHPOIBI,
KOTOpasi XapaKTepU3yeTcsl TepMOUYBCTBUTENBHOCTHIO 10 20—30 MkB Ha rpanyc. Kpome Toro, B Hactosmei
CTaThe MPECTaBICHBI JIEKTPOPHU3NIECKIE CBOWCTBA MJICHOK BHICOKOMApPTaHIIEBOrO CHITUIIN/IA, TOTYUYSHHBIX
aBTOpaMH METOJIOM MarHeTpOHHOTo pacmbuieHusi. Harpersie mrenku MnsSiz —146 um. TlokpeiTie nmeer
OTHOPOJHYIO CTPYKTYPY C MEJIKHMH 3€pHAMH, YTO OOYCIOBJIEHO IOCTATOYHOW IUIOTHOCTBHIO TTOKPBITHSL.
Tlockonbky HarOKIacTepbl MNg Si7 SIBISIFOTCS MOTYIPOBOIHUKOBBIME MaTepUaIaMi, MOYKHO TIPE/IIIOI0KHUTb,
YTO Ha TpaHUIE pa3feia «HaHOKIacTep—aMmopdHas (aza», pasmernsromei 3ty ¢asy, OyayT CymiecTBOBaTh
JHepreTHyYecKue Oapbepsl s HocUTeNel 3apsaaa. YBennueHue TepMoudyBcTBUTeNbHOCTH 0T 0 10 20 MxB/K
BIoTh 10 800 K 0OBACHSETCS HMCYE3HOBEHHEM OSHEPIeTHUYSCKHX OapbepoB Ui HOCHTENEH 3apsga Ha
rpaHuIe «HaHOKIacTep—aMopdHas (aza» 3a cueT ymopsaoueHus HaHokiactepoB. Vzamenenue ot 20 no 28
MKB/K npu oxnaxaeHu# 0ObsACHAETCS MOSBICHUEM CTPYKTYPHOM peakcanuu B aMophHoit (ase.

Kniouesvie cnosa: nocrossHHass Xomna, Mn4Si7, TOHKOe TOKPBITHE, HAHOKIACTEP, SJIEKTPOIPOBOIHOCTH,
HAHOCTPYKTYpa, YAEIbHOE CONPOTUBIICHHE, 00BEeMHAs KOHIICHTPAIIHS.
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Unveiling the Potential of MnxCos.xS4 Electrocatalyst in Triiodide Reduction for
Dye-sensitized Solar Cells

The development of a low-cost and high-efficiency Pt-free counter electrode is an important goal to improve
the performance of dye-sensitized solar cells. In this study, we successfully synthesized a MnxCosxSs-based
counter electrode by a facile solvothermal synthesis technique. The electrocatalyst was directly deposited on a
fluorine doped titanium oxide (FTO) coated glass substrate. Various characterization techniques such as X-
ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy and X-ray photoelectron
spectroscopy were employed to analyze the obtained MnxCo3xSs counter electrode material. The photovoltaic
measurements performed on the dye-sensitized solar cells showed a remarkable improvement in energy
conversion efficiency with the MnxCos-xSscounter electrode (8.60 %) compared to the conventional Pt
(8.11 %). Moreover, the MnxCozxSacounter electrode exhibited excellent stability, further highlighting its
potential as an efficient and durable alternative to Pt in dye-sensitized solar cells. Overall, our results
contribute to the further development of Pt-free counter electrode materials for sustainable solar energy
applications.

Keywords: MnCo2Ss; ternary sulfide; solvothermal synthesis; Pt-free counter electrodes, dye-sensitized solar
cells.

Introduction

The demand for photovoltaic technology continues to increase as the world's population grows and
environmental concerns increase. Among the various types of photovoltaic technologies, dye-sensitized solar
cells (DSSCs) have emerged as a promising third-generation solution due to their low cost, high efficiency,
and ease of fabrication. These characteristics make DSSCs a potential replacement for expensive silicon-
based solar cells [1]. However, the commercialization of DSSCs faces challenges such as relatively low
efficiency, poor stability, and non-competitive prices. Another hurdle is the use of platinum (Pt) as a counter
electrode in DSSCs, which is problematic due to high cost, limited availability, and stability-related
issues [2-4]. Consequently, there is an urgent need to develop low-cost and high-efficiency Pt-free counter
electrodes to improve the overall affordability of solar cells [5].

Transition metal compounds, especially ternary compounds such as oxides, sulfides, and selenides,
have emerged as promising alternatives to Pt due to their excellent electrocatalytic activity, long-term
stability, and abundance [6-8]. In this study, we focused on the development of a MnCosS, electrocatalyst as
a Pt-free counter electrode for DSSC applications. MnCo2S, is a ternary compound derived from CosSs with
one Co atom replaced by Mn. To achieve this, we synthesized a MnxCo0s.xS4 counter electrode directly on a
fluorine-doped titanium oxide (FTO) coated glass substrate using a simple one-step solvothermal method.
The resulting MnxCo:.xS4/FTO counter electrode was extensively characterized by various spectroscopic and
microscopic techniques and then integrated into a DSSC device to evaluate its performance.

Remarkably, the DSSC with the MnyCosxSscomposite counter electrode achieved a higher
efficiency (PCE) of 8.60 % compared to the device with a conventional Pt counter electrode (PCE of
8.11 %). These results demonstrate the potential of MnxCo3.xS4 counter electrodes as a promising alternative
to Pt in DSSCs, offering advantages such as lower cost and higher efficiency. With this research, we
contribute to the further development of Pt-free counter electrode materials and pave the way for more
affordable and sustainable photovoltaic technologies.

2. Experimental

2.1. Materials

Chemicals and materials were obtained from commercial sources and utilized as received, unless
specifically stated otherwise.

2.2. Synthesis of MnsCos.xS4 counter electrode
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A composite material, Mn,Co0s3.xSs4, was synthesized by the solvothermal method. In this method, the
precursors Mn(NQOs)2, Co(NOQs)2, and thiourea were dissolved in ethanol in an ultrasonic bath. The resulting
solution, together with the FTO glass, was then transferred to a 50-mL stainless steel autoclave lined with
Teflon and kept at a temperature of 180 °C for 14 hours. The stoichiometric ratio of manganese and cobalt
nitrates to thiourea was 1:2:10, respectively. Subsequently, the electrocatalyst-coated FTO substrates were
washed with water and ethanol and dried at 70 °C for 12 hours in a vacuum oven.

2.3. Fabrication of dye-sensitized solar cells

Preparation of the working electrode (WE) included the following steps: First, the FTO glass slides
(2.2 mm thick, surface resistivity 7 Q/sq, Sigma-Aldrich) were cleaned with ethanol and ultrasound and then
air dried. A compact TiO, layer was formed by soaking the FTO in a 50 mM titanium (1V) isopropoxide
solution in 2M HCI at 70°C for 30 minutes and sintering at 500°C for 30 minutes. A transparent TiO, paste
(particle size: 18-20 nm, DN -EP03, Dyenamo) was doctor bladed the compact TiO. layer. After the
transparent TiO, layer was air dried for 30 minutes, the electrodes were sintered in an oven at different
temperatures: 125°C for 5 minutes, 325°C for 10 minutes, 425°C for 15 minutes, and 500°C for 30 minutes.
Once the electrodes were cooled to 70°C, a light-scattering TiO> layer (particle size: 150-250 nm, Greatcell
Solar WER2-O, Sigma-Aldrich) was doctor bladed over the transparent TiO: film and air dried for 1 hour
before sintering as described above. After cooling, the electrodes were immersed in a dye solution containing
0.25 mM of ruthenium-based standard dye N719 (Sigma-Aldrich) and 0.75 mM chenodeoxycholic
acid (CDCA, Sigma-Aldrich) in an acetonitrile: tert-butanol mixture (1:1) for 24 hours. After loading the
dye, the electrodes were rinsed with ethanol to remove unbound dye molecules from the surface of the TiO;
film and then dried.

The counter electrode (CE) was prepared using a Pt-based approach. A commercial Pt paste (containing
terpineol and hexachloroplatinic acid, Sigma-Aldrich) was doctor bladed onto a clean and dry FTO glass
substrate and then sintered at 500°C for 30 minutes.

To construct the dye-sensitized solar cell, an MPN-based iodine/iodide redox electrolyte (DN-OD03
S104, Dyenamo) was applied to the dye-loaded TiO photoanode and the CE (either Pt or MnxCo03.4xS4) was
placed on top. The two electrodes were separated with double-sided adhesive tape.

2.4. Characterization

The electrocatalyst was subjected to various characterization techniques to evaluate its properties. X-ray
diffraction (XRD) patterns were obtained using a Rigaku SmartLab system. The structure and morphology
were analyzed using a Zeiss Crossbeam 540 scanning electron microscope (SEM). Energy dispersive X-ray
spectroscopy (EDS) and NEXSA Thermoscientific X-ray photoelectron spectroscopy (XPS) were used to
determine material composition.

The photovoltaic analysis of the solar cells was performed using Dyenamo Toolbox (DN -AEQ1).
Electrochemical analysis, on the other hand, was performed in the dark using the IM6 electrochemical station
from Zahner Elektrik. The measurements were performed with a bias voltage of -0.72 V, an amplitude of
10 mV and a frequency range of 0.1 — 100000 Hz. The obtained data were further processed and fitted
using the EIS Spectrum Analyzer.

3. Results and Discussion

3.1. Characterization of MnyCo3xS4 electrocatalyst

Figure 1 shows the XRD patterns of MnxCos.xSs. In addition to the prominent peaks originating from
the FTO substrate, specific diffraction peaks can be observed at 32.09°, 36.73°, 48.36°, and 55.83°
corresponding to the (311), (400), (511), and (440) crystal planes of Co3S4, respectively (PDF42-1448) [9]. It
is noteworthy that the XRD diffraction peaks of MnxCos.xS4 are very similar to those of CosS., indicating the
substitution of a single Co atom by Mn and the similarity of crystal structure between the two[10]. Therefore,
we can conclude that the doping process led to the formation of MnCo,Ss.
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Figure 1: X-ray diffraction pattern of a thin film of Mn,Cos.xSs0n an FTO substrate.

The elemental composition and valence states were analyzed by X-ray photoelectron spectroscopy, and
the corresponding spectra are shown in Figure 2. The full XPS spectrum of the Mn,Cos.xS4s composites shows
distinct peaks attributable to Mn, Co, and S, confirming the presence of these elements and their
corresponding valence states in the sample. It is worth noting that the elements C, N and O are normally
present in air.

The Co 2p spectrum shows two spin-orbit doublet peaks. The dominant peaks at 781.8 and 797.0 eV
correspond to the 2p3/2 and 2p1/2 spin-orbit states of Co?*, respectively, while the weaker peaks at 777.6
and 792.8 eV are associated with Co%*[10]. The presence of Co** peaks in the spectrum indicates possible
oxidation of the surface when exposed to air. As can be seen in Figure 2, the Mn 2p orbitals show spin
splitting leading to two singlet pairs: Mn 2p3/2 (642.8 eV) and Mn 2p1/2 (654.6 eV), which can be attributed
to the Mn?* binding energy[11]. In the S 2p XPS spectra, a satellite peak at 168.7 eV and three peaks
representing different sulfur species are observed. The peaks at 162.3 and 163.5 eV correspond to S 2p3/2
and S 2p1/2, respectively. In addition, the peak at 164.6 eV indicates metal-bonded sulfur (S-M) [12].
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Figure 2. XPS spectra of the Mn,Co3zxSa4 electrocatalyst.
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Uniformly grown Mn,Cos.xSs nanoflakes were prepared on the surface of FTO glass by a solvothermal
reaction. The resulting electrocatalyst had nanoflakes with an average diameter of about 260 nm and a plate
thickness of 36.5 nm, as shown in the upper part of Figure 3. The lower part of Figure 3 shows the spectrum
of energy dispersive X-ray spectroscopy of the synthesized Mn,Co3z.xSs composite, which confirms the
presence of elements Mn, Co and S in the prepared material.

1 500pm 7 500pm (1 500pm
Figure 3. Top: FE-SEM images of the Mn,Co3.4S4 coated FTO electrode showing magnifications of 5000 (left) and

40000 (right). Bottom: EDS mapping of the electrocatalyst.

3.2. Photovoltaic and electrochemical performance of Mn,Cos..Ss electrocatalyst

To investigate the photovoltaic and electrochemical performances of an electrocatalyst, dye-
sensitized solar cells were constructed using Mn,Co3xSs and Pt as counter electrodes. The
photovoltaic measurements were performed under the standard solar conditions AM 1.5 and an
illuminance of 1000 W/cm?. The obtained results are summarized in Table. Figure 4a shows the
current-voltage (J-V) curve of the solar cells, while Figure 4b presents the Nyquist diagrams. It is
worth noting that the MnxCosxSs composite cell has an excellent performance with a power
conversion efficiency (PCE) of 8.60 %, slightly exceeding the Pt cell efficiency of 8.11 %. The main
factor contributing to the increase in PCE efficiency is the short circuit current (Jsc), which was
16.60 mA/cm? for the MnCo3S4 cell and 15.87 mA/cm? for the Pt control device. This higher Jsc
indicates better electrocatalytic activity of the Mn,Cos,Ss electrocatalyst compared to Pt. The
electrochemical impedance spectroscopy measurements confirm this result (Fig. 4b). The Nyquist
diagrams of the solar cells consist of two semicircles: The smaller arc represents the charge transfer
resistance at the interface between the counter electrode and the electrolyte (Rct), while the larger
arc corresponds to the charge transfer resistance at the interface between the semiconductor and the
electrolyte (Rrip_). The intersection of the graph with the x-axis indicates the series resistance of the
device (Rs). It is worth noting that the Mn,CosxSs cell has a lower series resistance (19.2 Q)
compared to Pt (22.6 Q), indicating better contact between Mn,CosSsand FTO. In addition, the Rcr
of the Mn,CosxSacell was also lower than that of the Pt solar cell, indicating improved
electrocatalytic activity of the novel Pt-free counter electrode and improved electron flow at the
counter electrode-electrolyte interface. This electron flow, referred to as the exchange current (Jo), is
indirectly proportional to the charge transfer resistance Rct and can be expressed as
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RT
Io = R
where R is the universal gas constant, T is the absolute temperature, n is the number of electrons
involved in the triiodide reduction process, and F is Faraday's constant. The superior electrocatalytic
activity of Mn,Cos«S4 provides an explanation for the improved Jsc in the DSSCs compared to Pt.

Table
Photovoltaic parameters comparison between DSSCs with MnxCo3xS4 composites and Pt counter electrodes.

PCE Jsc Rs Rer R'.‘iD:
DSSCs (%) Vo) | maremy | FF © @) @
MnyCo03.xS4 8.60 0.73 16.60 0.71 19.2 12.9 47.9
Pt 8.11 0.73 15.87 0.70 22.6 13.1 54.6
2 16—
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Figure 4. (a) Current-voltage curves and (b) Nyquist plots depicting the performance of dye-sensitized solar cells.

4. Conclusions

In this study, Pt-free counter electrodes based on MnxCos.xS4 were successfully synthesized by a one-pot
solvothermal method. The electrocatalytic activity of MnxCos.xS proved to be excellent and exceeded that of
Pt, as further measurements showed. In particular, the dye-sensitized solar cell with MnyCo3.xS4 composites
as the counter electrode achieved an efficiency of 8.60 %, slightly outperforming the DSSC with Pt counter
electrode (PCE: 8.11 %). These results highlight the potential of MnxCo0s.xS4 composites as a promising
alternative to Pt for DSSC counter electrodes due to their improved electrocatalytic performance and cost
efficiency. Moreover, this research introduces a novel idea and strategy for fabricating efficient base metal
counter electrode materials for DSSCs. The convenient solvothermal method used in this study provides a
practical and scalable approach to fabricate MnyCos«Ss composites. This technique can potentially be
extended to other metal sulfide materials, allowing the development of a broader range of base metal counter
electrodes. The successful implementation of MnyCo3.xS4 composites as Pt-free counter electrodes not only
solves the problem of scarcity and high cost of Pt, but also provides a sustainable and environmentally
friendly solution for DSSC technology. Future studies can address the optimization of the composition and
morphology of MnyCosxSs composites to further improve their performance in DSSCs and ultimately
advance the field of renewable energy.
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. Cyneiimenona, E. Tamenos, Manukc I1. banansii, b. banraes

Bosirpika ce3iMTall KyH 0aTtapesuiapbl YIIIH TPHOAUATEPAi TOTHIKCHI3AAHY
ke3inge MNxC03.xS4 3J1eKTPOKATATU3ATOPBIHBIH dJI€YeTiH alry

KeiMOaT emec jkoHE >KOFapbl THIMIi, KypaMblHIAa IUIATUHACHI XKOK KapCBIJIEKTPOITHI Kacay OOSFBIIIKA
ce3iMTan KyH OaTapessiapblHbIH OHIMIUTICIH JKaKCapTyablH MAaHBI3ABl MIHIETI OONbIM TaObLIagbl. by
3epTreyde 0i3 KapamaibIM COJBOTEPMUSUIBIK CHHTE3 OJiciH KoyigaHa oThIpbin, MnxCo3-xS4 kapcsl
SJIEKTPOATHI COTTI CHHTE3AEMIK. DIIEKTPOKAaTANn3aTop Tikenel ¢rTop serupieHreH tutad okcuaimer (FTO)
KarTaJFaH MIBIHBI TOCEHIKe KOMMaHbubl. AnbiHFaH MnxC03-xSa KapChIdIEKTPO | MaTepUalIbH Talfay YIIiH
PEHTreHIIK IU(PAKIUAIBIK CHEKTPOCKOIHS, CKAaHEpJeyIl 3JIEKTPOHIBIK MHKPOCKOMHS, 3SHEPTHSIIBIK,
JIMCTICPCUSIIBIK PEHTTCHIIIK CIIEKTPOCKOIHS KOHE PEHTIeHAIK (DOTOINEKTPOHIBIK CHEKTPOCKOIHS CHSKTHI
OpTYpJi cHmarrama oficTepi MaiiianaHBUIABL. bBOSFBRINKA ce3iMTam KyH OaTapesulapblHAa >KYPTri3iireH
¢doroanekrpiaik emueyiep onmerreri Pt (8,11 %) cambicThipranga MnxCo03xS4 ecenTeriin 3JIeKTpOJIeH
(8,60 %) kyarThl TYpieHAIpY THIMIMIriHiH afitapibikTail skakcapraHblH kepceTTi. COHBIMEH KaTap,
MnxC03.xSa KapChIIEKTPO/bI TaMalla TYPAKTHIIBIKTBI KOPCETTi, OyJl OHBIH QJI€yeTiH OJaH opi OOSFBIIIKA
ce3iMTan KyH OarapesutapbiHga Pt-re Tuimai jkoHe Oepik Oanama peTiHze oJeyeTiH OJaH api KepceTemi.
Tyracrait anranga, OIi3ZiH HOTIDKENEpiMi3 KYH OHEPTUACHIH TYpakThl NaljanaHy ymiH Pt-ci3
KOHTPAJICKTPOATHIK MaTepHAIAApAbI OJIaH dpi JaMBITYFa BIKIAJ eTeIi.

Kinm co30ep: MnC02S4, ymiTik cynb¢huI, CONBOTEPMUSUIBIK CHHTE3, Pt )KOK KapChl AIIEKTPOATAp, OOSFHIIIKA
ce3iMTan KyH Oarapesiapsbl.
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. CyneiimenoBa, E. Tamenos, Manukce I1. banansit, b. banraes

PackpbiTHe moTeHUHAJA djeKTpokaTaau3aTopa MnyCo3.xSs B BocCTaHOBJIEHUH
TPUHOAUIOB /1JIsl COTHEYHBIX JIEMEHTOB, CEHCUOUIN3MPOBAHHBIX KPACUTEIEM

Pa3paboTka HETOPOToro M BBHICOKOA(D(HEKTHBHOTO MPOTHBOAICKTPOA, HE CONEPIKAIIETO [UIATHHBI, SBISCTCS
BOXHOM 3ajmadeil Uil yiydlIeHHS XapakTepUCTHK COJHEYHBIX JJIEMEHTOB, CEHCHOMIN3HMPOBAHHBIX
KpacuteneM. B 3ToM uccie1oBaHMN MBI YCIEIITHO CHHTE3UPOBAIIM IPOTUBOANIEKTPO] Ha ocHOBe MNxC03-xS4 ¢
HOMOIIBIO  NPOCTOTO  METOJAa  COJNBBOTEPMUYECKOTO  CHHTE3d.  OJIEKTPOKATANIU3aTOp  HAHOCHIM
HENOCPE/ICTBEHHO HA CTEK/ISIHHYIO IMOAJIOXKKY C NOKPBITHEM H3 JICTHPOBAHHOTO (TOPOM OKCHAA THUTaHA
(FTO). Ins aHanu3a MOJYYEHHOTO MaTepHana HpoTuBoaiekTpoga MnxCos-xS4 HCIIONB30BATIUCEH pa3InYHbIC
METO/Bl XapaKTepU3allld, TaKhe KaK PEHTICHOBCKas IH(PAKLHOHHAS CICKTPOCKONHS, CKaHHPYHOIIas
ANIEKTPOHHAS MHUKPOCKOMNHS, 3HEPrOAMCICPCHOHHAs PEHTICHOBCKAas CHEKTPOCKOIMHMS ¥ PEHTICHOBCKAsS
(doTosnekTpoHHas criektpockonus. DoToraJbBaHMYECKHE HW3MEPEHHS, BBIIOJHCHHBIE HA COJHEYHBIX
ANIEMEHTaX, CCHCHOMIM3HUPOBAHHBIX KpAcUTENeM, MOKa3ald 3aMETHOE yiydiuieHHe 3(GQeKTHBHOCTH
npeoOpa3oBaHus JHEPTHU € MPOTHBOANEKTpomoM MnxCos3xSs (8,60 %) mo cpaBHeHHIO ¢ OOBIMHBIM Pt
(8,11 %). Kpome Toro, mpotuBodiektpox MnxC03xSs mpoaeMOHCTPHPOBAT MPEBOCXOIHYIO CTaOHIBHOCTD,
4TO emie 0oJblIe MOAYEPKUBACT €ro MOTEHIHA B KauyecTBe d(PPEKTUBHON U TOITOBEYHOH ambTepHATHBEI Pt
B COJIHCYHBIX DJIEMEHTAX, CCHCHOMIN3MPOBAHHBIX KPACHTENIEM. B 11e/I0M, HalllM Pe3yNbTaThl CHOCOOCTBYIOT
JalbHEHIIeMy Ppa3BUTHIO MATEPHAIOB IMPOTHBOAICKTPOAOB, HE coiepxkaummx Pt, s ycTOHYHBOTO
HCIOJIb30BaHMUSI COJTHEUHOM SHEPTUH.

Kniouesvie  cnosa: MNC02Ss,  TpoitHO#W  Ccynbdua, CONBBOTEPMANBHBI CHHTE3, OECIUIaTUHOBBIC
MPOTHUBO3JICKTPO/IbI, COTHECUHBIH JIEMEHT, CCHCUOMIM3UPOBAHHBIA KPACUTEb.
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Effect of plasma-electrolytic oxidation on mechanical properties of titanium coatings

The process of plasma electrolytic oxidation (PEO) allows to obtain multifunctional coatings with unique
properties, including wear-resistant, corrosion-resistant, heat-resistant, electrical insulating and decorative.
Therefore, the field of application of these coatings is quite wide: medicine, aircraft construction,
shipbuilding, instrumentation, automotive and other industries. The technology is based on the phenomenon
of micro-arc discharges promoting the formation of oxide layers on metal surfaces. In this review the
technologies of obtaining coatings by plasma electrolytic oxidation on titanium are considered. The
experiment on PEO of VT1-0 titanium substrate under anodic treatment with the addition of TiO2
nanoparticles to the electrolyte was carried out. Dense, uniform oxide coatings that do not require additional
surface grinding were obtained. The coating thickness values were 18.5-62.4 um. The influence of PEO on
the microhardness of calcium-phosphate coatings formed as a result of this treatment was studied. With a
satisfactory thickness of the formed layer (62.4 pum), the surface microhardness value (4.04 GPa) was found
to be the highest among all the treatment modes compared, simultaneously with a high elastic modulus value
(348 GPa) and a small value of the indenter penetration depth on the coating (968.99 nm). These coatings
were formed in an electrolyte containing calcium phosphate with the addition of 0.75g of titanium oxide
nanoparticles. The increase of microhardness in comparison with the sample without coating is in 2,5 times.
As a result of the carried out researches optimum modes and parameters of calcium-phosphate coatings
receiving have been established and defined. It is shown that by changing the composition of the electrolyte
of the micro-arc treatment process it is possible to influence significantly the structure, thickness and surface
properties of the obtained coatings.

Keywords: plasma-electrolytic oxidation (PEO), electrolyte, nanoparticles, coating, structure, microhardness,
titanium, titanium oxide.

Introduction

Plasma electrolytic methods of material treatment are a very promising area of research to create new
materials with unique properties [1]. Plasma electrolytic oxidation refers to an electrochemical process which
has proven effective in altering the surface properties of metals and alloys, offering a number of potential
advantages in various applications [2, 3]. This process is carried out at higher voltages, up to 1000 V, with
AC and pulsed currents being used more frequently than DC currents. The PEO process is most fully
investigated for valve metals and their alloys (aluminium, magnesium, titanium, tantalum, niobium,
zirconium, etc.) [4, 5]. The process of PEO allows to receive multifunctional coatings with unique complex
of properties, including wear-resistant, corrosion-resistant, heat-resistant, electrical insulating and decorative.
Therefore, the field of application of these coatings is quite wide: medicine, aviation, ship, instrumentation,
automotive and other industries. One of the applications of electrolytic-plasma treatment is surface
modification of medical implants and this process can make them more compatible with the human body,
reducing the risk of rejection and improving their overall performance [6-8]. In this paper, technologies for
producing coatings on titanium by plasma electrolytic oxidation are discussed. The methods are classified
according to the properties of the coatings obtained, but it should be noted that this division is arbitrary, since
coatings are often multifunctional. Titanium and its alloys are widely used in medicine, because of their good
biocompatibility and high strength, but the improvement of biocompatibility requires the deposition of
special coatings on the titanium material. For this purpose, calcium phosphate and hydroxyapatite coatings
are applied to the surface using the PEO method. The chemical composition of hydroxyapatite
Caio(PO4)s(OH): is similar to that of bone tissue, so that bone tissue can form a strong chemical bond with
the implant and not cause rejection. When titanium oxide nanoparticles are added to the solution, coatings
with strong mechanical properties are obtained [9-11].
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The aim of this work was to investigate the formation of calcium-phosphate coatings on titanium VT1-0
under anodic PEO in phosphoric acid electrolytes with the addition of TiO, nanoparticles, study the cross-
sectional microstructure and microhardness of these coatings.

Experimental

Technically pure titanium material VT1-0, often used in medicine, was used as a substrate [12].
Samples of technical titanium VT1-0 for research were cut from rods in the state of delivery in the form of
parallelepipeds. The samples were PEO-sanded to remove the oxide film and scratches.

Table 1 shows the chemical composition of technically pure titanium VT1-0.

Table 1
Chemical composition of commercially available pure titanium VT1-0 (wt.)
Fe C Si N Ti 0 H
0,25 0,07 0,1 0,04 99,7 0,2 0,01

For the production of calcium-phosphate coatings using the PEO method a pilot plant MAO was used,
which consists of a power supply, an electrolytic bath with a cooling system and electrodes.

Pilot plant for PEO is designed and manufactured by scientific-production company “PlasmaScience”
(Kazakhstan, Ust-Kamenogorsk) [13]. It is equipped with an AC power unit APS-77300. This equipment
enables to apply calcium phosphate coating on medical implants, thus allowing to conduct researches. By
controlling the parameters of the MAO, the unit enables several products (total area over 200 cm?) to be
coated simultaneously due to the high power in a single cycle.

APS-77300 power supply with output power: 3000 VA, voltage: up to 600 V, current: up to 25.2
A. Wide range of output voltage settings (amplitude, frequency, start and end phase). Frequency range:
999.9 Hz. Discontinuous adjustment of output parameters in 0.01 V / 0.01 Hz steps. Low harmonic
coefficient (0.5 %).

Calcium-phosphate coating was performed in anodic-potentiostatic mode. PEO process parameters
included the following limits: pulse duration — 100-500 ps, pulse frequency — 50-100 Hz, initial current
density — 0.13-0.35 A/cm?, process duration — 5-20 min, electric voltage — 50-100 V. A schematic of the
MAO device is shown in Figure 1.

Electuolvte

AC power supply

Samples = 4' ) 1: *HA) r 'y
b

T e HXO
"]

Figure 1. Schematic diagram of the MAO device

Various acid, salt and alkaline electrolytes can be used for the micro-arc treatment of titanium and
titanium alloy parts. The most common electrolyte used for MAO titanium is a mixed phosphate-alkaline
electrolyte of the KOH-NasPO, type. In this formulation, KOH is an activator affecting the enrichment
capacity, which allows a hardening layer to be formed on the oxidized surface relative to the nominal amount
of the part, this results in a significant increase in the adhesion strength of the coatings [9].

The parameters of MAO process in operation include the following limits: pulse duration — 100 ps,
pulse frequency — 100 Hz, electric voltage — 100 V, initial current density — 0,15-0,35 A/cm?, process
duration — 10 min. During the calcium-phosphate coating with nanoparticles of titanium oxide the titanium
samples attached to suspension were immersed into the electrolyte in the bath. The MAO was carried out in
anodic mode at an AC voltage of 100 V for 10 minutes. As a result of the experiment local microplasma
discharges appeared on the surface of samples and in their area the coating was synthesized. To obtain
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calcium-phosphate coating on samples of technical titanium of VVT1-0 grade, which underwent PEO process,
three different amounts of titanium oxide were added into electrolyte composition.

The thickness and cross-sectional microstructure of calcium-phosphate coatings with the addition of
titanium oxide nanoparticles obtained in the MAO process were studied using an ALTAMI-MET-5C optical
microscope. To improve the image quality of the microscope, an advanced illumination system with a high-
power lamp (12 V, 50 W) is used as the light source. Basic equipment of ALTAMI-MET-5C is equipped
with digital USB-camera with 3 MPix resolution and Altami Studio software. To measure the transverse
thickness of the calcium-phosphate coatings obtained in the process of MAO, cut to a scale of 1/10 with a
preliminary application of glue, epoxy paint and hardener, and a procedure of cryopreservation. The cured
specimens were cleaned and wiped with diamond paste, after seating with 100-2000 welding paper.

Cross-section microhardness of coatings on VT1-0 alloy was investigated with nanosensor “NanoScan-
4D Compact”. NanoScan-4D Compact uses a diamond pyramid of Berkovich type as an indenter. The
Berkowitz-type indenter is a triangular pyramid with an angle of 65.3° between the pyramid's axis and the
surface. The equivalent angle of the cone is 70.32°. The radius of curvature of the indenter tip is less than
100 nm. Ten measurements of the micro-hardness values of the coatings for each sample were made. The
arithmetic mean values are used in this work.

The values of microhardness and modulus of elasticity of the material were automatically calculated
using a special programme “NanoScan Viewer” in the form of a table. The results were obtained in the form
of a graph showing the depth of penetration of the indenter into the sample as a function of the applied force.

Results and Discussion

To find out the effect of the electrolytes on the calcium-phosphate coating with titanium oxide
nanoparticles, an electrolyte of three different compositions was prepared (Table 2). Calcium phosphate
coating with titanium oxide nanoparticles was prepared using distilled water, orthophosphoric acid,
hydroxyapatite and three different grams of titanium oxide.

Table 2
MDO process limits for each electrolyte

Electrolyte No0.10.59g TiO, +500 g No0.20.75g TiO,+500g | No.31gTiO,+500¢g
dist.water + 10 g HsPO4 + | dist.water + 10 g HsPO4 + | dist.water + 10 g H3PO4 +
5gHA:No. 1 5gHA: No. 2 5 g HA: #3

Frequency (Hz) 100 Hz 100 Hz 100 Hz

Voltage (V) 100V 100V 100V

Pulse (us) 100 ps 100 ps 100 ps

Time (min) 10 min 10 min 10 min

The process of surface modification of titanium alloy VT1-0 by plasma electrolytic oxidation was
investigated. PEO allows to obtain dense, uniform, not requiring additional surface grinding oxide coatings.
The coating thickness values were 18.5-62.4 pm.

Figure 2 shows the cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.5 g
titanium oxide is added to the electrolyte.
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Figure 2.Cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.5 g titanium oxide is added to
the electrolyte composition

In most cases, the main quality parameter for a coating that meets technical and economic requirements
is its thickness. In addition, the determination of coating thickness is the basis for quality assurance.

Studies of the cross-sectional structure of MAO coatings have shown that they have a three-layer
structure regardless of the base material. The elements contained in the electrolyte must reside mainly in the
porous outer layer of the MAO coatings (Fig. 1), which for different alloys is 20 % or more of the total
coating thickness (Fig. 2). Thin barrier (transitional layer between the MAO coating and the substrate) layer
located in close proximity to the base material must contain polycrystalline titanium oxide [14, 15]. In
between is an intermediate layer (Fig. 2-4) consisting mainly of the TiO, phase. In this case the total
thickness of MAO-coatings exceeds the thickness of the pro-oxidized titanium layer by about 20 %.

The cross-sectional thicknesses of VT1-0 titanium obtained by the MAO method when 0.5 g of titanium
oxide nanoparticles were added to the electrolyte were 29.3 um, 25.4 um, 18.5 pm.

Figure 3 shows the cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 0.75 ¢
titanium oxide is added to the electrolyte.

70 kM.

Figure 3. Cross-sectional thickness of calcium-phosphate-coated titanium VVT1-0 when 0.75 g titanium oxide is added to
the electrolyte composition

The cross-sectional thicknesses of VT1-0 titanium obtained by the MAO method with the addition of
0.75 g of titanium oxide nanoparticles to the electrolyte were 62.4 um, 55.6 pm, 56.6 pm.

Thus, three different layers can be distinguished in the coating structure: an agglomerated layer (at the
coating surface), an intermediate layer and a barrier layer (at the interface with the titanium substrate).
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Figure 4.Cross-sectional thickness of calcium-phosphate-coated titanium VT1-0 when 1 g of titanium oxide is added to
the electrolyte

The cross-sectional thicknesses of VT1-0 titanium obtained by MAO with calcium-phosphate coating
when 1 g of titanium oxide nanoparticles were added to the electrolyte were 51.8 um, 51.1 um, 56.4 um.

The process of oxide coating formation in plasma electrolytic oxidation or micro-arc oxidation is
presented in several successive stages: Salt dissociation into ions; ion delivery to the electrode surface;
electrochemical reaction and accompanying microplasma process; oxide or ceramic coating formation;
subsequent chemical reaction, removal of gaseous reaction products [8]. As a result of local high-energy
impact on the surface of the products layers are formed which include both elements of the matrix (oxidized
metal) and elements of the electrolyte [9]. With a PEO treatment duration of 10 min, dense uniform oxide
coatings are formed in all electrolyte solutions.

The highest micro-hardness of the coating was obtained in electrolyte No. 2 and is 2.84 GPa (Table 4),
and the increase compared to the uncoated sample is 2.5 times.

The results of microhardness measurements of all calcium-phosphate coatings of VT1-0 titanium with
titanium oxide nanoparticles, showed significant increases compared to the microhardness of pure uncoated
titanium (1.7 GPa).

Figure 5 shows a graph of the depth of penetration of an indenter into the sample as a function of the
applied force for calcium-phosphate-coated titanium VT1-0 obtained by adding 0.5 g of titanium oxide to the
electrolyte.
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Figure 5. Dependence plot of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 0.5 g titanium oxide is added to the electrolyte

Nano-hardness tester data for calcium-phosphate-coated titanium VT1-0 obtained by adding 0.5 g of
oxide to the electrolyte is shown in Table 3.
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Table 3

Values measured on a calcium phosphate nanohardness tester for calcium phosphate coatings obtained by
adding 0.5 g titanium oxide to the electrolyte

gz HM | B HM Force, H, E,GPa | 1% W, W
mN GPa
Average value 1382.77 1266.21 | 99.59 2.84 128.92 4593 | 4155 | 144
1
Standard 311.10 263.10 0.29 1.18 114.11 33.23 | 8.06 8.02
deviation

Figure 6 shows a plot of the indenter penetration depth versus applied force in a calcium-phosphate-
coated VT1-0 titanium sample when 0.75 g of titanium oxide is added to the electrolyte.
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Figure 6. Dependence plot of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 0.75 g titanium oxide is added to the electrolyte

The values obtained on the nanohardness tester for the electrolyte composition with the addition of
0.75 g of titanium oxide are shown in Table 4.

Table 4

Values measured on a calcium phosphate nanohardness tester for calcium phosphate coatings obtained by
adding 0.75 g titanium oxide to the electrolyte

Rmge.m | he,mm | Force, H, E,GPa | % W, W,
mN GPa
Average value | 1019.17 | 968.99 | 99.29 4.04 348.52 | 1955 | 30.23 | 5.39

Standard 58.94 61.38 0.92 0.41 82.05 15.26 | 3.48 0.96
deviation

Figure 7 shows a plot of the indenter penetration depth versus applied force in a calcium-phosphate-
coated VT1-0 titanium sample when 1 g of titanium oxide is added to the electrolyte.
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Figure 7.Dependence of indenter penetration depth on applied force in calcium-phosphate-coated titanium VT1-0
sample when 1 g titanium oxide is added to the electrolyte

The values obtained on the nanohardness tester for the composition of the electrolyte with the addition
of 1g of titanium oxide are shown in Table 5.

Table 5

Values measured on a calcium phosphate nanohardness tester for calcium phosphate coatings obtained by

adding 1 g of titanium oxide to the electrolyte

Mg 1om | B, nm Force, | H, E,Gpa |r% W, 14
mN GPa
Average value 1147.75 1083.53 | 99.75 3.44 235.06 | 13.03 | 36.79 | 6.71
Standard 114.66 115.25 0.17 0.57 25.96 1.46 3.89 1.18
deviation

Tables 3-5 show that the mechanical properties of the samples as well as the thickness of the MAO
layer depend on the concentration of titanium oxide nanoparticles. When evaluating all the considered
parameters of the obtained layer, the best performance was and obtained with the composition of electrolyte
No. 2 (see Table 2). With a satisfactory thickness of the formed MAO layer (62.4 um), the surface
microhardness value (4.04 GPa) was found to be the highest among all compared processing modes,
simultaneously with a high modulus of elasticity (348 GPa) and a low indentation depth (Fig. 5-7) in the
coating (968.99 nm).

Conclusions

The process of plasma electrolytic oxidation of VT1-0 titanium with different composition of
electrolyte was investigated. PEO allows to obtain dense, uniform, not requiring additional surface grinding
oxide coatings. Three different layers can be distinguished in the coating structure: agglomerated (at the
coating surface), intermediate and barrier (at the boundary with the titanium base). The coating thickness
values were 18.5-62.4 um. The obtained coatings are distinguished by high surface microhardness. The
oxide coating microhardness of which is 4,04 GPa at covering thickness of 62,4 microns is received. These
coatings were formed in an electrolyte containing calcium phosphate with the addition of titanium oxide
nanoparticles. The increase compared to the uncoated sample is 2.5 times.
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JL.b. bagranosa, A.2K. XKacynaukeizsl, H.M. Marazos, b.K. Paxaauios,
H. Myxranoga, I'.K.Ya3pipxanosa

Turtan :ka0bIHAAPBIHBIH MEXaHUKAJIBIK KacHeTTepiHe
IUIa3Ma-3JIEKTPOJMTTIK TOTBIFYABIH dcepi

TTna3ma-31eKTpoauTTiK ToThIFy nporeci (II9T) To3yrare3iMai, KOPPO3USIFATO3IM/Il, BICTHIKKATO3IMI, 3JIEKTp
OKIIIAYJIAFBIII JKOHE COHMIK KAaCHEeTTepiH Koca anFaHnaa, Oiperedt kacuerrepi Oap Kem (hyHKIIMOHAIIBI
JKaOBIHAAP Bl aTyFa MYMKIHAIK Oepeni. COHIBIKTaH Oy )KaOBIHIAPIBIH KOJIIAHBLTY asChl alTapIBIKTai KEH.
Aram aifTcak: MeIWIIMHA, aBHAIUA, KEMe jKacay, aclalm jkacay, aBTOMOOWIb jKacay jKoHe Oacka cajamap.
TexHosorust MetanaapAbiH OeTiHIE OKCHJ KabaTTapbIHBIH Maiifa OONybIHA BIKMAN €TETiH MHUKPOIOFAJIbIK
pa3psIITapbIHBIH KYOBUIBICHIHA HETi3[eireH. Byl jkymbicTa THTaHFa IUIa3MalBIK JJIEKTPOJIHUTTIK TOTBIFY
ApKBUIBI JKaOBIHAAP/IBI Ay TEXHOJOTHSIIAphl KapacTeipbuirad. 1102 HAHOOOJIIEKTEPiH SICKTPOIUTKE KOCca
OTBIPBIN, AHOATHI ©HAEy >karfaiibiHAa BT1-0 mapkanel TUTaHHaH >kacaldFaH cyOCTpaTKa IIa3MalbIK-
AeKTpoNUTTIK TOTHIKTBIPY (IIDT) GoitbiHIIA dKCIIepUMEHT Kyprisingi. berti KockiMIina Tericteyai Kaxer
STIIEHTIH THIFBI3, OIPKENIKI OKCHATI KaObIHIap abIHABL JKaOBIHHBIH KaJTbIHIBIFH 18,5—62.4 MM Gomabl. Ocbl
OHJICY HOTIDKECIHIEC aJbIHFaH KalbIMiA-pocdar KaOBIHIAPBIHEIH MHKpPOKATTHUIBIFbIHA [IDT-mbIH ocepi
3eprrengi. Ty3inreH KabaTTelH opTama KalbHIABFEIMEH (62,4 MKM) OapiblK CANBICTHIPBUIFAH OHICY
PEKUMIEpiHIH imiHme OeTiHIH MHKPOKATTBUIBIFBIHBIH €H YiIKeH MoHI (4,04 I'Tla) »xorapsl cepmiMAiTiK
monyiimeH (348 I'Tla) sxoHe MHACHTOPABIH jka0biHFa (968,99 HM) eHy TepeHIIriHiH a3 MOHIMEH aHBIKTANIbL.
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Byn xabbiHaap kanbuuit Gpocdarsr 6ap amexrponutke 0,75r THTaH OKCHAI HAHOOOIILIEKTEPiH KOCY apKbLIbI
Ty3unai. JKaObIHHBIH MUKPOKATTBUIBIFBI JKaOBIHCHI3 YJTiHIH MUKPOKATTBUIBIFBIMEH CalBICTBIpFaHAa 2,5 ece
JKorapsl Oonabl. JKypriziiren 3epTreyniep HOTWXKeciHAe Kanbluii-¢ochaT >kaObIHAAPBIH aTyAbIH OHTAMIIBI
pexumzuepi MeH IapameTpiiepi aHBIKTajbIl, IQNeNAeHAI. AJBIHFAH JKaOBIHIAPIBIH KYPBUIBIMBIHA,
KaJIBIH/IBIFBIHA JKOHE OeTKI KacHeTTepiHe MUKPOJOFAIBIK OHJEY NPOLECIHIH JIEKTPOINT KYPaMbIH ©3repTy
ApPKBUTBI aTapIIBIKTal acep eTyre OOMaThIHIBIFEI KOPCETIIreH.

Kinm ces3o0ep: mna3ma-snextpostTik TOoThIFy (I19T), smexrposut, HaHOOOMImIEKTep, >KaOBIH, KYPBUIBIM,
MHKDPOKATTBUIBIK, THTaH, THTAaH OKCHI.

JLb. BasranoBa, A.)K. XXacyinankeizel, H.M. Mara3zos, b.K. Paxagunos, H. MykraHoBa,
I'.K. Ya3zbeipxanoBa

BansiHue mi1a3MeHHO-3JIeKTPOJIMTHYECKOT0 OKCHIUPOBAHNS HA MeXaHUYeCKHe
CBOMCTBA TUTAHOBBIX MOKPBITHHI

IIponecc IUTa3MEHHO-3JIEKTP OJIMTUIECKOTO OKCHIMPOBAHHSA (I120) MO3BOJIACT MOJIy4aTh
MHOTO()YHKIIMOHAJIbHBIE MOKPHITHA C YHHKAJIbHBIM KOMIUIEKCOM CBOWCTB, B TOM HYHCIIE H3HOCOCTOMKHE,
KOPPO3MOHHOCTOHKHE, TEIIOCTOMKHE, 3JIeKTPOU3OJALHOHHBIE M aekoparuBHble. IlosToMy o6macTs
NpUMEHEHHsl JAHHBIX TOKPBITMH  JOCTaTOYHO IIMPOKA: MEAWNMHA, aBHa-, CyAo-, HpHOOpo-,
aBTOMOOHJIECTPOCHUE U APYrHe OTPACIH NPOMBIIUIEHHOCTH. B OCHOBY TEXHOJOTHM HOJIOXKEHO SBICHHE
MHKPOJYTOBBIX Pa3psIoB, CIIOCOOCTBYIONINX OOPa30BAHUIO OKCHIIHBIX CIIOEB Ha ITOBEPXHOCTH MeTauioB. B
JaHHOM pabGoTe ObLI TNPOBENEH SKCHEPUMEHT MO IUIA3MEHHO-3JIEKTPOIMTHIECKOMY OKCHIMPOBAHUIO
HNOMIOXKKM W3 THTaHa Mapku BT1-0 B ycinoBusx aHOmHOH 0OpaGOTKH C NOOaBICHHEM B OJIEKTPOIUT
HaHovacTu1 TiO2. BeIy momydeHs! MIOTHBIE, PaBHOMEPHBIE, HE TpeOyomue JONONMHUTEIbHON IMITH(OBKH
MOBEPXHOCTH OKCHIHBIC MMOKPHITUS. 3HAYEHUSI TOIIIMHBI MOKPBHITHI cocTaBmm 18,5-62,4 mxm. MccnegoBano
Biausiaue [130 Ha MHKPOTBEpAOCTh KaNbIHiA-(hOoCchATHBIX MOKPHITHI, 00pa3yIONMINXCS B Pe3ysibTaTe AaHHOK
o0Opabotku. [lpm ymoBneTBopuTENbHON ToNmuHE CcHopMUpOBaHHOTO ciog (62,4 MKM) OBUIO BBISBICHO
HanOomblIee CPeAd BCEX CPABHUBAEMBIX PEXHMMOB OOpPa0OTKM 3HAUCHHWE MHKPOTBEPIOCTH MOBEPXHOCTH
(4,04 TTla) omHOBpEMEHHO C BBICOKMM IOKa3aTenaeM Moxmyist ympyroctu (348 I'lla) m manbM 3HaYeHHEM
TIIyOWHBI TPOHWKHOBEHMSI MHICHTOpa Ha MOKpbiTHE (968,99 HM). [/laHHBIE MOKPBHITHS CHOPMHPOBAHEI B
UEKTPONUTE, COjeprkameM Kanblui-¢ocdar, ¢ nodasiaeHneMm 0,75 T HAHOUACTUII OKCHIA THUTaHA.
YBenuueHne MUKPOTBEPAOCTH IO CPaBHEHHIO ¢ 00pa3moM Oe3 MOKpPHITUS MPOHCXOoAuT B 2,5 pasa. B
pe3yabTaTe IPOBEICHHBIX UCCIIEA0BAHUI YCTAaHOBIICHBI U ONPEIENeHBl ONTUMAIbHBIE PEXUMBI H TapaMeTPhI
nomydeHus Kaiblui-(ocharHeix mokperTuid. IlokazaHo, 9TO, MEHSAS COCTaB DJIEKTPOJHTA, BO3MOXKHO
CYIIECTBEHHO BO3/ICHCTBOBATH HAa CTPYKTYPY, TONIINHY U MOBEPXHOCTHBIE CBOHCTBA MOTYyIaeMbIX MOKPBITHH.

Kniouesvie cnosa: TUIa3MEHHO-3JICKTPOJIMTHYECKOE OKCUANPOBAHUE, DJICKTPOJIUT, HAHOYACTHUIIBI, ITOKPBITHUE,
CTPYKTYpa, MUKPOTBEPAOCTb, TUTAH, OKCU TUTAHA.

References

1 Kablov, Ye.N. (2006). Konstruktsionnye i funktsionalnye materialy — osnovy ekonomicheskogo i nauchno-tekhnicheskogo
razvitiia Rossii [Structural and functional materials — the basis of economic and scientific and technical development of Russia].
Voprosy materialovedeniia — Matters of materials science, 1, 64-67 [in Russian].

2 Suminov, I.V., Belkin, P.N. & Epelfeld, A.V. (2011). Plazmenno-elektroliticheskoe modifitsirovanie poverkhnosti metallov i
splavov [Plasma electrolytic surface modification of metals and alloys]. Moscow: Tekhnosfera [in Russian].

3 Rakhadilov, B., Zhurerova, L. & Pavlov, A. (2016). Method of electrolyte-plasma surface hardening of 65G and 20GL low-
alloy steels samples. Paper presented at the IOP Conference Series: Materials Science and Engineering, 142(1). DOI:10.1088/1757-
899X/142/1/012028.

4 Kozlov, I.LA. & Duyunova, V.A. (2015). Vliianie napolneniia v rastvore natrievogo zhidkogo stekle na elektrokhimicheskie
svoistva plazmennogo elektroliticheskogo pokrytiia na splave VML20 [Influence of filling in a solution of sodium liquid glass on the
electrochemical properties of a plasma electrolytic coating on the VML20 alloy]. Aviatsionnye materialy i tekhnologii — Aviation
materials and technologies, 4(37), 61-66. DOI: 10.18577/2071-9140-2015-0-4-61-66 [in Russian].

5 Gnedenkov, S.V., Sidorova, M.V., Sinebryukhov, S.L., Antipov, V.V., Buznik, V.M., Volkova, YeF. &
Sergiyenko V.1. (2013). Stroenie i svoistva pokrytii, poluchennykh metodom plazmennogo elektroliticheskogo oksidirovaniia na
aviatsionnykh magnievykh splavakh [Structure and properties of coatings obtained by plasma electrolytic oxidation on aviation
magnesium alloys]. Aviatsionnye materialy i tekhnologii — Aviation materials and technologies, S2, 36-45 [in Russian].

6 S. Ferraris & S. Spriano (2016). Antibacterial titanium surfaces for medical implants. Mater. Sci. Eng. C Mater. Biol. Appl.
61, 965-978.

7 Rakhadilov, B. K., Baizhan, D. R., Sagdoldina, Z. B., Buitkenov, D. B. & Maulet, M. (2020). Phase composition and
structure of composite Ti/HA coatings synthesized by detonation spraying. Paper presented at the AIP Conference Proceedings,
2297 DOI:10.1063/5.0029754.

Cepus «Duanka». Ne 3(111)/2023 73



L.B. Bayatanova, A.Zh. Zhassulankyzy et al

8 Wang, Yi., Huijun, Yu., Chuanzhong, Chen & Zhihuan, Zhao. (2015). Review of the biocompatibilityofmicro-arc oxidation
coated titanium alloys. Mater. Des., 85, 640-652.

9 Wang, P, Pu, J., Zhou, J.H., Cao, W.J., Xiao, Y.T., Gong, Z.Y. & Hu, J. (2018). Effect of Al203 particle concentration on
the characteristics of microarc oxidation coatings formed on pure titanium, Int. Electrochem. Sci. 13, 8995-9006. https://doi.org/

10 Lee, K.M,, Jung, B.K., Ko, Y.G. & Shin, D.H. (2014). Electrochemical response of ZrO2 in- corporated titanium oxide film.
Mater. Res. Innov., 18, S2407-S2411, https://doi.org/10.1179/1432891714Z.000000000440 https://doi.org/.

11 Toorani, M., Aliofkhazraei, M. & Sabour Rouhaghdam, A. (2018). Microstructural, protective, inhibitory and
semiconducting properties of PEO coatings containing CeO2 nanoparticles formed on AZ31 Mg alloy. Surface and Coatings
Technology, Vol. 352, 561-580.

12 Kolobov, Yu.R. (2009). Tekhnologii formirovaniia struktury i svoistv titanovykh splavov dlia meditsinskikh implantatov s
bioaktivnymi pokrytiiami [Technologies for forming the structure and properties of titanium alloys for medical implants with
bioactive coatings]. Rossiiskie nanotekhnologii — Russian nanotechnologies, Vol. 4, 11-12, 19-31 [in Russian].

13 Rakhadilov, B.K., Tyurin, Yu.N. & Bayzhan, D.R. (2022). Patent Ne 35998 na izobretenie Respubliki Kazakhstan:
2021/0608.1. Sposob mikrodugovogo oksidirovaniia [Patent No. 35998 for the invention of the Republic of Kazakhstan:
2021/0608.1. Microarc oxidation method] [in Russian].

14 Preparation method and application of magnesium doped porous nano titanium oxide coating: pat. 101928974 CN; publ.
29.12.10.

15 Method of preparing magnesium-doped hydroxyapatite/ titania active film on surface of medical titanium alloy: pat.
102747403 CN; publ. 24.10.12.

74 BecTHuk KaparaHguHckoro yHnsepcuTeTa


https://doi.org/

DOI 10.31489/2023PH3/75-85

UDC 55.23.13

Z. Berkinova, B. Golman”

School of Engineering and Digital Sciences, Nazarbayev University, Kabanbay Batyr ave. 53, Astana, 010000, Kazakhstan
(*E-mail: boris.golman@nu.edu.kz)

Flow Behavior of Complex-Shaped Particle Mixtures in Rotary Drums: A DEM Study

Metal matrix composites hold great potential as functional materials for energy conservation applications.
These composites are manufactured using powder metallurgy, which involves the incorporation of fine
particles with diverse shapes. Understanding the flowability of particle mixtures with varying shapes is
crucial for optimizing industrial processes. This study focuses on analyzing the flowability and flow behavior
of mixtures composed of alumina and aluminum alloy particles using the discrete element method. The
particle shapes are modeled to closely resemble actual particles, and their flow behavior in a rotating drum is
simulated. The upper and lower dynamic angles of repose, outlines of particle bed surface, particle
displacements, and particle velocity distributions were analyzed to understand the flow characteristics of
complex-shaped particles. The results reveal the influence of particle shape on the flow behavior of powder
mixtures, providing valuable insights for process optimization and design.

Keywords: Complex shaped particles, powder mixtures, metal matrix composites, rotary drum, discrete
element method, flowability, dynamic angle of repose, flow behavior.

Introduction

Granular materials have a wide range of applications in various industrial processes, such as additive
manufacturing, powder metallurgy, pharmaceuticals, agriculture, and food engineering. Advanced functional
materials, such as metal matrix composites, are commonly manufactured using powder metallurgy
techniques [1]. Ceramic-reinforced metal matrix composites, in particular, hold great promise for energy
applications owing to their lightweight nature and high strength [2]. The raw powder comes in different
shapes, from simple spherical particles to complex elongated, bulky, and flaky particles. The shape of
particles significantly affects various aspects of powder behavior, including powder flow dynamics [3],
mixing rate [4], flow patterns [5], and particle breakage [6].

Flowability is a crucial property of bulk materials that can greatly impact both the production process
and the functionality of various products. Powder flowability depends on several factors, such as particle
shape and size distribution, the composition of the powder mixture, and environmental conditions. Various
experimental techniques exist for measuring powder flowability, and their choice depends on the specific
application. One effective method involves using a drum filled with powder that continuously rotates at low
speeds, such as 4 rpm [7], 0-65 rpm [8], 5-20 rpm [9], and 6, 9, and 12 rpm [10], to measure the dynamic
angle of repose of the powder.

The Discrete Element Method (DEM) has recently gained extensive use in studying the flow behavior
of granular materials. However, many researchers rely on simplified models of particle shapes, such as
spherical or ellipsoidal particles [11]. Unfortunately, these models may not accurately represent the shape of
actual particles. Simulating the motion of irregular-shaped particles is computationally expensive and
requires significant computational resources. Despite these challenges, a few studies have focused on
complex-shaped particles. For example, Norouzi et al. [10] conducted research on the flow behavior of oval,
oblong, and biconvex-shaped particles using a rotary drum. Their investigation revealed that the transition
from a rolling to a cascading flow regime depends not only on the size and filling level of the particles but
also on their shape.

Despite the significance of understanding the flow behavior of particle mixtures in rotary drums, there
remains a gap in research concerning the analysis of mixtures consisting of particles of varying shapes.
Therefore, the present study aims to analyze the flowability and flow behavior of mixtures of two materials
with varying particle shapes using DEM. The shape of particles is modeled to closely resemble the actual
particles.We investigated the flowability of alumina and aluminum alloy particle mixtures. The upper and
lower dynamic angles of repose were measured using a rotary drum. Furthermore, we analyzed the impact of
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the composition of complex-shaped particle mixtures on the particle bed surface, particle displacements, and
particle velocities.

Materials and Methods

Materials

The AISi1l0Mg alloy powder was procured from Avimetal, China, while the aluminum oxide was
obtained from Sigma-Aldrich, Switzerland. For this study, we utilized mixtures of alumina and alloy
powders containing alumina weight percentages of 2 %, 6 % and 10 %.

Particle size distribution

The size distributions of alumina and aluminum alloy powders were measured using the laser
diffraction particle analyzer, Mastersizer 3000 by Malvern Panalytical. The analyzer was used in
combination with the Aero S dry disperser. The disperser was operated under a pressure of 0.5 bar and 1 bar
for alumina and aluminum alloy, respectively. The volume-based size distributions of alumina and aluminum
alloy powders are illustrated in Figure 1. The characteristic diameters and span of size distributions are listed
in Table 1. The diameters d10, d50, and d90 represent the particle sizes at which 10 %, 50 %, and 90 % of
the cumulative undersize distribution are achieved. The span value is calculated as follows:

Span = 2% (D
dE‘D

The alumina powder has a significantly larger size than the aluminum alloy powder, although its size
distribution is slightly narrower.

Table 1
Characteristic diameters and span of particle size distributions
Property Al;O3 AlSil0Mg
d1o(um) 64.4 27
dso(um) 99.1 44
dgo(pm) 149 70.1
Span 0.854 0.980
15
— Alumina
AISI10Mg
e 10
E
5
0
1

Particll}%?ze. um

Figure 1. Size distribution of aluminum alloy and alumina particles

Particle morphology

The morphology of aluminum alloy and alumina particles was observed using a scanning electron
microscope (SEM) provided by Zeiss Crossbeam 540, Switzerland. First, the samples were coated with
carbon to protect the surface. Afterward, aluminum alloy particles were sputter coated with gold in a
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Quorum Q150T ES to decrease charging during imaging. The SEM images of particles are illustrated in
Figure 2.

Figure 2. SEM images indicting outlined particle types of a) aluminum alloy and b) alumina particles

DEM contact model

The particle flow within the rotating drum was simulated numerically using DEM, initially proposed by
Cundall and Strack [12]. DEM tracks the displacement and rotation of individual particles based on Newton's
second law. Particle movement is described through translational and rotational motions as follows:

d;
mid_;:EFc,i +m; g, (2)

20— r(ZM,,). 3)

Here, m;denotes the mass of the particle, F. i stands for the contact force w; specifies the translational
velocities, g is the acceleration of gravity, I; is the moment of inertia, w; is the angular velocity vector, R; is
the torque acting on the body, and M, ; is the contact torque associated with rolling friction. The Hertz-
Mindlin contact model, along with the elastic-plastic spring dashpot (EPSD2) rolling friction model, was
employed to simulate particle-particle and particle-wall contacts. The elastic-plastic spring-dashpot (EPSD)
rolling friction model has been formulated to consider additional torque contribution to the motion of
particles. In this study, we used the EPSD2 model [13], which excludes the viscous damping torque
component and considers only the mechanical spring torque, in contrast to the original EPSD model [14].

Particle model

A number of methods have been described in the literature for generating non-spherical particles for
DEM simulation. Among these, the multi-sphere method [15, 16], which involves creating non-spherical
particles by using clamps made of overlapping spheres with fixed local positions, and the superquadrics
method [17-19], which generates particles of varying shapes by adjusting the parameters of superquadrics,
are the most frequently employed. In the current study, the multi-sphere approach was utilized to generate
particles of complex shapes. To enhance the accuracy of the obtained results, particle shapes for numerical
simulation were generated based on SEM images and size distribution analysis of aluminum alloy and
alumina particles.The aim was to simulate the shapes and sizes of particles as closely as possible to the actual
particles. Two types of particle shapes were used for the aluminum alloy (Fig. 2a): spherical particles with a
radius of 0.5 mm and elongated particles represented by five overlapping spheres, each with a constant
radius of 0.4 mm (Fig. 3). Furthermore, to account for the bulky shapes and sharp edges of alumina particles,
three types of complex-shaped particles were selected from the SEM image, as depicted in Figure 2b. Then,
multi-sphere particles with shapes resembling the selected actual particles were generated using six, eight,
and fifteen overlapping spheres, as illustrated in Figure 4.
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(@) (b)

Figure 3. 3D model of generated aluminum alloy particles: a) sphere, b) elongated particle made of five overlapping
spheres.

4
N
&L i
a) b) c)

Figure 4. 3D model of generated alumina particles consisiting: a) six overalapping spheres, b) eight overalapping
spheres, c) fifteen overalapping spheres.

Particle insertion

The Aspherix software (DCS-Computing, Austria) was used to simulate the five cases. The first case
involved aluminum alloy particles, the second case included alumina particles, and the other three cases
represented mixtures of alumina and aluminum alloy particles, with 2 %, 6 %, and 10 % weight percentages
of alumina powder.

The SEM images show that the aluminum alloy powder is composed mostly of spherical and elongated
particles. For the DEM simulation runs 200,000 AISilOMg particles were randomly inserted into the
simulation domain under normal gravity. Of all the particles, 60 % were spherical, while the remaining 40 %
were elongated. In the case of pure alumina, 10,000 particles were inserted, with 50 % of them being multi-
spherical particles consisting of eight overlapping spheres. The remaining two types of particles, with six and
fifteen spheres, were evenly divided by 25 %.

To estimate the filling level of the drum, the volume of each particle in Table 2 was initially simulated
by an analytical method using the Avro code developed by Busa et al. [20]. The results of these simulations
are summarized in Table 2. Subsequently, the filling level of the drum was computed for each simulation
case by utilizing the particle volume, the known number of particles of each type, and the volume of the
drum used in the DEM simulations, as presented in Table 3. The filling level affects the flow behavior of
particles in the drum and particle bed surface [8].

Table 2
Parameters of multi-sphere model for particle generation
Particle Number of overlapping Volume (mm?) Mass (g)
type spheres
AISi10M particles
1 1 0.523 0.00116
0.66 0.00147
Alumina particles
3 6 7.49 0.0280
4 8 13.12 0.0498
5 15 32.94 0.125
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Table 3
Drum filling level of five simulation cases

Composite Filling level (%)

Al,O3 38.8
AISil0Mg 29.5
2 % Al,O3 28.3
6 % Al,O3 27.9
10 % Al,03 27.4

Table 4 lists the material properties of the aluminum alloy and alumina particles, as well as the rotary
drum. Stainless steel was chosen as the wall material for the drum to prevent electrostatic effects on the
particles. The properties used in DEM simulations were selected to closely reflect real material properties,
with one exception. Young's modulus (G) for the aluminum alloy was decreased from 7 x 107Pa to 7 x 10°
Pa to reduce computational time. This adjustment does not affect the results obtained, as noted by Chen [9].

Table 4
Material properties for particles and wall
Material property AlSi;oMg Alumina Rotary drum

Density, g (kg/m?®) 2230 3800 7500

Young's modulus, & (Pa) 7x10° 3.2x107 1.8x107

Poisson’s ration, ¥ 0.3 0.23 0.3

Coefficient of restitution, e 0.75 0.4 0.7

Coefficient of friction, u 0.3 0.6 0.3

Coefficient of rolling friction, u, 0.001 0.005 0.005

The rotary drum has a diameter of 200 mm and a thickness of 25 mm. To conduct the DEM
simulations, particles were initially randomly distributed inside the drum and allowed to settle for 1 second
to attain a stable position. Subsequently, the drum was rotated about y-axis at a constant speed of 20 rpm for
3 seconds. Finally, the dynamic angle of repose, which is the angle formed between the surface of a particle
bed and the horizontal plane, was measured using the open-source software ImageJ.

To measure the upper and lower angles of repose in this study, the method proposed by Marigo and
Stitt [21] and previously used by Jadidi et al. [22] was employed. The upper angle (o) was determined by
drawing a line from the leftmost side to the center of the powder bed in the rotary drum, while the lower
angle (B) was measured from the drum's center to the rightmost side. Figure 5 (a) shows a schematic
representation of the drum in a stable position, while Figure 5 (b) depicts the drum during rotation about y-
axis.

Figure 5. Schematic representation of a) drum in stable position b) drum during rotation about y-axis
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Results and Discussion

Although the concept of a rotary drum is simple, the particle flow inside the drum is highly complex.
Several studies [23, 24] have identified four distinct particle flow regimes: slipping, rolling, cascading, and
cataracting. These regimes depend on various factors such as drum size, rotational speed, filling level,
particle size distribution, and particle shape. To differentiate between these flow regimes in the rotary drum,
the Froude number (Fr) is often used. The Froude number, given by Fr = w?-R/g, characterizes the
balance between gravitational and centrifugal forces. Here, w represents the angular velocity in radians per
second, and R denotes the radius of the rotating drum in meters. In our case, the Fr value is equal to
1.1 % 1073, The Froude number, along with the high filling level exceeding 10 % (as indicated in Table 3),
suggests that the particle flow in the drumis in the cascading regime. This type of motion generates an S-
curve particle bed surface, which is further supported by the DEM simulation results illustrated in Figure 6.

c)

Figure 6. Progressive visualization of cascading particle motion dynamics in rotating drum: a) particle insertion b)
intermediate phase c) established cascading regime

Figure 7 illustrates the outlines of the particle bed surfaces formed in the rotating drum at various times.
The bed surface outline was reconstructed from the DEM output files by detecting the maximum height of
the particle bed in each bin along the x-axis direction. The higher and steeper surface outlines are detected
for powder beds containing alumina particles (case 1). This can be attributed to the hardness and
abrasiveness of alumina particles, which can increase inter-particle friction [25] and affect the behavior of
the particle bed surface in the rotary drum. Moreover, the irregular shapes of alumina particles increase their
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tendency to form clusters and aggregates within the powder bed, resulting in an uneven surface with steeper
upper and lower angles of repose. This can be observed in the S-curve profile of the bed surface. On the
other hand, aluminum alloy particles (case 2) have smoother surfaces, which can reduce the tendency for
clustering and aggregation, resulting in a more uniform bed surface with less steep angles. This smoother bed
surface may be observed as a more gradual change in slope and a more linear profile in comparison to the S-
curve profile observed for alumina particles. The outlines of the bed surface for the mixtures of aluminum
alloy and alumina particles (cases 3, 4, and 5) follow the trend of the aluminum alloy, displaying smooth bed
surfaces. This can be attributed to the small amount of alumina added to the alloy, which is less than 10 %,
as well as to the different filling levels of the drum.
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Figure 7. Particle bed surface profiles of AISi1l0Mg, alumina, and their mixtures in drums after rotation for
a) 1sand b) 3s

Table 5 summarizes the upper and lower dynamic angles of repose for aluminum alloy, alumina, and
their mixtures, which were measured using ImageJ image analysis software on snapshots of DEM simulation
results. The upper angles of repose exhibited a tendency to increase with simulation time in all cases.
However, the lower angles of alumina particles decreased over time. The rotation of the drum'’s wall lifts the
particles upward, but due to the high flow resistance, the particles encounter difficulties in freely flowing
down. Consequently, the particles tend to accumulate and form a steeper pile in the upper region of the drum,
while the lower region displays a flatter distribution of particles. Regarding the mixture of 10 % alumina
particles in AISi1l0Mg (case 5), we observed an initial increase in the lower angle of repose, which can be
attributed to the addition of alumina particles. However, as time progressed, the lower angle of repose
decreased, reaching a value lower than it was at 1 second. On the other hand, the upper and lower angles of
repose for the other two powder mixtures (cases 3 and 4) increased with time, following the trend observed
for the aluminum alloy particles. However, it should be noted that the angles of repose of the powder
mixtures in both the upper and lower regions were smaller than those of the aluminum alloy particles.
Despite the presence of alumina particles in the mixtures, the particle bed surfaces appeared flatter. This
phenomenon can be attributed to the filling level of particles in the drum. A slight decrease in the filling
level (refer to Table 3) could impact the flow of mixtures, resulting in increased angles of repose in the upper
regions.

Table 5
Upper («) and lower () dynamic angles of repose of aluminum alloy, alumina and their mixtures
AlSiloMg | Alumina | 2% | 6 % | 10 %
Time, s Dynamic angle of repose:
a S a S o b o B a p
1 40.07 13.53 45.34 33.3 37.11 14.49 37.8 15.35 33.59 17.61
2 41.53 14.4 47.04 30.18 39.2 17.07 38.9 16.25 355 17.96
3 41.73 14.46 48.68 29.37 40.08 17.79 39.85 16.92 35.65 16.83
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Additionally, the movement of particles during drum rotation was analyzed for each case. The maps of
particle displacement magnitudes are shown in Figure 8 for cases 1 and 2. The magnitude of particle
displacement is calculated using the Euclidian formula as follows:

d=(xz— %)%+ (y2— y1)* + (22 — 21)%, 5)
where (x1,%,21) and (x5 v2,22) denotes the particle positions at time ¢ and t + At, respectively. The
analysis of the displacement of alumina and aluminum alloy particles in the rotary drum suggests that there is
a variation in mobility among particles located in different regions. Specifically, the results indicate that
alumina particles in the drum's upper side exhibit greater mobility than those in the lower side. Moreover, the
displacement of aluminum alloy particles is greater for particles positioned on the lower side of the drum
compared to the alumina particles located in the same positions.
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Figure 8. Maps of particle displacement magnitudes along the diameter and length of rotary drum for a) aluminum alloy
and b) alumina particles

The particle velocity is an important parameter for predicting the flow behavior of particles. Figure 9
shows the maps of particle velocity magnitudes for aluminum alloy and alumina powders. Based on these
magnitudes, the particle bed in the rotary drum can be divided into two layers: active and passive. The
boundary between these layers is indicated by dark blue color, representing particles with velocities close to
zero. Particles within the active layer flow downward due to gravitational force, while particles in the passive
layer possess a tangent velocity equal to the velocity of the drum wall. This is a result of the no-slip
condition at the drum wall. As particles move from the drum wall towards the center of the drum, their
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velocities gradually increase and then subsequently decrease until they eventually match the velocity of the
drum wall in the lower region. The velocity maps of mixtures containing alumina and aluminum alloy
particles emphasize the dominant influence of the aluminum alloy particles. The mixtures tend to display
velocity patterns that closely resemble those observed for pure aluminum alloy particles.

Figure 9. Maps of velocity magnitudes of a) aluminum alloyand b) alumina particles in rotary drum

Conclusion

In this study, the flow behavior of mixtures of particles with different shapes in a rotating drum was
analyzed employing DEM. The simulations were conducted for mixtures containing 2 %, 6 %, and 10 %
alumina particles in aluminum alloy particles, as well as for pure alumina and pure aluminum alloy particles.
To accurately represent the particle shapes, they were digitally replicated based on SEM images of actual
particles, utilizing the multi-sphere method. Using the DEM simulation results, the upper and lower dynamic
angles of repose of the particles were measured using ImageJ software. Additionally, the outlines of the
particle bed surface, particle displacement, and particle velocity were examined to gain insights into the
particle flow phenomena.

The study's findings indicated that as the simulation time increased, the upper angles of repose
consistently showed a tendency to increase for all cases. However, the lower angles of repose behaved
differently for the alumina particles and the mixture containing 10 % alumina in aluminum alloy particles,
exhibiting an opposite trend compared to the lower angles of repose observed in the other three cases.

The s-shaped outline of the powder bed was observed for alumina particles. In the case of mixtures
containing aluminum alloy and alumina particles, the bed surfaces closely resembled the pattern of the
aluminum alloy, appearing smooth. This similarity can possibly be explained by variations in the particle
distribution within the drum due to the different filling levels. The displacement analysis of alumina and
aluminum alloy particles in a rotary drum shows that particles in different regions have varying mobility.
Alumina particles on the upper side of the drum are more mobile than those on the lower side. Additionally,
aluminum alloy particles on the lower side of the drum experience greater displacement compared to alumina
particles in the same positions. Particle velocity maps revealed the presence of two distinct layers. In the
active layer, particles were observed flowing downward under the influence of gravitational force.
Conversely, in the passive layer, particles displayed a tangent velocity that matched the velocity of the drum
wall, owing to the no-slip condition at the drum wall.
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AliHanmaJgibl 0apadanaapaaresl Kypaeai miminai OesmexkTep
KOCMAJIAPBIHBIH aFbIC CHIIATTAMACHI
JIMcKpeTTiK 3J1eMeHTTep dAici 00MbIHIIA 3epPTTey

Mertamn MaTpHLAIblK KOMIIO3UTTEDP SHEPIHSHBI YHEMJICY CallachlHIA KOJJaHyFa apHaIFaH (yHKIHOHAIIBI
MaTepuanzap peTiHAe YJIKeH dneyeTke ue. byl KOMIO3UTTEp YHTAKThl METaJUIyprus SAiCTepiMeH, SFHH
opTypii ¢gopmanapsl 6ap ycak OemmeKTepai KOJIaHa OTBIPBIN jkKacajafgbl. OpTYpii HmimriHzeri OemmexTep
KOCHAJapbIHBIH aFBIHIBUIBIFBIH TYCIHY OHEpPKACINTIK IIPOIECTepi OHTAiIaHABIpY YIIIH ©Te MaHBI3IHI.
Makanaga IUCKPeTTI O3JEeMEHTTep oJiCiH KOJJaHa OTHIPHI, ATIOMHHUH OKCHII MEH aJIOMHHUM
KOPBITIIACHIHBIH ~ OOJIIIEKTEepiHEeH TYpaTblH KOCHAlap AaFbICBIHBIH  OTIMIUIINI MEH CHIaTTaMajapbl
KapacThIpbUIFaH. bemmekrepain minrinaepi GapbIHIIA MIBIHAWE OeJIIIeK MiNIiHAepiHe YKCACTHIPBII aIbIHAIBI
JKOHE OJIapAblH aifHanManel OapabaHAarbl aFbICHIHBIH OpeKeTi cuMmymanusuiaHagsl. Kypaemi mimivzai
OeIIIEKTEp/IiH aFbICHIH CHIIATTAy YIIiH O6JIIeK KaOaThIHBIH >KOFapFbI )KOHE TOMEHT1 Kedey MTUHAMHKAJIBIK
OypbIuTapsl, OeniekTep Kabar OTiHIH KOHTYpnapbl, OeJIIEKTepAiH OpbIH aybICTBIPYBI JKOHE
JKBUIJAMJIBIKTAPBIHBIH, TapaJIbIMBl TaJIAHFaH. BeulliekTepiH MilliHAepi YHTAK KOCIHaJapbIHbIH aFbICHIHBIH
OpeKeTiHe ocep eTeTiHIH PacTaNThIH Tallay HOTWDKeNepl NMpolecTepAi OHTalIaHIbIpY JKoHe jkobanay YIIiH
naianel aKmapar oepei.

Kinm ce3dep: xypnemi mimiHAi OeNIIeKkTep, YHTaK KOCHadapbl, METAUl MATPHIAIBIK KOMIIO3HUTTED,
aiiHanManbel OapabaH, TUCKPETTI SJIEMEHTTEp Oici, aKKBIITHIK, THHAMHKAIBIK Kej0ey OYpBIIIbI, aFbiC
CUIIATTaMAaCHl.

K. bepkunona, b. ['onbman

XapakTepuCTUKH TEYEHHsI CMeceill YaCTUIl CJI0KHOM ()OPMBbI BO BPAIAKIINXCHA
O0apadanax
HccaenoBanne MeTo10M TUCKPETHBIX 3JIEMEHTOB

Merauyeckue MaTpU4HBIE KOMITO3HUTHI 00J1a1af0T OOJIBIIMM ITOTEHINAJIOM B KauecTBe ()yHKIIMOHAIBHBIX
MaTepHaloB Ul NPUMEHEHHs] B OOJAcTH 3HEeprocOepekeHus. DTH KOMIIO3HUTHI IPOU3BOMATCS METOIAMH
MOPOIIKOBOH METAITypriH, C HCIOIb30BAHMEM MEIKHX YacTHIl ¢ pa3nuyHbIMH (opmamu. [loHmManme
TEKy4eCTH CMeCel JacTHI[ C pa3IMIHBIMU (OPMaMHU SBISIETCS BAXKHBIM TSI ONTHMH3AIMN TTPOMBIIIIEHHBIX
HpoIeccoB. B cTaThe n3ydeHsl TeKy4ecTh M XapaKTePUCTUKH TEUSHHS TOTOKA CMECEeH, COCTOSIINX U3 YaCTHI]
OKCHJla aTIOMHHUS M ATIOMHHHEBOTO CIUIaBa, C NMPHMEHEHHEM METOJa NUCKPETHBIX 3/1eMEHTOB. DopMbl
YaCTHUI] MOJACIUPYIOTCS TAaKMM 00pa3oM, 4YTOOBI MAKCUMAIIBHO MPUOIN3UTh UX K peaNbHbIM YacTHLIAM, U HX
MOBEJICHHUE NPH JBM)KEHUM ITOTOKA YaCTULl BO BpararomeMcs 0apabane cuMmynupyercs. BepxHuilt 1 HIOKHUM
yIJbl OTKOCA, KOHTYpPBl MOBEPXHOCTU CJIOSI YacTHll, MEPeMEIIEHHUs YacTUIl U PacHpeAeieHHs CKOPOCTH
YaCTHUI] MPOAHATIN3UPOBAHbI JJIsI TIOHMMaHUS XapaKTePUCTHUK IOTOKA YacTHIl CJIIOXKHOU (opMbl. Pe3ynbraTer
aHaNM3a, MOATBEPXKAAIOIINe, YTO (JOPMBI JACTHI] BIUSIOT Ha MOBEACHHE IOTOKA CMECeH MOPOIIKOB, TAIOT
MOJIE3HYI0 NH()OPMAIIHIO JUIS ONTHMHU3AINH H IPOSKTHPOBAHHUS IIPOIIECCOB.

Kniouesvie cnoga: 4acTubl CIOKHON (HOPMBI, CMECH TOPOIIKOB, METALTHYESCKAE MATPUYHBIE KOMITO3HUTEHI,
Bpamjaronuiicss OapabaH, METOA IHMCKPETHBIX OJJIEMEHTOB, TEKy4ecTh, AWHAMHUYECKHII Yrojl OTKOCa,
XapaKTepPUCTUKA TEUSHUS.
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Effects of Sm doping on EuBe

A solid-state reaction was used to investigate the nanocrystalline particles of Sm-doped EuBs and their
optical, thermionic emission and mechanical properties were investigated. The tapered nanoawls had a length
of 3—-12 pum and a diameter ranging from 40 to 200 nm at the roots and 20—100 nm at the tip as shown by in
scanning electron microscopy (SEM). As the temperature of the material increases, the thermionic emission
current density also increases. Jo as the zero-field current densities for EuosSmo.sBs at 1500 K, 1673 K,
1773 K, 1873 K were 0.72 A cm?, 4.25 A cm™, 10.06 A cm2 and 20.05 A cm™. By increasing the Sm doping
content, electrical density of EuixSmxBs decreases. In all materials, the electrical resistivities increased
linearly with temperature from 200 to 1200 °C, indicating metallic conductivity. EuosSmo.4Bs has a lower
Vickers hardness and higher flexural strength than EuBs.

Keywords: nanocrystalline, mechanical properties, dielectric function, thermionic emission, electrical
resistivity.

Introduction

Europium hexaboride (EuBg) is the rare-earth metal hexaboride (REBs). Among ferromagnetic
semiconductors, EuBs shows extraordinary magnetoresistance and is commonly believed to include magnetic
polarons [1]. The characteristics of EuBs include chemical stability, excellent thermal conductivity, high
hardness, high melting point, high wear resistance and a low thermal expansion coefficient. Both boron (B)
and europium (Eu) atoms exhibit high neutron absorption cross sections, EuBes acts as an excellent neutron
absorber and is used as a control rod in fast breeder reactor [2].

Samarium hexaboride (SmBeg) is both Kondo insulator(KIs) and heavy fermion semiconductor as well
as an exotic material by means of powerful electronic relationships where occupied 4f electrons lead to novel
ground states [3]. It is an intermediate-valence compound, that which is a narrow-gap semiconductor [4].
SmBs is a very hard and stable rare-earth hexaboride(REBs). When the temperature is low, SmBg becomes
ferromagnetic [5]. SmBs applications include field emitters, photodetectors, cathodes and energy storage [6].

Bao et al. [7] studied the structure and optical adsorption of the powder of Eu-doped SmBs via a solid-
state reaction. They reported that the reaction temperature improved the grain size and powder distribution of
the synthesized samples. By increasing Eu doping, the transmissivity as a function of the wavelength of
SmBs increases rectilinear from visible light to near-infrared (NIR). Menth et al. [8] reported that Eu does
not significantly change the electrical properties of SmBs at low temperatures. SmBg exhibits a non-magnetic
semiconductor behavior at low temperatures. Yeo et al. [9] investigated the magnetic susceptibilities,
resistivities, and Hall effects of Eu-doped SmBs (Smi-«EuxBg). EuBs is a polaronic ferromagnet and SmBgis a
Kondo insulator. A narrow f band and broad conduction band hybridize less strongly with Eu doping, and
magnetically active ions participate in the AF superexchange interaction as well. Yamaguchi et al. [10]
suggested that Eu doping increases the Sm valence and reduces the hybridization of the valence band with
Sm 4f. The According to a study Yeo et al. [11], the substitution of Sm for EuBs significantly changes its
magnetic and transport properties, leading to a transition from ferromagnet to EuBs to produce
antiferromagnetic and metal-insulator transitions (MITs). The doping of magnetic carriers alters both the
itinerant carrier density and magnetic interactions simultaneously.

In this study, nanocrystalline Sm-doped EuBs were fabricated via by a solid-state reaction and its
optical properties of Sm-doped EuBs were investigated. We also investigated their optical properties using
first-principle calculations.

Experimental and computational methods

The synthesized nanocrystalline powders were prepared from Eu,03(99.97 %), SmCls-6H,0 (99.96 %),
and NaBHs (99.98 %). Initially, 600 °C, 800 °C, 1000 °C, and 1200 °C were chosen as the reaction
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temperatures for SmBs to produce a uniformly distributed nanocrystalline powder. In order to synthesize
nanocrystalline Eu-doped SmBe, the reaction temperature was optimized at 1200 °C. Smi_xEuxBes powder
was examined for phase identification, grain morphology, and microstructure employing field emission
scanning electron microscopy(HITACHI SU-8010, FESEM), transmission electron microscopy(TEM, FEI-
Tecnai F20 200 kV) and X-ray diffraction (PW1830 with Cu-Ka1 radiation, Philips, XRD).

Sm-doped EuBg was analyzed using first-principles calculations based on density-functional
theory (DFT) implemented in the VASP computational code [12]. In our calculation, projector augmented
wave pseudopotentials with generalized gradient approximation (GGA) and 500 eV kinetic cutoff energy
were employed. The surface calculation was sampled using 16x16x1 k-point grids of the Brillouin zone

(BZ).
Results and discussion

A graph of the XRD maodels of Eui-x<SmxBe nanocrystalline powders employed at 1200 °C with x=0, 0.2,
0.4, 0.6, and 0.8 is shown in Figure 1. It appears that the Sm atoms randomly substitute for the Eu atoms in
(100), (110), (111), (210), (211), (220), (221), (310), and (222), as indicated by the well-indexed and
assigned diffraction peaks. Neither Sm nor Eu peaks were observed in the patterns, indicating that no
impurity phase was present in the samples. As can be seen from the patterns, these samples exhibit well-
defined peaks, indicating that they were highly crystallized. As shown in Figure 1, all samples consisted of a
single phase with a space group of Pm-3m.
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Figure 1. XRD pattern of EuixSmyBg nanopowder prepeared at 1200 °C.

Figure 2. SEM images of the Eu;xSmyBg nanopowder aquired at 1200 °C

The SEM images of the Eu;xSm,Bs nanopowder were taken at 1200 °C and is depicted in Figure 2. The
enlarged images of the EuixSmyBs (X=0.2, 0.4, and 0.6) nanopowders which marked by red arrows with
diameters range from approximately 20-100 nm at tip and 40-200 nm at root are presented in Figure 2a-c. In
field-induced electron emission, Eui.xSmxBs are very important and beneficial.

The Vickers hardness, flexural strength, and relative density of EugsSmo.4Bs were examined at different
sintering temperatures. Figure 3 depicts a similar trend, where Vickers hardness, flexural strength, and
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relative density gradually increase with temperature until they reach a maximum at 1300 °C. It is considered
overfiring when the temperature reaches 1350 C, as evidenced by decrease in the density. Vickers hardness
and flexural strength increased with increasing bulk density. The Vickers hardness and flexural strength
values have been measured at 1300 °C to be 22.4 GPa, 241 MPa and respectively. EuBs has a Vickers
hardness and flexural strength of 26.1GPa and 183MPa, respectively [2]. Hence the Vickers hardness of
EUo.6Smo.4Bs is smaller than EuBs and flexural strength of EugsSmo.4Bs are higher than EuBs.
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Figure 3. Flexural strength, Vickers hardness, and relative density of EuesSmo.4Bg at different sintering temperatures.

Figure 4 shows typical Schottky plots (logJ-U*? curves) for EuosSmo4Bs. Temperature-limited values
are extrapolated back to zero-field theory in the evaluation of the work function. The Richardson—-Dushman
formula can be written as follows: Lg(J/T?) = LgA- 5040 #/T. A(120 A cm2 K2) is Richardson’s constant,
¢ (eV) is the emitter work function, T (K) is the temperature and J(A cm) is the emission current density.
The zero field current densities(Jo) of EuosSmo4Bs are obtained at 1500K, 1673 K, 1773 K, 1873 K were
0.72 A cm?, 4.25 A cm?, 10.06 A cm? and 20.05 A cm, respectively. Thermal emission current density
increases as material temperature increases.
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Figure 4. Typical Schottky plots for EugsSmg.4Be

The UV-VIS absorption spectra of EuBs and Euo4Smo¢Bs are shown in Figure 5. The pure EuBs and
Euo.4SmoeBs peaks have an absorption shoulder centered at 220 nm. When the absorption peak positions
were compared, they were considerably shifted towards the red region. Pure EuBs exhibited stronger light
absorption at 150 nm than Sm doped with EuBs.
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Figure 5. Absorption spectra of pure EuBg and Euo.4Smo ¢Bs

The electrical resistivity is shown in Figure 6 as a function of the temperature for different doping
contents. Metallic conducting behavior is observed in all samples, as their electrical resistivities increased
linearly with temperature from 200 to 1200 °C. Using a 60 % Sm doping content, the electrical resistivity
became 4350 © cm at 200 °C and 9000 Q cm at 1200 °C. Additionally, a decrease in the electrical resistivity
is also observed when the Sm doping content increases to 80 and 100 at.%, indicating that electrical
resistivity is decreased by Sm doping.
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Figure 6. Electric resistivity for Eu;.xSmxBg as a function of temperature.

Conclusions

The Optical, thermoelectric and mechanical properties of Sm-doped EuBs nanocrystalline particles
were investigated using solid-state reactions. Tapered nanoawls shown by scanning electron microscopy
(SEM) have a length of 3-12 pm and a diameter ranging from 40 to 200 nm at the roots and 20—-100 nm at
the tip. The thermionic emission current density increases with increasing material temperature.
Eu0.6SmO0.4B6 had zero field current densities(Jo) of 0.72 A cm?, 4.25 A cm?, 10.06 A cm2 and 20.05 A
cm?at 1500 K, 1673 K, 1773 K, and 1873 K, respectively. The electrical density of Eu:xSm«Bg decreases
with increasing Sm doping content. In the temperature range of 200 — 1200 °C, the electrical resistivity of
all materials increased linearly, indicating that they were metallically conductive. In contrast to EuBs,
EuosSmo.4Bs has a smaller Vickers hardness and higher flexural strength.

Data Availability

The raw/processed data required to reproduce these findings cannot be shared at this time due to
technical or time limitations.
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Y. bo3ana

Jlerupienren Sm-nin EuBe-ra acepi

Kattel da3anbik peaknust kemeriMeH serupieHreH Sm-HiH EuBs HaHOKpucTammel OemmexTepi 3epTTedmi,
OJIApABIH ONTHKANIBIK, TEPMUSIIBIK JKOHE MEXaHUKAIBIK KacueTTepi 3eprrenmi. CkaHepieylr 3JeKTPOHABI
MHKPOCKOIIHSHBIH KOMETIMEH KOpPCEeTUIreH/ed, KOHYCTHIK HAHOKAOBIKIIATAPbIHBIH Y3BIHIBIFEI 3-12 MKM
koHe sauamerpi Tambipiapaa 40-tam 200 HM-re naeitin ckoHe yiubiHAa 20-100 HM-re AeliH OONIBI
MarepuanablH TeMmIepaTypachl KOTepilreH calblH TEpMODJIEKTPII IMUCCHSIIBIK TOKTBHIH THIFBI3ABIFBI 1
aprazael. 1500 K, 1673 K, 1773 K, 1873 K ke3inae EuosSmo.4Bs yirin Jo Henmik epic TOK THIFbI3ABIFE 0,72 A
cM-2, 4,25 A cm-2, 10,06 A cm-2 xone 20,05 A cM-2 Kypansl. Sm JerupieHyiHiH MeJepi apTkaH cailblH
Eul-xSmxBs amexTp THIFBI3ABIFBI TOMeHAeHI. bapiblk MaTeprnanmapaa MeHIIIKTI »1ekTp kexeprici 200-xex
1200 °C-xka peitiHri Temmeparypaia CBHI3BIKTHIK TYPAE ©CTi, OWI MeTaml OTKI3TINITIMH KepceTes.
Euo.6Smo.4Bs EuBs. Kaparanma Bukkepc OOHBIHIITA KATTBUTBIFEI TOMEH XKOHE HiTy OEpIKTiri )KOFapBhl.

Kinm ce30epi: HaHOKpHCTalllap, MEXaHHKAJIBIK KacHeTTep, AUMICKTPIIK (YHKLHSA, TEPMOAIEKTPOHIIBIK
SMHUCCHSI, MEHILIKTI JIEKTpP KeJeprici.

Y. bozana

Bausinue nerupoBanus Sm Ha EuBs

C nomoribio TBepAoGha3HOH peakuuy HCCIIeI0BaHbl HAHOKpPHCTAINYeckne yacTuibl EuBs, nerupoBannbie
Sm, W uccluemoBaHBl WX ONTHYECKHE, TEPMOIMHCCHOHHBIE W MeXaHW4YecKHe cBoicTBa. Kak mokasaHo, ¢
MOMOIIBIO CKAHUPYIOIIEH IEKTPOHHOW MUKPOCKOIIHH KOHHYECKAE HAHOCTEPKHU UMENH UTHHY 3—12 MKM U
nquametp B auanasone oT 40 1o 200 HM y xopHe# n 20—100 HM Ha KoHUYHKe. C MOBBIIIEHHEM TEMITEpaTyphI
MaTepHala IIOTHOCTh TOKa TEPMO3JIEKTPOHHOIN SMHCCHH TAaK)Ke YBEIMYHBAETCs. JO, MOCKOIBKY TUIOTHOCTH
ToKa B HyJeBoM noute st Euo.sSmo.sBs mpu 1500 K, 1673 K, 1773 K, 1873 K, cocrasmsuiun 0,72 A cMm-2, 4,25
A cm-2, 10,06 A cm-2 u 20,05 A cm-2. Ilpu yBeIMYEHUH COJEpIKAHUs JETHPOBAaHUA SMm 3JeKTpHuYecKas
mioTHOCTh Eu1xSMxBs cHmkaercs. Bo Bcex Marepuanax yaeiabHOE 3JIEKTPHUECKOE CONPOTHUBIICHNE TMHEHHO
Bo3pactano ¢ Ttemmeparypoil or 200 mo 1200°C, uro yka3plBaeT Ha METAJUIMYECKYI0 IPOBOAUMOCTD.
Eu0.6Smo.4Bs nmeer Gonee HU3KYIO TBEpAOCTh 10 Bukkepcy u Ooliee BBICOKYIO MPOYHOCTH Ha WU3THO, 4eM
EuBe.

Kniouesvie crnosa: HaHOKpPHUCTAJLIbIL, MEXaHUYCCKUEC CBOfICTBa, JUDBJICKTPpUICCKasd (1)yHKHI/I§I,
TCPMOIJICKTPOHHAA SMUCCHUSL, YACIBbHOEC SJICKTPUIECKOC COIPOTUBIICHUE.
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Structural and optical properties of carbon nanodots based on citric acid doped with
nitrogen atoms

A study of the luminescent properties of carbon nanodots obtained by microwave and hydrothermal methods
of synthesis from citric acid and urea was performed. The resulting nanoparticles were characterized using
transmission electron microscopy, dynamic light scattering, and Fourier transform infrared spectroscopy. The
sizes of the obtained carbon nanodots after dialysis was varied from 2 to 8 nm. FTIR spectra confirm the
presence of oxygen-containing -OH, —CN and —NH groups in the resulting solutions. For all studied carbon
nanodots, the maximum fluorescence intensity is observed upon excitation at a wavelength of 350 nm. The
fluorescence spectrum does not change its position on the wavelength scale for the samples under study due
to changes in the molar ratio of precursors and the method of synthesis. The highest fluorescence quantum
yield was obtained for carbon nanodots with a ratio of citric acid and urea 1:4 obtained by the microwave
synthesis method. The fluorescence lifetime of carbon nanodots doped with nitrogen atoms is ~7.4 ns. It is
shown that a change in the ratio of precursors does not significantly affect the size and morphology of carbon
nanodots.

Keywords: carbon nanodots; microwave synthesis; hydrothermal synthesis; optical properties; citric acid;
urea.

Introduction

Carbon nanodots appeared not so long ago and they are showing great interest as a new class of carbon
nanomaterials. Carbon nanodots (CNDs) can become as promising alternative to semiconductor quantum
dots and dyes due to their good biocompatibility, low cytoxicity, high photostability, variety of surface
functional groups, ease of preparation and unique photophysical properties [1-3].

The most interesting from the point of view of fluorescent properties are carbon nanodots obtained by
pyrolysis of citric acid [4-6]. These materials have a number of advantages, such as biocompatibility, simple
synthesis, and excitation-dependent luminescence spectra, but they have a relatively low quantum yield of
<10 % [4, 5]. For the solution of this problem, many researchers used various amine-based agents for surface
passivation and doping of CNDs with various functional groups [7-10]. Doping of citric acid-based organic
dots with nitrogen greatly improves their luminescent properties. A large number of studies were devoted to
the synthesis of carbon nanodots based on citric acid using urea as a nitrogen source [7, 8, 11-13].

In the present work, the effect of the precursor composition and synthesis conditions on the structural
and optical properties of carbon nanodots was studied. Microwave and hydrothermal synthesis methods were
used to obtain CNDs. These methods of CNDs obtaining are simple, safe and cheap. In addition, when
synthesizing CNDs by the microwave method, it is possible to control the main parameters of the reaction
(pressure, temperature, time, power).

Experimental

CNDs were obtained using hydrothermal and microwave synthesis. Citric acid was used as a carbon
source, and urea was used for doping with nitrogen atoms. The starting materials were taken in molar ratios
of 1:1, 1:4, 1:5, and 1:6. Figure 1 shows the structural formulas of the starting materials.

O cp, bocm o i
,C—CH,-C-CH,—-C_ c
HO Cl‘ OH RN
O// \OH HJN NH_'
Citric acid Urea

Figure 1. Structural formulas of starting substances
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Microwave synthesis. The necessary amount of citric acid and urea was dissolved during ultrasound
treatment in 5 mL of deionized water in a borosilicate glass tube. The synthesis was carried out in a
Monowave 200 microwave reactor (Anton Paar) at a temperature of 160 °C for 1 hour with continuous
mixing. Then the solution was cooled to 70 °C in a microwave reactor and further, to room temperature in
natural conditions. The resulting product was centrifuged at a speed of 10000 rpm for 30 minutes, and then
dialyzed. The carbon dots obtained by the microwave method at different ratios of citric acid and urea are
further designated as CNDs(m) 1:1 and CNDs (m) 1:4.

Hydrothermal synthesis. The necessary amount of citric acid and urea was dissolved in 5 mL of
deionized water during ultrasound treatment. The resulting transparent colorless solution was placed in an
autoclave with a teflon vessel and heated in an oven at 160 °C for 6 hours. After this time, the autoclave was
cooled in an open oven. As a result of the synthesis, a greenish-brown solution was obtained. To separate
large particles, the solution was centrifuged at 10000 rpm for 30 minutes, and then purified by dialysis. The
carbon points obtained by the microwave method at different ratios of citric acid and urea are further
designated as CNDs(g) 1:1 and CNDs(g) 1:4.

Results and Discussion

The structure and dimensions of the obtained CNDs were studied using a transmission electron
microscope (Jeol JEM-1400plus) and the method of dynamic light scattering on a ZetasiserNano ZS
(Malvern) submicron particle size analyzer.

a) CNDs 1:1 b) CNDs 1:4

Figure 2. TEM images of CNDs synthesized by the microwave method
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Figure 3. CNDs(m) (1:4) size distribution obtained by dynamic light scattering

As can be seen from the obtained TEM images (Fig. 2), the prepared CNDs are of spherical shape, their
sizes vary from 5 to 16 nm. Similar data were obtained by the method of dynamic light scattering (Fig. 3).
The different ratio of precursors did not affect the size of the CNDs. The average size was 9 nm.

The structure of the synthesized CNDs was studied on the basis of FTIR spectra, which were registered
on an FSM 1201 IR Fourier spectrometer (Infraspec) in the transmission mode. The obtained FTIR spectrum
exhibits maxima at 3417 and 3216 cm?, which belong to the stretching vibrations of ~OH and —NH
bonds (Fig. 4). Peaks at 1717, 1409 and 1452 cm™ are caused by stretching vibrations of -C=0, ~CN bonds
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and vibrations of the benzene core, respectively. Thus, the recorded FTIR spectra confirm the doping of the
synthesized CNDs with groups containing oxygen and nitrogen. The FTIR spectra of CNDs synthesized at
different molar ratios of precursors are practically the same.
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Figure 4. FTIR spectrum a) CNDs (m) 1:1; b) CNDs (m) 1:4.

The absorption and fluorescence spectrum of the obtained CNDs were measured on Carry 300 and
Eclipse (Agilent) spectrometers, respectively. The studied solutions were prepared so that their optical
densities were almost the same.

The absorption spectra of CNDs (Fig. 5) have a maxima in the region of 234 nm and 330-340 nm. The
absorption band at 200-250 nm is caused by n—n* transition in conjugated carbon bonds of carbon dots, the
long-wavelength absorption band is the result of n—z* transitions in C=0 bonds of CNDs. Absorption on the
long-wavelength wing (A>400 nm) is the result of the presence of surface groups, which include —-CN, —NH
bonds.

Optical dermsty

Optical densit

nm
4, Nm

Figure 5. Absorption spectra of CNDs obtained by hydrothermal (a) and microwave (b) methods of synthesis with
different molar ratios of precursors: 1 — CNDs 1:1, 2— CNDs 1:4, 3 — CNDs 1:5, 4 — CNDs 1:6

It can be noted that the short-wavelength absorption band, regardless of the method of synthesis and the
ratio of precursors, practically coincides for all samples, and the long-wavelength band of carbon dots
obtained by the microwave method is slightly redshifted. At the same time, in both series, the long-
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wavelength absorption maxima of CNDs with a ratio of 1:1 exhibits in the shorter-wavelength region,
compared with the spectra of other CNDs (Table 1).
Table 1

Absorption maxima and full width at half maximum of absorption spectra of the studied CNDs

Solution Amax1, NM Amax2, NM FWHM,, nm
CNDs (h) 1:1 234 334 66
CNDs (h) 1:4 234 340 64
CNDs (h) 1:5 233 340 64
CNDs (h) 1:6 233 340 64
CNDs (m) 1:1 234 332 54
CNDs (m) 1:4 234 342 60
CNDs (m) 1:5 234 342 60
CNDs (m) 1:6 234 340 60

Since CNDs often exhibit excitation wavelength dependent luminescence [14-16], the fluorescence
spectra of the obtained carbon dots were measured over a wide excitation range from 230 to 450 nm (Fig. 6).
With an increase in the excitation wavelength from 230 to 350 nm, an increase in the emission intensity is
observed; above 350 nm, a decrease in the fluorescence intensity is observed. At the same time, in the
excitation range of 230-370 nm, the position of the emission maximum remains practically unchanged.
Upon excitation at a wavelength of 390 nm and above, a shift of the emission band to the long wavelength

region of the spectrum was observed.
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Figure 6. Fluorescence spectra of CNDs (1:4) obtained by hydrothermal (a) and microwave (b) methods upon excitation
at different wavelengths, nm: 1 — 230; 2 — 330; 3 — 350; 4 — 390; 5 — 410; 6 — 450.

As the obtained emission spectra show, the maximum fluorescence intensity is observed upon
excitation at 350 nm and does not depend on the method of synthesis of UT and the ratio of precursors. For
both series of CNDs, the emission maximum falls at 443 nm.

Figure 7 shows the fluorescence spectra of the obtained CNDs depending on the composition of the
precursors. The highest radiation intensity is observed for CND(g) 1:5 and CND (m) 1:4. Fluorescence
guantum yields were measured for CND by the relative method [17]. As a standard, a 0.5 M solution of
quinine sulfate in sulfuric acid was used, the quantum vyield (QY) of which is 0.54 at an excitation
wavelength of 345 nm. Table 2 shows the calculated fluorescence quantum yields. The data obtained show
that the highest values of fluorescence quantum yield was demonstrated by carbon dots obtained by

microwave synthesis at a ratio of citric acid and urea equal to 1:4.
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Fluorescence quantum yields of synthesized CNDs.

Sample Quantum yield Sample Quantum yield
CNDs (h)1:1 0.1 CNDs (m)1:1 0.22
CNDs (h)1:4 0.4 CNDs (m)1:4 0.55
CNDs (h)1:5 0.43 CNDs (m) 1:5 0.49
CNDs (h)1:6 0.34 CNDs (m) 1:6 0.47
" 3 b
o }’-\‘ 100
l"/.: n
= 1 |",/ N
§ |'h 7 g >

1—CNDs1:1;2—CNDs1:4;3—CNDs 1:5;4—CNDs 1:6.

Table 2

Figure 7. Fluorescence spectra of CNDs obtained by hydrothermal (a) and microwave (b) methods, with different ratios

intensity, r.u
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of citric acid and urea under photoexcitation at 350 nm.
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Figure 8. Normalized fluorescence decay kinetics of CND(m) 1:1 and CND(m) 1:4 under the registration at 440 nm,.

The fluorescence lifetime of the studied carbon nanodots was estimated from the decay kinetics,

fluorescence lifetime in CNDs is 7.4 ns.

approximated with monoexponential law. The measurements showed (Fig. 8, Table 3) that the average

Table 3

Fluorescence lifetime of CNDs(m) of various composition quantum yields of synthesized CNDs

Solution T, NS
CNDs 1:1
CNDs 1:4
CNDs 1:5 7.4
CNDs 1:6 7.4
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Conclusions

The influence of the composition of precursors and synthesis conditions on the structural and optical
properties of carbon dots, prepared by microwave and hydrothermal synthesis, was studied. Their structural
properties showed that a change in the ratio of precursors does not significantly affect the size and
morphology of carbon dots. The sizes of synthesized CNDs after dialysis were varied from 2 to 8 nm. The
maximum fluorescence intensity of both types of CNDs was observed upon excitation at 350 nm. The
highest fluorescence quantum yield (55 %) is exhibited by CNDs synthesized by the microwave method. The
fluorescence lifetime averages ~7.4 ns for all studied solutions.
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I'. Amanxonosa, E. CenuepcroBa, H. 6paes, E.U. Tepykon

A30T aTOMIapbl €HTi3UIreH JUMOH KbIIIKbLUIBIHA Heri3eJreH KOMIPpTeKTi
HAHOHYKTeJIePAiH KYPbUIBIM/BIK K9HE ONTHKAJIBIK KacueTTepi

JIMMOH KBIIIKBUTEI MEH MOYEBHHAIAH MUKPOTOJIKBIHIBI JKOHE THAPOTEPMISIIBIK CHHTE3/IeY SICTepi apKbIIbI
QIBIHFaH KOMIPTEKTI HAHOHYKTEJIEpIiH JIOMHUHECHEHTTIK KACHETTEpiH 3epTTey >KYMBICTAphl KYPTi3iimi.
AIBIHFaH HAHOOOJIIEKTeD TPAaHCMUCCHSUIIBIK BJICKTPOHIBI MHKPOCKONUS, JKAPBIKTHIH JAWHAMUKAJIBIK
maneipaysl sxoHe Dypbe TypieHzaipyi 6ap MHQPaKbI3bUT CHEKTPOCKOIHS apKbUIbl CHIIATTaIAbl. JuanusaeH
KeHiH albIlHFaH KOMIpTEKTI HAaHOHYKTEJEpIiH ejmemiepi 2 HM-IeH 8 HM-Te JeifiH e3repeai. AJBIHFaH
epiTiHginep KypambiHaa orreri atoMel 6ap OH, CN sxone -NH TonrapsHsH 60mysiH @yphe TypiaeHaipyi 6ap
MHQPAKBI3BT ~ CIIEKTpyiepi  pacTaiimel.  bapnblk  3epTrenreH  KOMIpTeKTI  HAaHOHYKTeJNep  YIIH
(ryopecleHIIMAHBIH MaKCUMAJIIbl HWHTEHCHBTLNrT 350 HM TONKBIH Y3BIHABIFBIHAA KO3IBIPY Ke3iHe
Gatikanmansl. COHBIMEH KaTap, NMPeKypcopiapIblH MOJLIPIBIK KaTHIHACKI MEH CHHTE3Zey SMICIHIH e3repyiHe
0aiyIaHBICTEI 3ePTTENTEH YITIep YIIH (GIyopecleHIMs CIeKTPi TOJKBIH Y3bIHABIFEI IIKanackl OOWBIHIIA 63
OpHBIH e3repTielfi. DIyOpecUeHIUIHbIH €H YJIKCH KBAHTTHIK IIBIFBIMBI MHKPOTOJKBIHIBI CHHTE3ZCY
S/iciMEH aJbIHFaH JIMMOH KBIIIKBUIBI MEH MOYEBHHA KATHIHACHI 1:4 00NaTHIH KOMIPTEKTI HAHOHYKTENEp YLIiH
ANBIHABL. A30T aTOMJAAphl EHTI3UIreH KOMIPTEKTI HAHOHYKTENEpIiH (IyOopecHeHUMACHIHBIH OMip Ccypy
yakbITBl opTa ecemmeH 7,4 HC TeH. lIpexypcopmapibslH MOJISIPIBIK KaTBIHACHIHBIH ©3repyl KeMipTeKTi
HaHOHYKTEJEp/iH MeJlepi MeH MOp(OIOTHICHHA alTapIIbIKTaH acep eTHEeHTiHI KopCeTi .

Kinm ce3t)ep.' KOMipTeKTi HaAHOHYKTECJIECP, MUKPOTOJIKbIHABI CUHTE3, THUAPOTCPMUAIIBIK CUHTE3, OINTUKAJIBIK
KaCI/IeTTepi, JIMMOH KBIIIKBLIIbI, MOYCBHUHA.

I'. Amanxonosa, E. CenuepcroBa, H. 6paes, E.U. Tepykon

CTPYKTypHLle H ONITHYECKHE CBOMCTBA YIJI€POAHBIX HAHOTOYECK HA OCHOBE JJUMOHHOM
KHUCJI0ThI, JONMMPOBAHHBIX ATOMAaMH a3oTa

IIpoBeneHo wmccnenoBaHWE  JIOMHHECHEHTHBIX  CBOMCTB — YIJIEPOAHBIX  HAHOTOYEK, IONYYEHHBIX
MHUKPOBOJIHOBBIM U THAPOTEPMAIBHBIM METOAAMH CHHTE3HPOBAHHS W3 JUMOHHOW KHCIIOTHI U MOYCBHHBL
HaHowacTuier ObUTH OXapaKTEpU30BaHBl C MOMOIIBIO MPOCBEYMBAIOIICH HIEKTPOHHOW MHKPOCKOIHH,
TUHAMHYECKOTO PacCestHUsl CBeTa M MH(paKpacHOW CreKTpocKomuu ¢ npeobpazoBanneM Dypre. Pazmepst
MOJYYeHHBIX YIJIEPOAHBIX HAHOTOYEK IMocie Auanu3a BapbupyioTcs oT 2 mpo 8 um. VK crnextpsl ¢ @ypbe
npeoOpazoBaHUeM MOATBepXkIaoT Hanuune kucioponconepkanmx OH u CN, -NH rpynn B mosmy4eHHBIX
pactBopax. Jlias BCeX HCCICNOBAaHHBIX  YIJIEPOJHBIX HAHOTOUEK MaKCHMajbHas HWHTEHCHBHOCTB
(dyopeceHInE HAOIIOACTCs TPH BO30YKACHUHM Ha JuinHEe BONHBI 350 HM. CrHekTp (yopeclueHINd He
MU3MEHSET CBOETO ITOJIOKEHHUS T10 IIKajle JJIMH BOJH JJISI UCCIETyeMBIX 00pa3loB OT M3MEHEHUS! MOJISIPHOTO
COOTHOIICHUS TIPEKYPCOPOB M METOJa CHHTEe3MpoBaHHs. HanbompImii KBaHTOBBIH BBIXOX (hIyopecteHInu
HaOMrofaeTcss y YIJepOJHBIX HAHOTOYEK C COOTHOIIEHWEM JIMMOHHOW KHCIOTHI W MOYEBHHBI 1:4,
MOJYYE€HHBIX MHUKPOBOJIHOBBIM METOIOM CHHTE3UpOBaHUS. BpeMs ku3HH (IIyopecleHIHH IOTHPOBAHHBIX
aToMaMM a30Ta YIJIEPOJHBIX HAaHOTOUEK B cperxHeM cocraBimsier 7,4 Hc. [lokazaHo, 4TO H3MEHEHHUE
COOTHOIICHUS PEKYPCOPOB HE OKa3bIBACT 3aMETHOTO BIMSHHS Ha pa3Mepbl U MOP(OIOTHIO YIIIEPOJHBIX
HaHOTOYEK.

Knrouesvle crnosa: YIJI€pOAHBIE HAHOTOYKH, MHKpOBOJ’[HOBHﬁ CHUHTES, FI/IZ[pOTepMaHLHLIﬁ CHUHTE3, ONITUYCCKUEC
CBOﬁCTBa, JJMMOHHAaA KHUCJIOTa, MOYCBHHA.
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Analysis of the problems of synthesis of new nanocrystalline chalcogenide materials
for thermoelectric generators and sodium-ion batteries

The paper analyzes the problems of the synthesis of new nanocrystalline chalcogenide materials for
thermoelectric generators and sodium-ion batteries. The objectives of the synthesis will determine the best
method to use to create chalcogenide materials for electrodes in real-world applications. The method of direct
solid-phase reaction in a vacuum or in an environment of pure inert gas is the most effective way to generate
novel chalcogenide materials in tiny amounts for the investigation of physicochemical and other
features.With this approach, which is more dependable, it is feasible to produce a pure result free of
contaminants that are inescapable when working with other solvents and precursors. Additionally, in a
consistent synthesis regime, it is differentiated by the stability of the acquired attributes of the compounds.
Synthesis modes, reagents, and post-processing depend on the specific material. The method of synthesizing
alloys in a melt media made up of a combination of potassium and sodium hydroxides is one of the key
techniques employed in the present research. The melting point drops to 165 °C at a certain ratio of the
concentrations of these hydroxides, allowing for the execution of salt exchange processes in the melt. The
size of the resultant chalcogenide particles can be reduced to a few nanometers by lowering the synthesis
temperature, adding water, and shortening the annealing period.

Keywords: thermoelectric materials, copper sulfide, crystal structure, conductivity, diffusion, thermal
conductivity, Seebeck coefficient, superionic conductors.

Introduction

The main reason hindering the creation of competitive sodium-ion batteries (SIB) is the low efficiency
of the available electrode materials. The aim of this research is to generate a very energy-intensive
nanostructured electrode material for sodium-ion batteries that operate at ambient temperature and can be
recharged several times.

SIB cannot currently work at large current densities due to a significant disadvantage of the sodium-ion
electrochemical system, which is a relatively long charge/discharge time. For this reason, one of the goals of
the work is also to increase the rate of charge and discharge processes in SIB electrode materials by
increasing the chemical diffusion coefficient.

As candidates for cathode materials in the framework of this study, highly non-stoichiometric phases of
copper sulfide (digenite and anilite) in the nanoscale state are considered, which can exhibit superionic
properties at room temperature and, in addition, have a high electronic conductivity of the order of 102 —
10°0Omcm™. The structure of digenite and anilite contains many copper vacancies, which can reduce lattice
mechanical stresses and extend the cycle life of the cathode to 100 or furthermore.

Transition metal chalcogenides (TMCh), such as cobalt sulfides, molybdenum sulfides, and tin sulfides,
have been extensively investigated as potential anode materials with high sodium content, easy availability,
and improved safety [1]. However, transition metal chalcogenides have certain defects and disadvantages,
such as low conductivity and large volume changes, which can prevent the diffusion of Na + ions and reduce
the operating current of the cells, and large volume changes can accelerate particle reunification and grinding
(crushing) of active materials. These two unfavorable factors significantly limit the widespread use of
transition metal chalcogenides, which are used exclusively in NIB. Therefore, to minimize volume expansion
and enhance Na* diffusivity, transition metal chalcogenides are typically coupled with conductive carbon
materials [1].

CPM electrodes for NIB based on carbon have been stated fairly often nowadays. The Mai group, for
instance, developed a unique method for synthesizing a mesoporous “yolk” consisting of cobalt sulfide and
an alveolar carbon shell (M-CoS@C) [2]. A mesoporous cobalt sulfide “yolk” and an alveoloid-like carbon
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shell (M-CoS@C) emerged after annealing, etching in HF, coating with silica and resorcinol formaldehyde,
and annealing.

After 100 cycles at 0.2 A g2, the M-CoS@C electrode still has a high reversible capacity of 532 mAh g-
! corresponding to a retention of 87.2 % capacity. On the contrary, the capacity of M-CoS rapidly decreased
to 55 mAh g within five cycles, indicating deterioration of the structure due to a shortage of the spatially
constrained structure provided by the carbon shell.

In addition, the structure of the “yolk” shell also endowed the M-Co@C electrode with impressive
speed characteristics with capacities of 635, 570, 530, 490, 440, 360, 295, and 190 mAh g*at0.1,0.2,0.5, 1,
2,5, 10 and 20 A g respectively.

A study by Zhang et. al. [3] obtained self-organizing polygonal CoS; nanoparticles doped with nitrogen
and coated with a carbon layer (N-CoS,@C composites) as an anode electrode for NIB. Figures A and B
depict the configuration and microstructure of N-CoS2@C, where high magnification TEM images show
that the ordered CoS; is tightly encapsulated in a carbon layer with an average thickness of 0.5 nm, which
should provide a strong barrier to protect intermediate reactants from being dissolved in electrolyte and
create a better conductive path for active materials [1].

Figure 1 — (A) TEM and (B) HREM images of N-CoS2@C composites by [1]

N-CoS,@C provides sodium incorporation reversibility, demonstrating a high incorporation rate. At a
current density of 0.1 A g-1, the N-CoS@C electrode exhibits an initial high discharge capacity of
814 mA h g -1. The material showed an impressive reversible capacity of 559 mAh g after 1000 cycles at
1 A g. This is indicative of the excellent stability and reliability of the carbon-coated structure. The data
obtained show that CoS, nanostructures with high sodium storage capacity, easy accessibility, low losses,
and excellent safety can serve as promising anode materials for NIB [1].

Copper chalcogenides.

J. -S.Kim et al. were the first to investigate rechargeable batteries based on sodium/copper
sulfide (Na/Cu,S) [4] using the liquid electrolyte 1M NaCFs;SOs;-TEGDME at room temperature. The initial
discharge curve of Na/Cu.S cells had a slanting form and no apparent plateau area. After 20 cycles, the
capacity dropped to 220 mAh g from 294 mAh g at the initial discharge. The integration of sodium into the
CusS chalcocite lattice without disentanglement in the second phase explains how the discharge mechanism
occurs.

In the work of J. -L. Yue et. al. [5] Cu,Se electrodes on a copper grid substrate were directly fabricated
by a simple post-selenization method and tested as a positive electrode for sodium-ion batteries. Cu,Se
showed a large reversible capacity (about 250 mAh g?), good cyclic stability, and low polarization. These
findings demonstrate that Cu,Se is a promising candidate as a NIB cathode material.

J.Y. Park et. al. [6] obtained and studied electrodes from covellin CuS nanoplates in a sodium-ion cell.
CusS undergoes a series of crystallographic rearrangements throughout the intercalation procedure, and many
of the intermediate phases share crystal structures with one another. A novel capacity recovery behavior is
also demonstrated by the material, which is in stark contrast to the normal conversion reaction systems,
which suffer from substantial capacity loss upon cycling.
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After the initial 13 cycles, the capacity of CuS nanoplatelets with a current density of 0.2 C rapidly
declines to 80 mAh/g. The capacity progressively upsurges to ~570 mAh/g, which is near the theoretical
capacity, during the course of the following 90 cycles. The capacity recovers after the initial decline to =~ 246
mAh g in under 20 cycles at a greater current density (i.e., 3 C), which is an intriguing finding.

When exposed to different current densities between 1 and 5 C, bulk CuS with particle sizes in the
hundreds of micrometers demonstrates outstanding stability. Bulk CuS also offers long-term cyclic stability;
after 1000 cycles at 1C and 5C currents, respectively, the specific capacities were 415 and 406 mAh/g,
correspondingly. With = 93 % capacity retention after the second cycle, cyclic stability is preserved even
after 2100 cycles. Akin to CuS nanoplates, bulk CuS also exhibited capacitance recovery, electrical property
changes, and a plateau in the discharge. The capacity of CusS initially decreases significantly to 392 mAh/g
over the initial 8 cycles at 1C current. The capacity does, nevertheless, return to 429 mAh/g during the next
500 cycles. After a more significant capacity lessening to 276 mAh g2, the capacity recovers more hastily
after 100 cycles at a greater current density of 5 C [6].

According to the conclusions of the authors of [6], the ability of NaxCuS nanoplates to regain their
electrode capacity and resistance to grinding is facilitated by the development of stable grain boundaries and
interphase boundaries. Astoundingly, the aforementioned process is applicable to all materials, as bulk
coarse-grained CusS also shows electrochemical characteristics resembling those of nanowafers.

Cus can be beheld as a potential anode contender for sodium-ion batteries based on contrasts with its
equivalents in lithium-ion batteries. As an outcome, it can be hypothesized that the crystallographic bonds
between the sodium intercalation phases are a crucial part of materials that can be cycled mechanically with
high levels of reliability for sodium-ion battery high-performance conversion processes.

Evaluation of existing methods for the synthesis of chalcogenides.

The intentions of the synthesis will determine the best technique for producing chalcogenide materials
for oxygen reduction catalysts. It is quickly accomplished using the direct solid-phase reaction approach in a
vacuum or in an environment of pure inert gas to synthesize novel chalcogenide materials in tiny quantities
for the investigation of their physicochemical and other features. With this approach, which is more
dependable, it is feasible to produce a pure result free of contaminants that are inescapable when working
with other solvents and precursors. Furthermore, in a consistent synthesis regime, it is differentiated by the
stability of the acquired attributes of the compounds. Synthesis regimes, reagents, and subsequent processing
depend on the specific material and are developed in this work for binary and complex sulfides, selenides,
tellurides of monovalent and transition metals, substituted or doped with other metals, and having different
nonstoichiometry.

The key objective of synthesizing a catalytic material features of which are recognized for profit-
making applications is to provide low-cost goods while preserving valuable qualities discovered via
laboratory research. Since this is thought to lower manufacturing expenditures, nearly all topmost
laboratories now working on functional materials use “soft” chemistry techniques that allow for synthesis at
low temperatures, ideally close to room temperature.

A process for synthesizing alloys in a melt media made of an amalgamation of potassium and sodium
hydroxides was devised. It is feasible to conduct exchange reactions between salts in the melt when the
melting point drips to 165 °C at a certain ratio of the concentrations of these hydroxides. The size of the
resultant chalcogenide particles can be abridged to a few nanometers by lowering the synthesis temperature
and cutting the annealing period.

Synthesis of nanocrystals of metal sulfides.

Metal sulfide nanoparticles were manufactured using a number of techniques, such as solvothermal
synthesis [7], microwave radiation [8], ultrasonication [9], and surface-passivating high-boiling solvents
used in the thermolysis of precursors from a single source [10-13]. In order to synthesize CuS nanocrystals,
various methods [14-17] for obtaining nanoparticles were also used with different morphologies, such as
nanotubes [18, 9], nanowires [19], and nanoplates [20, 11, etc. [21, 22]. Among the methods for synthesizing
nanocrystals, the method of a single precursor source allows for the acquisition of nanocrystals with good
monodispersity [23], and studies showed that the size and shape of the obtained nanocrystals depended on
the precursor concentration [24], reaction time [25], and temperature [26]. Due to the distinctiveness of the
size-dependent physical and chemical features of nanocrystals [27, 28], researchers continue to pay close
attention to the synthesis of monodisperse nanocrystals [29, 30].

Synthesis of nanocrystals of copper sulfides.
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Longer alkyl chain precursors result in the development of nanosheets, whereas shorter alkyl chain
precursors yield two-dimensional nanosheets. It has also been investigated how one specific precursor
mechanism works. Cu-dithiocarbamate, for instance, is used to create nanowires, quantum dots, and
nanobarrels.

In recent years, most research has focused on the colloidal solution-based synthesis method. Typically,
two separate copper and sulfur precursors are dissolved in an organic solvent such as oleylamine (OLA).
CuCl and copper acetylacetonate are the two utmost prominent copper precursors. The most common form
of sulfur is elemental sulfur. A 7:3 amalgamation of oleylamine (OLA) and octadecene (ODE) was
employed to dissolve the precursors CuCl and element S for the Cu,«S synthesis, for instance.

The heating technique and the hot injection method are two categories for solution-based synthesis. In
the heating method, the reaction temperature is reached after heating two precursors that have been
combined at a low temperature. Using CuCl and S powder as precursors and a solution of oleylamine and
octadecene as solvents, it was possible to grow monodisperse CuS nanoplatelets. In addition, it was found
that changing the ratio of Cu to S can preciously modify the plasma characteristics of CuS particles without
altering their shape and size.

To make assured CuzxS nanoparticles are used industrially, it is necessary to develop a scalable and
reliable synthesis. In order to accomplish this goal, Robinson's team of researchers [31] developed an ultra-
high concentration heating method and synthesized more than 200 g (80 % yield) of nanoparticles as a result
of a single synthesis. In addition, even the large-scale synthesis of 8 — nm roxbyite (Cu1¢:S) had a size
dispersion of fewer than 10 %. CuCl and S were employed as precursors in this synthesis, while an
oleylamine (OLA)/octadecene (ODE) (7:3) combination was used as the solvent. Distinctively, dissolving
CuCl and S, they are then combined at 50 °C and heated for two hours at 185 °C. The items are then
centrifuged three times while being cleaned with acetone-hexane. The high concentration of the precursor is
indispensable for this process (1000 mMCuCl and 5000 mM S).

Apart from the heating technique, the hot injection technique is yet another sort of colloidal synthesis.
In this case, the sulfur forerunner is usually introduced into the copper forerunner solution at the reaction
temperature. Due to the high stirring temperature, the hot injection reaction is completed much faster
compared to the heating method. For example, Cu...S monodisperse particles ranging in size from 2.8 nm to
13.5nm can be synthesized by hot injection within 1.5-3 minutes. Size change can be achieved with
variations in injection temperatures (115 °C — 140 °C). Moreover, the choice of solvent strongly affects the
phase of the synthesized Cu..S particle. While OLA is used as a solvent, jarleite (Cui194S) and oleic
acid (OA) are produced, and these substances then cause the covellin (CuS) phase to develop in the form of
particles [32].

Electrochemical deposition, or anodizing, is another simple, inexpensive, and high-throughput method
for directly fabricating a copper sulfide nanostructure on a substrate. Like many other metal oxides, copper
sulfide nanostructures are also grown on Cu substrates or Cu foil as the anode and Ti metal as the cathode in
a voltage range of 1.5 — 8 V in an aqueous solution of Na.S. Accordingly, Cu,S and CuS nanorod and
nanowall arrays were obtained by controlling the voltage and reaction temperature [32].

Hydrothermal method. It is currently one of the methods for synthesis that are employed most
frequently for nanomaterials. The technique makes it possible to increase the solubility of the reagents in the
solvent and accelerate the chemical reaction, achieving rapid supersaturation at elevated temperatures and
pressure. The application of stabilizing/coating agents is also widely used to stabilize narrow size
distributions in 0D and specific high-energy surfaces in 1D and 2D copper sulfide nanostructures. Although
the hydrothermal method is commonly used for slow-growing large single-crystal particles, it demonstrated
that it could create Cu,xS nanocrystals with different morphologies. Cu.xS nanowires, nanotubes, and
nanovesicular structures synthesized employing the hydrothermal synthesis technique effectively. 1-D
structures consist of self-assemblies of Cu,S nanoplates and nanoparticles. In addition, it demonstrated that
the methods of hydrothermal and solvothermal synthesis were efficient in the synthesis of Cu.4S 3-D
superstructures. A three-dimensional structure made of four hexagonal CuS plates, for instance, was
generated by heating copper nitrate and sulfur powder to 140 °C for 24 hours. It measured 200 nm in
thickness and 1 to 1.5 microns in diameter. The 14 chambers in this material, which may be used for
applications like photocatalysts, are intriguing. Other layered structures of CuS, such as color-like structures
and nanospheres, are also synthesized [32, 33].
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Experimental part

Synthesis of nanodispersed phases with sodium-ion conductivity NaxCuzS (0<x<0.25, 0<y<0.25).

As a priority synthesis method, low-temperature chemical synthesis in a liquid medium was considered,
which requires a minimum of time and ensures the yield of a sufficiently pure product in a nanoscale form.

Nanomaterials based on superionic copper sulfide, Cu,xS were chosen as electrode materials.

To select the optimal synthesis technique, an analysis was made of the available literature on the
synthesis of copper chalcogenides over the past decade.

Due to its promising qualities, copper sulfide is the copper chalcogenide that was examined the most.
The direct band gap of CuxS, a p-type semiconductor, ranges from 1.2 eV (Cu,S) to 2.0 eV (CuS). Since it
consists of non-toxic and common elements in the earth's crust, it is environmentally friendly. In addition,
numerous non-stoichiometric defects contribute to the ability to control the density of current carriers, and
thus the electrical conductivity of the material, by changing the ratio of Cu to S during synthesis. Compared
to most noble metal nanocrystals, the tunability of the carrier concentration is unique. Controlling the phase
composition, size, and shape of Cu,«S nanoparticles advanced significantly over the past ten years as a result
of the benefits highlighted above. Numerous synthesis techniques are taken into account, such as solvent-free
synthesis, hydrothermal synthesis, solvothermal synthesis, and colloidal hot injection techniques.

Shorter alkyl chains of the precursor cause the emergence of two-dimensional nanosheets, nonetheless,
a longer chain results in the fabrication of nanosheets. In another work, for the synthesis of nanobarrels,
guantum dots, and Cu.-xS nanowires, Cu-dithiocarbamate is employed.

In a melt of NaOH and KOH hydroxides, a method established for the manufacture of nanocrystalline
copper sulfides, Cu..,S.

The research is carried out in a fume hood with a coating resistant to heated alkalis and equipped with a
forced ventilation system. The Teflon vessel, in which the reaction is carried out in an alkaline melt, is
reinforced on the outside with a strong metal edging to prevent rupture due to increased pressure inside
during the reaction.

In a Teflon jar, the produced combination of sodium and potassium hydroxides is put in the proper ratio
and heated to melt (about 165 °C). Heat is supplied to the vessel both from below and along the side walls,
for uniform heating throughout the volume. The lid of the vessel should not be tight so that excess vapors
can freely escape from the vessel. The power of the heater after boiling is reduced to a minimum in order to
avoid violent boiling. The operator must wear a respirator and protective gloves.

All reagents (CuCl, Na;S*9H,0) are pre-weighed in the calculated proportion and simultaneously
heating put into a Teflon container.

The vessel is then firmly sealed with an argon fill once the charge has been full, and a steam release
hole is drilled in the screw cap. During the reaction, a small flow of argon continues to flow into the top
section of the vessel, which creates some excess pressure above the melt surface.

Cuz»S nanoparticles are formed after several hours, usually 15 hours are maintained. The formed
crystals are in the melt in the form of a gel. By incorporating a little amount of water into the melt,
nanocrystal sizes can be lessened. The final result, which takes the shape of a gel clot, is cleaned three times
with warm distilled water before being cleaned again with pure ethanol and allowed to air dry. Particle sizes
ranging from 15 to 90 nm make up the majority of the resultant powder. The process of sedimentation in an
alcohol-filled column is used to separate distinct particle fractions according to size.

Low-temperature liquid-phase chemical synthesis requires less time and cost to obtain a synthesis
product, but has a number of features. Residues of organic components used in the synthesis are difficult to
completely remove, which does not always allow for the acquisition of a chemically pure product, and the
presence of several percent of foreign components in the synthesized phase is almost inevitable. In this case,
X-ray phase analysis does not fix the presence of foreign phases, but the presence of impurities is manifested
in studies on a scanning electron microscope and in spectral chemical analysis. Homogenization at a
temperature not lower than 400 °C allows for minimizing the content of volatile components and increasing
the repeatability of the outcomes of investigations of electronic kinetic coefficients (conductivity, thermal
conductivity, etc.).

In the chemical synthesis of copper chalcogenide nanopowder, the result strongly depends on the
reaction time. The size of the resultant nanocrystals may be dwindled to 8-12 nm by cutting the annealing
period to 5-8 hours. The use of a dispersing medium (for example, diethylene glycol) changes the shape of
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the nanocrystals and reduces their size. In the synthesis of NaxCuxxS superionic materials, the incorporation
of a trace quantity of water also makes it possible to vary the size of the obtained nanocrystals.

Electron microscopy.

An examination of the periphery of the samples using a MIRA3 TESCAN scanning electron
microscope confirmed the estimate of the crystallite sizes from the X-ray line half-width. In figures 2-5
below, the materials have a loose structure of blocks of crystallites separated by large pores.
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Figure 2 — Photograph of the etched Nao.1sCu1esS surface  Figure 3 — Photograph of another area of the etched
on a MIRA3 TESCAN scanning electron microscope. Nao.15Cu1 85S surface on a MIRA3 TESCAN scanning
Visible loose nanocrystalline structure electron microscope. Visible nanocrystalline grain
structure and large pores

-
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Figure 4 — Photograph of the etched Nao125Cus.75S surface  Figure 5 — Photograph of another area of the etched
on a MIRA3 TESCAN scanning electron microscope. Nao.125Cu1 75S surface on a MIRA3 TESCAN scanning
Loose nanocrystalline structure and pores are visible electron microscope. Loose nanocrystalline structure and
pores are visible

Conclusion

Depending on the purposes of the synthesis, the best technique for producing chalcogenide materials for
sodium-ion battery electrodes will be chosen. It is ideal to use the direct solid-phase reaction approach in a
vacuum or in an environment of pure inert gas when synthesizing a novel chalcogenide material in tiny
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guantities for the investigation of its physicochemical and other features. With this approach, which is more
dependable, it is feasible to produce a pure result free of contaminants that are inescapable when working
with other solvents and precursors. Additionally, in a consistent synthesis regime, it is differentiated by the
stability of the acquired attributes of the compounds. Synthesis modes, reagents, and post-processing depend
on the specific material.

The main challenge in the synthesis of an electrode material features of which are known for
commercial applications is to produce low-cost goods while keeping relevant qualities discovered in
laboratory investigations. Due to the lower manufacturing costs, nearly all top laboratories now working on
functional materials use “soft” chemistry techniques that enable synthesis at low enough temperatures.

In this work, as one of the main ones, it is used to generate alloys using a procedure that involves
melting a combination of potassium and sodium hydroxides. The melting point drips to 165 °C at a certain
ratio of the concentrations of these hydroxides, letting for the conduct of exchange processes between salts in
the melt. The resultant chalcogenide particles can be shrunk to a few nanometers in size by lowering the
temperature during synthesis, adding water, and shortening the annealing period.

As studies of recent years show, one of the promising materials for electrodes in sodium-ion batteries is
currently considered covelline CuS. Hundreds of micrometer-sized particles in bulk CuS reveal outstanding
stability and high capacity for a range of current densities from 1 to 5 C. Bulk CuS also offers long-term
cyclic stability, with a specific capacity retention of 406 mAh/g at high current densities (5C) after 1000
cycles. In NaxCuS nanoplates, the development of stable grain boundaries and interfacial boundaries also
helps to restore the electrode capacity and resistance to grinding, prolonging the service life of the cathode.

In light of the results of recent research, the greatest success in the development of electrodes for
sodium-ion batteries can be achieved for composites that combine the active material with nanosized carbon
materials, including those that create a protective shell for particles of the electrode material, which increases
the resistance of the electrode to repeated overcharging.

In consequence, in line with the current trend of looking for novel electrode materials for sodium-ion
batteries, work on the synthesis of copper sulfides of varied compositions and morphologies offers optimism
that the acquired materials may soon be used in practical applications.

Acknowledgments

The Science Committee of the Republic of Kazakhstan, which is part of the Ministry of Science and
Higher Education, provided funding for this research (No. AP14871197).

References

1 Tang, Zh. & Yang, H. (2020). Advanced Nanomaterials for Electrochemical Energy Conversion and Storage. CHAPTER 11:
Transition metal chalcogenides for energy storage and conversion. ELSEVIER, P. 355-391.

2 Li, Q. Li, L., Owusu, K.A., Luo, W., An, Q. & Wei, Q. (2017). Self-adaptive mesoporous CoS@alveolus-like carbon yolk-
shell microsphere for alkali cations storage. Nano Energy, Vol. 41, P. 109-116.

3 Pan, Y., Cheng, X., Gong, L., Shi, L., Deng, Y. & Zhang, H. (2018). Highly reversible Na ion storage in N-doped polyhedral
carbon-coated transition-metal chalcogenides by optimizing the nanostructure and surface engineering. J. Mater. Chem. A., Vol. 6,
P. 18967-18978.

4 Kim, J.-S., Kim, D.-Y., Cho, G.-B.,, Nam, T.-H., Kim, K.-W., Ryu, H.-S., Ahn, J-H. & Ahn, H.-J. (2009). The
electrochemical properties of copper sulfide as cathode material for rechargeable sodium cell at room temperature. J. Power Sources,
Vol. 189, P. 864-868.

5 Yue, J.-L., Sun, Q. & Fu, Z.-W. (2013). CuzSe with facile synthesis as a cathode material for rechargeable sodium batteries.
Chem. Commun, Vol. 49, P. 5868-5870.

6 Park, JY., Kim, S.J., Yim, K., Dae, K.S., Lee, Y., Dao, K.P., Park, J.S., Jeong, H.B., Chang, J.H. & Seo, H. (2019).
Pulverization-Tolerance and Capacity Recovery of Copper Sulfide for High-Performance Sodium Storage. Adv. Sci, P. 1900264.

7 Park, J, Joo, J., Kwon, S.G., Jang, Y. & Hyeon, T. (2007). Synthesis of monodisperse spherical nanocrystals. Angew. Chem.
Int. Ed., Vol. 46, P. 4630-4660.

8 Wada, Y., Kuramoto, H., Anand, J., Kitamura, T., Sakata, T., Mori, H. & Yanagida S. (2001). Microwave-assisted size
control of CdSnanocrystallites. J. Mater. Chem, Vol. 11, P. 1936-1940.

9 Ghows, N. & Entezari, M.H. (2011). A novel method for the synthesis of CdS nanoparticles without surfactant. Ultrason.
Sonochem, Vol. 18, P. 269-275.

10 Sohrabnezhad, S.H. & Pourahmad. (2010). A. CdS semiconductor nanoparticles embedded in AIMCM-41 by solid-state
reaction. J. Alloys Compd., Vol. 505, P. 324-327.

104 BecTHuk KaparaHgmMHcKoro yHusepcureTa



Analysis of the problems of synthesis of new...

11 Nirmal, R.M., Pandian, K. & Sivakumur, K. (2011). Cadmium (11) pyrrolidinedithiocarbamate complex as single source
precursor for the preparation of CdS nanocrystals by microwave irradiation and conventional heating process. Appl. Surf. Sci., Vol.
257, P. 2745-2751.

12 Trindade, T. & O’Brien, P. (1997). Synthesis of CdS and CdSeNanocrystallites Using a Novel Single-Molecule Precursors
Approach. Chem. Mater., Vol. 9, P. 523-530.

13 Zhang, Y.C., Wang, G.Y. & Hu, X.Y. (2007). Solvothermal synthesis of hexagonal CdS nanostructures from a single-source
molecular precursor. J. Alloys Compd., Vol. 437, P. 47-52.

14 Huang, Y., Xiao, H., Chen, S. & Wang, C. (2009). Preparation and characterization of CuS hollow spheres. Cer Inter., Vol.
35, P. 905-907.

15 Dhassade, S.S., Patil, J.S., Han, S.H., Rath, M.C. & Fulari, V.J. (2013). Copper sulfide nanorods grown at room temperature
for photovoltaic application. Mater. Lett, Vol. 90, P. 138-141.

16 Maji, S.K., Mukherjee, N., Dutta, A.K., Srivastaca, D.N., Paul, P., Karmakar, B., Mondal, A. & Adhikary, B. (2011).
Deposition of nanocrystallineCus thin film from a single precursor: Structural, optical and electrical properties. Mater. Chem. Phys.,
Vol. 130, P. 392-397.

17 Ma, G., Zhou, Y., Li, X,, Sun, K., Liu, S., Hu, J. & Kotov, N.A. (2013). Self-assembly of copper sulfide nanoparticles into
nanoribbons with continuous crystallinity. ACS Nano, Vol. 7, P. 9010-9018.

18 Zhang, H.T., Wu, G. & Chen, X.H. (2006). Controlled synthesis and characterization of covellite (CuS) nanoflakes. Mater.
Chem. Phys., Vol. 98, P. 293-303.

19 Wu, C,, Shi, J.B., Chen, C.J,, Chen, Y.C., Lin, Y.T., Wu, P.F. & Wei, S.Y. (2008). Synthesis and optical properties of CuS
nanowires fabricated by electrodeposition with anodic alumina membrane. Mater. Lett, Vol. 62, P. 1074-1077.

20 Liu, J. & Xue, D.F. (2009). Solvothermal synthesis of CuS semiconductor hollow spheres based on a bubble template route.
J. Cryst. Growth, Vol. 311, P. 500-503.

21 Thongtem, T., Phuruangrat, A. & Thongstem, S. (2009). Formation of CuS with flower-like, hollow spherical, and tubular
structures using the solvothermal-microwave process. Curr. Appl. Phys., Vol. 9, P. 195-200.

22 Tan, C.H., Lu, R., Xue, P.C., Bao, C.Y. & Zhao, Y.Y. (2008). Synthesis of CuS nanoribbons templated by hydrogel. Mater.
Chem. Phys., Vol. 112, P. 500-503.

23 Pradhan, N., Katz, B. & Efrima, S. (2003). Synthesis of High-Quality Metal Sulfide Nanoparticles from Alkyl Xanthate.
Single Precursors in Alkylamine Solvents. J. Phys. Chem. B., Vol. 107, P. 13843-13854.

24 Mondal, G., Acharjya, M., Santra, A., Bera, P., Jana, S., Pramanik, N.C., Mondal, A. & Bera P. (2015). A new
pyrazolyldithioate function in the precursor for the shape controlled growth of CdS nanocrystals: Optical and photocatalytic
activities. New J. Chem., Vol. 39, P. 9487-9497.

25 Flor, J., Marques de Lima, S.A. & Davalos, M.R. (2004). Effect of reaction time on the particle size of ZnO and ZnO: Ce
obtained by a sol-gel method. Prog. Colloid Polym. Sci., Vol. 128, P. 239-243.

26 Sharma, K.N., Joshi, H., Prakash, O., Sharma, A.K., Bhaskar, R. & Singh, A.K. (2015). Pyrazole-Stabilized Dinuclear
Palladium (1) Chalcogenolates Formed by Oxidative Addition of Bis [2-(4-bromopyrazol-1-yl) ethyl] Dichalcogenides to Palladium
(IN-Tailoring of Pd-S/Se Nanoparticles. Eur. J. Inorg. Chem., Vol. 29, P. 4829-4838.

27 Deori, K., Ujjain, S.K., Sharma, R.K. & Deka, S.(2013). Morphology controlled synthesis of nanoporous Co304
nanostructures and their charge storage characteristics in supercapacitors. ACS Appl. Mater. Interfaces, Vol. 5, P. 10665-10672.

28 Coe, S., Woo, W.K., Bawendi, M. & Bulovic, Y. (2002). Electroluminescence from single monolayers of nanocrystals in
molecular organic devices. Nature, Vol. 420, P. 800-803.

29 Ajibade, P.A. & Botha, N.L. (2017). Synthesis, Optical and Structural Properties of Copper Sulfide Nanocrystals from Single
Molecule Precursors. Nanomaterials, Vol. 7, P. 32.

30 Lot, M., Machani, T., Rossi, D.P. & Plass, K.E. (2011). Alpha-Chalcocite Nanoparticle Synthesis and Stability. Chem.
Mater., Vol. 23, P. 3032-3038.

31 Williamson, C.B., Nevers, D.R., Hanrath, T. & Robinson, R.D. (2015). Prodigious Effects of Concentration Intensification
on Nanoparticle Synthesis: A High-Quality, Scalable Approach. J. Am. Chem. Soc., Vol. 137, P. 15843-51.

32 Yao, Y. (2018). Reaction Mechanism and Size dependent Electrochemical Properties Study of Cu2-xS Versus Li. A Thesis of
Master of Science of Cornell University, 85 p.

33 Lu, Q., Gao, F. & Zhao, D. (2002). One-Step Synthesis and Assembly of Copper Sulfide Nanoparticles to Nanowires,
Nanotubes, and Nanovesicles by a Simple Organic Amine-Assisted Hydrothermal Process. Nano Lett., Vol. 2, P. 725-728.

Cepus «Duanka». Ne 3(111)/2023 105



M.M. Kubenova, K.A. Kuterbekov et al

M.M. Ky6enoBa, K.A. Kyrep6ekos, M. X. banananos, P.X. Umemberos, K.JK. Bekmbip3a,
A.M. Kao6pmmes, 1. Appo3se, P.I1. [TansimberoB, K. A. Myxanosa, E. lllykanos

TepMo3JieKTpJIiK reHepaTopJjap MeH HATPU-UOHIBI AKKYMYJISTOPJIapFa
APHAJIFAH KAHA HAHOKPHUCTAJIbI XaJIbKOTeHU/ATi MaTepHaJAapAbI
CHHTe3/ley MJceJieJIepiH Tajgay

Makanaga TEepMOIJIEKTPIIK TeHepaTopyiap MeH HaTPUH-HOHABl AaKKyMyJSITOpJapFa apHaJFaH >KaHa
HAHOKPHUCTAIABl XaJbKOTEHHATI MaTepHangapabl CHHTE3[ey Macelelepi TajjaHfaH. [IpaKTHKAaJbIK
ANEKTPONTAp VINIH XaJbKOT€HWITI MaTephajjapAbl CHHTE3IEYAIH OHTAWIBl TEXHOJIOTHSACH CHHTE3
MakcaTTapbiHa OaitnaHbICThl. PH3HKA-XUMISIIBIK KOHE Oacka ma KacHeTTepii 3epTTey YIIIH a3 MeJliepae
JKaHa XaJIbKOTEHUITI MaTepualbl CHHTE3ey BaKyyMlla HEMEce Ta3apThUIFaH MHEPTTI ra3 arMocdepachiHa
Tikened KarThl (azanbl peakiusl OAiCiMEH OHTaWmbl Kyprizutemi. byn oxmic ceHiMIipek >xoHE opTYpi
epITKIIITep MEH MpeKypcopIapAbl Naiganany Ke3iHae ce3ci3 Kocnachl3 Ta3a eHiMIl alyFa MyMKIHIIK Oepesi.
CoHBIMEH KaTap, OJI TYPaKThl CHHTE3 pEXHMIHE COHKec alblHFaH KOCBUIBICTAPIBIH KAaCHETTEpiHIH
TYPaKTBUIBIFEIMEH epekmieneHeni. CHHTE3 peXuMaepi, peareHTTep, KeHiHTi eHaey HaKThl MaTephalFa
OaiaHBICTEL. Byt KyMmbICTa Kauui jkKoHEe HAaTpUH THAPOKCHATEpPl KOCIACHIHBIH OalKpIMa OPTachIHAAFEI
KOpBITHAJIApAbl ~ CHHTE3Cy  HETI3rl  KOJNJAHBUIATHIH  oficTephiH  Oipi.  OCBl  THIPOKCHATEPIIH
KOHILICHTPALUSICHIHBIH Oenrimi Oip KaThIHAachIHAA Oanky Temmeparypacel 165 °C geitin TemeHneiini, Oy
KOpBITHANaFrel TY3/Jap apachlHAa aiMacy peakIusIapblH OKyprisyre MyMkiHmik Oepexmi. CuHrtes
TEeMIIepaTypachIHbIH TOMEH/ICY, CYIIbIH KOCBUIYBI KOHE KYHAIPY YaKbITBIHBIH KbICKapybl HOTIDKECIHAE Maiina
0oJFaH XalbKOTeHH] OOJIIEKTEPiHIH MOJIIEepiH OipHelle HaHOMETpre AeiiH a3aiiTyra MyMKiHAIIK Oepei.

Kinm co30ep: TepMOdIEKTPIIK MaTepHaAap, MBIC CYIbQHIi, KPUCTAIABIK KYPBUIBIM, OTKI3TiIITIK,
muddy3ust, )KbUTY OTKI3MITIK, 3e0eK Ko dUINEeHT], CYTIepHOH Bl OTKI3riIuTep.

M.M. Ky6enosa, K.A. Kyrep6ekos, M.X. banananos, P.X. Nmemberos, K.JK. bexmbip3a,
A.M. Kabsies, 1. Adpose, P.IL. [Tansim6eros, XK. A. Myxanosa, E. [llykanos

AHaJau3 npo0JieM CHHTEe32 HOBBIX HAHOKPUCTAJIMYECKUX XaJIbKOTeHH/IHbIX
MaTepPUAJIOB /I TEPMOIEKTPUYECKUX FeHEPATOPOB U HATPHUIi-HOHHBIX
aKKyMYJISITOPOB

B crathe mnpoaHaTM3MPOBAaHBI MPOOJEMbI CHHTE3a HOBBIX HAHOKPUCTAUTHUCCKHX XaJbKOTCHHUIHBIX
MaTEepPHATIOB U1 TEPMOJJICKTPUYCCKUX TCHEPATOPOB W HATPUI-HOHHBIX aKKyMYJATOpoB. OmnTHMaibHas
TEXHOJIOTHSI CHHTE3a XaIbKOTCHUIHBIX MATEPUAIIOB TS 3JICKTPOIOB MPAKTUIECKOTO PUMEHEHHUS 3aBHCUT OT
ueneit cuare3a. CHHTE3 HOBOTO XAIBKOT€HUAHOTO MaTepHaia B MajbIX KOJIMYECTBAX AN U3ydeHHs (pU3UKO-
XUMHYECKUX W JAPYTHUX CBOMCTB ONTHMAJIbHO IMPOBOJUTH METOJOM MPSIMOW TBEepAOGha3HOU peakuun B
BaKyyMe WiH B armoc(epe OYHIIEHHOTO HHEPTHOTO ra3a. DTOT Meron 0Oojiee HAaAeKeH W IO3BOJISET
MOJYYUTh YHUCTHIA MPOMYKT, HE COJACpIKAIMid MpuMeced, Hen30EKHBIX IPH HCIOIB30BAHUU PA3TUIHBIX
pacTBOpHTENell W mpekypcopoB. Kpome TOro, ero ominM4aeT CTaOWIBHOCTh CBOWCTB IOJy4aeMbIX
COCIIMHEHUH TIPU COOJTIOJICHUH TIOCTOSHHOTO PeKUMa CHHTe3a. PexXMMBI CHHTE3a, peareHThl, mocToopaboTKa
3aBHCAT OT KOHKPETHOTO Marepuana. B Hactosiiell paboTe B Ka4ecTBE OJHOTO M3 OCHOBHBIX HCIOJB3YETCs
METOJ CHHTE3a CIUIAaBOB B CpeJie pacIulaBa CMeCH THIPOKCHIOB Kajus W Hatpus. [Ipu omnpenereHHOM
COOTHOIICHUH KOHIIEHTPAIlMH A3THX THAPOKCHIOB TeMIlepaTypa IUIaBieHusl cHmkaercss o 165°C, uro
MO3BOJISIET TIPOBOANTH OOMEHHBIE PEaKIUH MEXAy COMIMHU B paciuiaBe. CHIDKEHHE TeMIIepaTypbl CHHTE3a,
n00aBIeHre BOJBI U COKPAIIEHHE BPEMEHH OTXKUTA MO3BOJLIFOT YMEHBIIUTH pa3Mep 00pasyromMXCsl YaCTHI]
XaJbKOTEHHUJIOB JI0 HECKOJILKUX HAHOMETPOB.

Knrouegvie cnosa: TEpMOIJIEKTPUYECKHE MaTepHallbl, CynbQUI Meau, KpHCTaJUIMYecKas CTPYKTypa,
IPOBOJUMOCTS, I GY3usl, TEIIIONPOBOIHOCTD, KOd(duLneHT 3eedeKa, CynepHOHHbIE MPOBOTHUKH.
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The effect of the CH3NH;PbClI, |5, perovskite layer thickness and
grain size on its electrophysical and optical properties

Lead halide perovskite CH3NHsPbCl,l5, thin films are widely used as photoactive layers in perovskite solar
cells. CH3NHsPbCl,l5, is a low band gap semiconductor with a broad absorption spectrum and a high
conductivity showing excellent compatibility with exciting hole and electron selective layers in terms of
electronic energy alignment, which provide efficient charge generation, separation and transport in perovskite
solar cells. In this paper, CH3NHsPbCl, I, layers were deposited on the TiO, surface by one step spin-coating
technique from a methylammonium iodide (MAI) and lead chloride (PbCl,) solution. To prepare the
perovskite solution, PhCl, (Sigma-Aldrich)230 mg of PbCl, and 394 mg of MAI were dissolved in 1 ml of N,
N-Dimethylformamide (Sigma-Aldrich) solvent. As expected, the elevation of the spin-coating rate resulted
in CH3NH3PbCl,l;, thickness reduction, which should lead to a decrease in the R; resistance in
CH3NH3PbCl,l5.,. However, the impedance spectroscopy revealed that with thickness reduction from 955 nm
to 753 nm, the R; resistance of CH3NH;PbCl,l3, declines from about 2590 Q to 2258 Q reaching the
minimum value at 505 nm. The further decrease in CH3NH3PbCl, |5, thickness increased CHs;NH;PbCl, 15,
film resistance. The study of CH3NH3PbCl, |5, absorbance and luminescence spectra showed that the change
in CH3NHsPbCl, I3, defect density occurred, which explains the decrease in CH;NH3PbCl,l5, resistance.
According to the absorbance and luminescence spectroscopy study, the CH3NH3PbCl, 5., thickness reduction
led to a decrease in the density of interstitial CH;NH3PbCl,l5.," defects. CH;NH3PbCl, 15" species form deep
levels trapping free electrons and as a result, increasing CH3;NH3PbCl, 5., resistance. The PSCs based on a
505 nm thick CH3NH3PbCl,l3, layer showed the highest performance with the improved short current
density and fill factor. The champion device had a power conversion efficiency of 9.92 %.

Keywords: Perovskite solar cells, photoactive layer, CH3NH;PbCl, 15, copper phthalocyanine, iodine ions,
impedance meter, electron transport layer, hole transport layer.

Introduction

Organic-inorganic metal halide materials with a perovskite structure are at the stage of intensive studies.
Hybrid perovskites are direct-gap semiconductors with a unique set of optical and electronic properties,
which makes them practically ideal materials for photovoltaics and optoelectronics. The power conversion
efficiency (PCE) of perovskite solar cells (PSCs) has reached 25.7 % [1]. The high PCE in combination with
inexpensive fabrication methods makes PSCs the most promising devices for modern photovoltaics. They
have become the main competitor to traditional inorganic solar cells [2].

Organic-inorganic metal halide perovskites have bipolar conductivity, which allows effective transport
and separation of electrons and holes at perovskite/electron transport layer (ETL) and perovskite/hole
transport layer (HTL) interfaces. The electronic energy level consistency at the interface perovskite/charge
selective layer (ETL and HTL) plays crucial role for the efficient extraction of charge carriers from the
perovskite.

For effective hole extraction, VBM (valence band maximum) level in HTL should be slightly higher
than VBM level in the perovskite. In addition, a higher position of CBM (conduction band minimum) level
in HTL relative to CBM level in the perovskite blocks electrons and prevents electron transport to the
anode [3, 4]. Recent studies have shown that the charge transfer properties at the perovskite/HTL interface
are a major factor limiting the efficiency and stability of PSCs [3].

In recent years, improvements in the crystallinity and morphology of the perovskite layers have led to
further boost in PCE of PSCs. However, more deep and advanced studies are still needed to optimize charge
transfer processes in PSCs in order to minimize charge recombination, eliminate hysteresis and to increase
device stability. The perovskite layer’s crystallinity, uniformity, roughness and thickness are critical
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parameters to control during the film deposition. Obtaining uniform, smooth and pin-holes and crack free
perovskite layer are necessary to fabricate high efficient devices. Currently there are two solution
processable deposition techniques of perovskite thein films: one step and two-step sequential deposition
techniques. Perovskite thin films deposited by the one-step method have large grains, however the film
surface is rough and they have relatively high defect density [4]. Kim et al. demonstrated a two-step
sequential deposition method, which can alleviate challenges inherent the one-step methods. PSCs fabricated
by Kim et al. showed PCE of around 15 % [5]. Except, the solution processable methods, there are other
deposition methods, which also demonstrates high efficient PCSs. The Liu et al. reported planar PCSs with
PCE of 15.4 % where refers to uniform perovskite layers were deposited by a sputtering technique [6]. It is
very easy to study the morphology of the thin film.

The morphology and structure of the perovskite thin films are very sensitive to the synthesis conditions,
such as nature of precursors and solvents, deposition and annealing temperature and environment, and a
deposition rate [4-7]. Recently, highly smooth perovskite thin films with high crystallinity were obtained by
annealing in mixed solvent vapor at room temperature, and PCSs showed PCE of 16.4 % [8]. In 2015, Ko et
al. reported PCSs with PCE up to 15.76 % by keeping the substrate temperature at the range of 40 °C-60 °C
to control the perovskite layer crystallization [9]. All of these studies imply that the crystallinity and
morphology of the perovskite layers are very important to fabricate high-performance solar cells.

In the last few years, record PCE of PSCs has increased from 3.8 % to more than 20 % [7-11].
Compared to other types of solar cells, PCSs have many promising advantages. Compared to silicon-based
solar cells, the mass production cost of PSCs will be lower. At the same level of energy conversion
efficiency, HPSCs cost only 1/20th the cost of silicon-based solar cells. Currently, record efficiency of PSCs
is 25.2 %, which is close to the efficiency of silicon-based solar cells (~27.1 %), and PCE as high as 30 %
are predicted for them [10].

With the great efforts of researchers and engineers around the world, PCSs efficiency has now set a
record for thin-film solar cells. Structure engineering, morphology optimization and interface modification
have been the main research focus to ensure the high efficiency of PSC [8-10]. The morphology and degree
of crystallinity of the perovskite films were found to be crucial factors for the development of highly
efficient and stable solar cells [11]. The main goal of optimization studies is to deposit highly crystalline
perovskite films with large grains and pin-holes free. This is accomplished by optimizing deposition
conditions: solution concentration and temperature, drying and annealing conditions [12-14]. In this paper,
we also demonstrate the importance of obtaining high-quality perovskite thin films by optimizing
crystallization process. Because the morphology of the perovskite absorber thin film is one of the most
important factors affecting the overall power, and conversion efficiency of perovskite solar cells [15-16]. To
improve the homogeneity of the film, efforts are made to improve the crystallization of the perovskite shell,
and these processes should be well understood and studied [17-20].

Methods of making perovskite thin films with low cost, easy energy conversion, quick preparation, and
easy application have been studied [21-22]. Therefore, the preparation methods are optimized for growing
larger perovskite crystals, improving a homogeneous and pore-free thin film and a closer arrangement of
crystal grain boundaries for better interfacial bonding. In this research paper, we investigated the
optimization of perovskite morphology to achieve highly efficient and stable perovskite solar cells.

In this work, we optimize the deposition conditions of CH3NH3PbCl,lslayers, and in addition, study
the effect of double hole transport layers based on CuPc and MoOz; on PSCs performance. The use of CuPc
and MoO; as HTLs in PSCs will significantly reduce the cost of perovskite solar panels. The optimization
and using double HTL led to enhanced absorption and significantly the growth of the current density. The
champion device revealed PCE as high as 9.92 %.

Materials and Methods

Sample preparation and deposition process

Solar Cell Fabrication. Perovskite solar cells were fabricated on glass substrates coated with an FTO
layer (15 Ohm/cm?). FTO serves as an external electrode (cathode). First, substrates were thoroughly cleaned
in acetone, hot deionized water, and 2-proponal followed by UV-ozone treatment. For the electron transport
layer, a TiO, sol-gel solution prepared, at first, 15 mL of the aqueous solutions of titanium VI
isopropoxide(TTIP)(Ti[OCH(CHs),]4 99.999 % purity, Sigma-Aldrich, USA) was slowly added to 30 mL of
acetic acid (HCOOH 99.9 % purity, Sigma-Aldrich, USA) in a three-neck flask, and the mixture was stirred
for 5 minutes to avoid agglomeration. The mixture of deionized water (4 mL) and isopropanol
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(CH;CH(OH)CH399.9 %, Sigma-Aldrich, USA) (15 mL) was added dropwise to the solution and then
stirred vigorously for another 10 minutes. After mixing the solution, 4 mL of nitric acid (HNO3) was added
to the solution as a stabilizer, and the mixture was further subjected to vigorous stirring for 20 minutes. TiO,
Nano solution formed from the hydrolysis and condensation reactions of titanium Alco oxide precursors. In
the presence of water, titanium Alco oxide hydrolyzed and subsequently polymerized to form 3-dimensional
TiO, nanoparticles, which dispersed on the FTO glass substrates and spun at 5000 rpm. Further, the spin-
coated pre-TiO, film was annealed at a temperature of 500°C for 60 minutes to obtain crystalline a TiO,
layer.

Perovskite Materials. In the next step, a photoactive perovskite layer was deposited on the TiO, surface
by one step spin-coating technique from a methylammonium iodide (MAI) and lead chloride (PbCI,)
solution. To prepare the perovskite solution, PbCl, (Sigma-Aldrich)230 mg of PbCl, and 394 mg of MAI
were dissolved in 1 ml of N, N-Dimethylformamide (Sigma-Aldrich) solvent. The resulting solution was
stirred on a magnetic stirrer at 70 °C for 2 hours to get a uniform solution. The perovskite solution was spin-
coated at 2000, 3000, 4000, 5000, and 6000 rpm. The perovskite layer was annealed for 2 hours at a
temperature of 90 °C to form a crystalline perovskite layer. The crystallization process was accompanied by
a change in the color of the film from yellow to dark brown. All steps including perovskite formation carried
out in a glove box filled with nitrogen.

Composition of HTM. After the perovskite layer formation step was done, copper phthalocyanine
(CuPc) serving as a hole transport layer (HTL) was deposited on the perovskite surface. HTL with a
thickness of 80 nm was deposited by thermal evaporation of CuPc powder (Sigma-Aldrich) at a vacuum
level of 107 Pa. Further, a 30 nm MoO, layer was thermally evaporated from MoO; (Borun New Material
Technology Co., Ltd.) on the CuPc surface at the vacuum level of 10 Pa. Finally, an Ag electrode (anode)
with a thickness of 100 nm thermally evaporated at a vacuum of 107 Pa.

Structural formulas of CuPc, MAI, and PbCl,, a diagram of perovskite solar cell fabrication steps (b),

__________

Thermal evaporation Thermal evaporation Thermal evaporation

bobiil LuiLil

© 2| cHaNmaBPhCl |4

Figure 1. Structural formulas (a), a scheme of perovskite solar cell fabrication steps (b) and PSCs structure with
functional layers’ energy diagrams

Analysis methods

The surface topography and thickness of the samples were probed by a JEOL JSPM-5400 atomic force
microscope (AFM). The AFM data were processed by Gwyddion Data-Processing Software, a modular
program for SPM (scanning probe microscopy) data visualization and analysis. To measure the local current
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distribution, an AFM SolverP47 (NT-MDT) was used. When measuring the current, a voltage was applied to
the sample, while the conductive probe covered with a gold film was grounded. The surface topography and
surface standard deviation (rms) were measured in the semi-contact mode (NSC14 probe, Micromash), and
the current was measured in the contact mode (CSC37/Au probe, Micromash).

The thickness of the deposited PSCs layers was measured using a scanning electron microscope (SEM,
MIRA 3 LMU, Tescan).

The absorption spectra of the samples were measured by an AvaSpec-ULS2048CL-EVO spectrometer
(Avantes). A combined deuterium-halogen light source AvaLight-DHc (Avantes) with an optical range of
200-2500 nm was used as a light source.

For thermal deposition, the CY-1700x-spc-2 vacuum sputtering unit (Zhengzhou CY Scientific
Instruments Co., Ltd) was used.

The photoluminescence decay kinetics was measured on a pulsed spectrofluorometric with picosecond
resolution and registration in the photon-counting mode.

The impedance spectra were measured by a P45X potentiostat-galvanostat with an FRA module.
Current-voltage (I-V) characteristics of solar devices were measured with PVIV-1A |-V Test Station under
the light illumination from Sol3A Class AAA Solar Simulator (Newport).

Results and Discussion

Structural analysis of the prepared films

Figure 2 shows the top and cross sectional SEM images of perovskite thin films deposited at different
spin-coating speeds. As can be seen from SEM images, the surface morphology of the perovskite filmsvaries
with increasing the rotation speed (Figures 2a-2c¢). At lower speeds (2000-4000 rpm), films have irregular
grain sizes and have high roughness. At higher speeds, the distribution of grain sizes becomes significantly
narrower and it is noticeable that films become smoother (more flat) (Figure 2d-e). Figure 2f shows the
dependence of the thickness of the perovskite films on the rotation speed. As it was expected the film
thickness decreases with increasing in the rotation speed.

2000 rpm { 3000 rpm
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Figure2. SEM images of perovskite films deposited at different spin speeds (a-e) and their thicknesses (f).
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Figure 3 shows the AFM images of perovskite films deposited at different rotation speeds. The AFM
images are consistent with SEM data. In general, the film roughness decreases as spin-coating rotation speed
increases. The observed pores in the films are associated with the evaporation of the solvent during the
drying of the films. With an increase in the rotation speed, a structure appears on the surface of the film with
characteristic sizes of regions of several hundred nanometers (Figures 3a-3e). The appearance of such a
structure can be explained by the FTO substrate surface influence.

Figure 3f shows the dependence of the film surface roughness (RMS) on the rotation speed. As it was
expected the surface roughness falls as the rotation speed increases. However, it should be noted that we
observe a slight growth in thoroughness at 6000 rpm (Table 1).

o

2000 3000 4000 5000 6000
Spin-coating rate, rpm

a) 2000 rpm.; b) 3000 rpm.; ¢) 4000 rpm.; d) 5000 rpm.; ) 6000 rpm.
Figure 3. AFM images of perovskite thin films deposited at different rotation speeds

Table 1
Perovskite film roughness and components surface size
Spin-coating rate, rpm | Layer thickness (t), nm Rg: nm Dave, NM
2000 955 41.6 200
3000 753 29.9 220
4000 629 18.4 250
5000 505 115 162
6000 405 14.6 120

Optical properties

Figure 4a shows the absorption spectra of the CH3;NH3PbClyl;.« photoactive layer. That’s seen from the
obtained spectra, absorptions are located at 300 — 700 nm. As known, CH3NH3PbCl,l5  is a well-absorbing
photocell, which has strong absorption in the visible ranges [23, 24]. When measuring the absorption spectra
of CH3NH3PbCIls.,. it was found that with increasing thickness, the maximum of the absorption spectrum
shifts from the short-wavelength to the long-wavelength region Am.= 478 nm at a thickness of 400 nm, Ayax=
519 nm at a thickness of 505 nm, Amax = 524 nm at a thickness of 640 nm, A= 540 nm at a thickness of
753 nm, Amax= 630 Nm at a thickness of 955 nm. This shift to the short wavelength region is associated with a
change in the surface structure of the CH3;NH;PbCl,l5, films. Figure 4c shows the luminescence spectra of
CH3NH3PbCl, s, films with different thicknesses. As can be seen from the figure, when CHsNHsPbClIls
films are photoexcited at a wavelength of 650 nm, changes in the luminescence intensity are observed. The
maximum luminescence intensity of CHsNH3PbCl,ls« films with a thickness of 955 nm was observed at
773 nm (1.6 eV).
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For CH3NH3PbClyl; films with a thickness of 955 nm, a luminescence peak is observed at a
wavelength of Anax= 773 nm and a spectral half-width of FWHM A=53 nm; 773 nm and spectral half-width
FWHM 2A=50 nm, films with a thickness of 505 nm are observed Am= 773 nm and spectral half-width
FWHM 2A=51 nm, films with a thickness of 405 nm are seen Anq= 774 nm and spectral half-width FWHM
A=51 nm. The band gap was calculated from the intrinsic absorption edge of the UV and visible spectra. The
band gap of the CHsNHsPbCl I, films was estimated using the Tauc Plot method. As can be seen from the
figure, the CH3NH;PbClyls., film with a thickness of 405 nm has a band gap of about E;=1.57 eV. With an
increase in film thickness from 505 and 629 nm, an increase in the band gap of CH3NH3PbCl,ls, films is
observed, respectively, Eq=1.58 eV and E;=1.59 eV. A further increase in the thickness of the films 753 and
955 nm does not change the band gap E,=1.57 eV (Figure 4b). Optical characteristics of CHzNHzPbCl,l5«
films are presented in Table 2.

For hybrid (X = 1, CI) perovskite (Fig. 4a), the optical absorption band between 2.5 and 2.7 eV is due to
the Pb-Pb intracomponent transition. When these transitions are further separated into the most important
contributions of angular particles, the results show that these transitions mainly came from s (Pb)-p (Pb) and
with a smaller proportion of s (I) -p(1) and p(Pb)- p(l). Following our results, this band was attributed [25] to
the transition from Pb2+(6s) to Pb2+(6p). Our results also agree with the results of [26], in which three peaks
appear in the absorption spectra at approximately 1.65, 2.20, and 3.10 eV. The first peak at about 1.65 eV is
mainly associated with the excitation of s(Pb)-p(Pb). The second, with a maximum of about 2.20 eV, is also
mainly due to the s(Pb)-p(Pb) transitions with a smaller contribution from the s(I)-p(l) excitation. The last
peak at about 3.10 eV is due to similar contributions from s (Pb)-p (Pb), s (I)-p (1), and p (Pb)-p ().

Further, we studied the dynamics of the perovskite quality and crystallization process depending on
photoactive layer thickness by observing the photoluminescence spectra of the perovskite. In Figure 4c
photoluminescence spectra of perovskite layers deposited on glass substrates with various photoactive layer
thicknesses are illustrated. The photoluminescence band of the perovskite has a maximum at Aya = 785 nm.
As seen in PL spectra, the luminescence intensity of the perovskite layer deposited on the spin rate at
5000 rpm had the highest PL intensity. It has indicated that the photoactive layers’ best quality and
crystallization rate reached a thickness of 505 nm.

a) 3.1 2.1 1.6 b)
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Figure 4. Perovskite films absorbance coefficient (a), optical bandgap (b), PL spectra (c), and TRPL decay plot (d)
We studied the dynamics of charge transfer from a perovskite layer to ETL and how the charge transfer
depends on photoactive layer thickness by the time-resolved photoluminescence (TRPL) technique was used

to compare PL intensity decays and evaluate PL lifetimes (Tp) in the perovskite layers with different
thicknesses deposited on TiO, layer. As seen from TRPL (Figure 4d) and Table 2, the PL intensity decay
occurs faster in the perovskite layer with a thickness of 505 nm. Similarly with the PL intensity quenching, at
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first, PL lifetime decreases with reducing perovskite layer thickness reaching a minimum value of ~0.8 ns at
a perovskite layer thickness of 505 nm, which confirms that effective charge transfer occurs from the
perovskite into ETL at the perovskite layer thickness of ~ 500 nm. However, at the lower thickness, the
thickness decay time increases indicating the worsened charge transfer.

Table 2
PL, optical bandgap, and TRPL characteristics
t, nm Maximum PL A, nm FWHM A, nm Bandgap, eV ToL,
ns
955 772.66 52.93 1.57 2.3
753 775.49 50.42 1.57 1.9
629 772.66 50.01 1.58 1.1
505 773.23 51.31 1.59 0.8
405 774.36 50.05 1.57 1.0

Photoelectrical characterizations

The current-voltage characteristics and the energy diagram of the components of perovskite solar cells
are shown in Figure 5. Figure 5a shows that PSCs with CH3;NH3PbClyls« films at a deposition rate of
2000 rpm have the worst photovoltaic parameters, which are due to a low fill factor (FF) of 47.27 %. Cells
with CH;NHsPbClI, |5, films obtained at rotation speeds of 3000 rpm, 4000 rpm, and 6000 rpm show the best
solar-to-electrical energy conversion efficiency, which are n=7.93 %, n=8.83 %, and n=8.67 %, respectively,
compared to the efficiency of PSCs at 2000 rpm (n=7.13 %). The maximum value of the increase in the CVC
parameters is observed for the composite cell obtained at rotation speeds of 5000 rpm, the short circuit
current density (J) increased by 30 %, and the efficiency value was 9.92 %.

The energy diagram was constructed according to the data from [25, 26]. According to these works, the
position of the valence band maximum (VBM) of TiO, is 4.0 eV, CH3NH3PbCl,l3 is 5.4 eV, the VBM for
MoO:; films is 5.38 eV, and for CuPc films the VBM is 5.2 eV. As can be seen from the diagram, the energy
levels of the CH3NH;3PbClyl;« and CuPc MIGs are in good agreement, which should ensure efficient
injection of holes from the photoactive layer (PS) into CuPc. The CVC parameters of solar cells are given in
Table 3.

However, it is not limited and further optimization is needed to boost photovoltaic performance and
eliminate hysteresis (Fig. 5b). We also studied the reproducibility of the PCE of our devices. It fabricated 10
devices for each type of PSC under the same conditions. Figure 5¢ shows the statistical deviation of PCE
from the average value.
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Figure 5. Current-voltage characteristics of perovskite solar cells a), current-voltage characteristics of the champion
device for forward and reverse scans b), and PCE statistics c)

|:|-WS nm
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Table 3
Parameters of current-voltage characteristics of perovskite solar cells
t nm Jsc ) Uqgc Jimax ) Urnax FF n
’ mA/cm \Y mA/cm \Y % %
955 16.96 0.89 11.69 0.61 47.27 7.13
753 18.14 0.90 12.67 0.63 48.87 7.98
629 19.33 0.92 13.58 0.65 48.05 8.83
505 20.76 0.94 15.04 0.66 50.82 9.92
405 19.14 0.95 13.55 0.64 47.68 8.67

To understand the effects of perovskite thickness and defects on charge transfer processes, we used the
impedance spectroscopy (IS) technique. 1S responses of PSCs were measured in the dark at 0.8 V. In
Figure 6 (a) IS spectra in Nyquist coordinates are presented. Dotted and solid lines represent the measured
and fitted data, respectively. Overall, in IS spectra we observe two semicircles, one in a high-frequency (HF)
region and another in a low-frequency (LF) region. Nowadays, the interpretation of IS spectra of PSCs is
controversial [25-27], however, it is accepted that HF is attributed to charge transfer processes in PCSs,
whereas R;C; is related to electrochemical processes inside the perovskite layer.

The equivalent circuit shown in Figure 6 (a (insert)) was used to fit IS spectra. According to the
works [28], R; is a series resistance of charge collectors ETL and hole collectors HTL. R,C, characterizes
perovskite/selective contact interfaces, and R;C; is attributed to the slow electrochemical processes inside the
perovskite absorber. We are interested in R; and R, due to these two resistances reflect the effect of
perovskite thickness and Rj; reflects the electrochemical processes defects on charge transfer processes. In
our work, all functional layers of PSCs, except the perovskite layer, were deposited under the same
conditions and for this reason, the changes of Ry, R,, and R; values are related significantly with changes of
perovskite properties and HTL/perovskite/ETL interface quality.

Parameters affecting charge transfer processes in PSCs estimated from IS spectra are presented in
Table 4. As seen from Table 4, with the reduction of perovskite thickness R; becomes lower by reaching a
minimum value of 24.3 Ohms at the thickness of 505 nm, and with further thickness decrease it starts to
grow. This trend in Ry is consistent with trends in Jsc and FF confirming that by decreasing perovskite layer
thickness, HTL/perovskite/ETL interface resistance should decrease, however, the increase of the intrinsic
ionic defects density, observed from the absorbance and luminescence study, oppositely influences series R,
resistance. The two competitive charge transport processes take place in perovskite: electron transport
through the CHsNH3PbClils, conduction band and electron trapping by deep trap levels formed by
CH3NH3PbCl 15" species. Therefore according to the IV and IS studies, the ideal CH3NH3PbCl,ls., layer
thickness at which there is a balance between that competitive photo conversation and charge transport
processes is about 505 nm for our deposition condition.

R, determines the charge transfer rate at the HLT/perovskite/ETL interface. We observe the increase
of R,, which imply on the electron—hole separation increases with the CH3NH3l;PbCl, thickness reduction.
The charge transfer rate at perovskite/ETL interface depends on the energy level alignment. As seen from
Table 2, the decrease of CH3NH3PbClxls, layer thickness results to widening of CH3NH3PbClxl3, bandgap,
which may be due to the rise of the electron quasi-Fermi level. When CH3;NH3PbClxl; electron quasi-Fermi
level approaches the perovskite conduction band level the drive force becomes stronger and this will increase
the electron transport rate. Additionally, R, increase can be associated with the decrease of the recombination
rate in perovskite layer. R; decrease is associated with the decreased density of CHsNH3PbCl,l,.," — related
defects, which can form electron trap levels for the electron—hole separation.
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Figure 6. Nyquist impedance curves and equivalent circuit diagrams (insert) (a), increased high-frequency region
curves (b), and photocurrent transformation and recombination mechanisms for perovskite solar cells(c), (d)

Figure 6¢, d shows the PSCs' photocurrent transformation and recombination mechanisms. As seen in
the figure, the sample illuminated electron-hole pairs that were photo-generated inside CHsNHzPbCl, 13 «(blue
arrow). The holes are transferred to CuPc with MoO; (HTL), then transported to the metal contact. While the
electrons are moving towards the TiO, (ETL), a consequence of the tunnel injection, the electrons will be
transferred to the FTO, thus generating a current. However, perovskites have intrinsic ionic defects as iodine
ions immigrate rapidly under operating conditions and accumulate at the TiO,/perovskite interface because
of the self-doping effect. These ions explain the trap levels near the valence band, where photo-generated
holes accumulations to attract recombination (green arrows).

Decreasing the photoactive layer thickness to 505 nm leads to increases in the graduate of
CH3NH;PbCl, 5., crystals. The increase in crystal size and graduates was the reduction of grain boundaries,
which act as the source of mobile defects. Therefore, the light absorption cross-section increases, increasing
photo generation and directly improving Js.. Then, recombination decreases at the outer boundaries, resulting
in a higher ability to accumulate electrons in the conduction band, which leads to an upward shift in the
electron quasi-Fermi level and an increase in V. (see Figure 6 d). As a result, improving the quality of the
TiO,/perovskite film interface and perovskite/CuPc-MoO; films interface leads to a reduction in leak
sources, which leads to an increase in FF. Thus, the quality of the photoactive layer simultaneously improves
three photovoltaic parameters, which leads to a significant increase in photo conversion efficiency. The
exponent n defines the deviation from the capacity ideal behavior and is related to the angle 6, p-capacity.
Moreover, for n = 1, p has Farad units indicating that CPE behaves as an ideal capacitor.

Table 4
The value of charge transport parameters of perovskite solar cells

Thickness photoactive R., R,, R, P1 n, P2 n,

layer, nm Q Q Q

955 30.5 880 2590 3-10° 0.95 2.4-10° 0.93

753 27.5 915 2258 6.2:10° | 0.96 5.7-10° 0.88

629 25.9 1003 1779 2.6:10% | 0.98 4510 0.91

505 24.3 1069 1547 25107 | 0.98 1.6:107 0.95

405 29.9 1051 1969 1.3-107 | 0.93 9.1-107 0.96
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Conclusions

CH3NH;PhCl, 5, perovskite films were deposited by spin-coating technique from a methylammonium
iodide (MAI) and lead chloride (PbCl,) solution. The effect of the spin-coating rate on CH;NH3;PbCl, 5
thickness and surface roughness was investigated. The CH3NH3PbClylz« films were used as photoactive
layers for perovskite solar cells (FTO/TiO,/CHsNH3PbCl,l5.,/CuPc/MoO,/Ag). The deposition conditions of
CH3NH3PbCl, 15 layer affect recombination resistance in PSCs. We observed two competitive effects on the
CH3NH3PbCl, 154 resistance. As expected, the elevation of the spin-coating rate resulted in CHsNH3PbClyls «
thickness reduction, which should lead to a decrease in CH3NH3PbClil;Rs resistance. However, the
impedance spectroscopy revealed that with thickness reduction from 955 nm to 753 nm, the Rresistance of
CH3NH3PbClyls.« declines from about 2590Q to 2258Q reaching the minimum value at 505 nm. The further
decrease in CH3;NH3PbClylz« thickness increased CH3NHsPbClyls, film resistance. The study of
CH3NH3PbCl, 5., absorbance and luminescence spectra showed that the change in CHsNHsPbCl, |5, defect
density occurred, which explains the decrease in CH3NH3PbCl,ls resistance. According to the absorbance
and luminescence spectroscopy study, the CH3NH3PbClyls« thickness reduction led to a decrease in the
density of interstitial CHsNH3PbCl,ls," defects. CHsNH3sPbCl,ls," species form deep levels trapping free
electrons and as a result, increasing CHsNH;lsPbCl, resistance. The PSCs based on a 505 nm thick
CH3NH3PbCl, 15 layer showed the highest performance with the improved short current density and fill
factor. The champion device had a power conversion efficiency of 9.92 %. This work revealed that two
competitive charge transport processes occur in CH3;NHsPbCl,ls photoactive layer: electron transport
through the CH3NH3PbCl,l5, conduction band and electron trapping by deep trap levels formed by
CH3NH;PbCl,l5." species. The balance between these charge transport processes is about 505 nm for our
deposition condition.
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T.M. Mykametkanu, K.C. PoxkoBa, A.K. Aiimyxanos, b.P. Unbsicos,
K. Anme, A.K. 3eliHuaeHOB

CH;3NH;3PbCly 15« mepoBcKHT KaGaThIHBIH KAJTBIHABIFBI KOHE TYHipIikTep
MOJIIEePiHIH 31eKTPO(PU3NKAIBIK KIHE ONTHKAJIBIK KacueTTepiHe dcepi

Kopracein ramorenni mnepoBckut CH3NH3PbClyls, mmenkamapbl mepoBcKMT KyH —OarapesiapblHaa
¢doroakTuBTi Kabarrap peringe keHinen kommanbutamsl. CH3NH3PbClyls, -xyTeuty criektpi, SHeprusHsl
TYPJEHAIPY THIMALIIT KOHE THIMBIM CAllbIHFAaH alilMaKTa OTKI3TIMITIr1 KeH KOJIAKTHI JKapThUIall ©TKi3Till,
SHEPTHSHBI TEHECTIPYy TYPFBICHIHAH METaJUIOTAIMATI MEePOBCKUTTEPAE JKOFapbl (DOTOAKTHBTI KabaTThl
KepceTei, OYI1 IIEKTPOHIAPABI TaAChIMAAay Ke3iHAe 3apsATapAbH THIMAI OeIiHyiH KOHE AIIEKTPOHIAPABIH
SHEPTHSHBIH a3 )KOFalyblH KamTamachi3 ereai. byn sxymbicta CH3NH3PbClyls « KabarTapsr MeTniaMmonuit
topuninen (MAI) xone kopracein xiopuni (PbCl2) epitinaicinen Gip catbuibl aitHanaplpy amicimen TiO2
6erine xarbutanbl. [lepoBckut epitingicid maitpiaaay yurin PbCI2 (Sigma-Oldrich) 230 mr PbClI2 sxone 394
mr MAI 1 man N, N-Tumerundopmamuy (Curma-Ongpux) epitkiminge epitinai. Kyriarenaeit, aiinanasipy
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5Ka0bIHbl SKBULIAMABIFBIHBIH KoFapbltaysl CH3NH3PhClyls, KanbIHABFBIHBIH TOMEHACYiHe OKelm, Oy
CH3NH3PbClyl3, R3 kenepricini TemeHieyiHe okenmyi Kepek. J[ereHMEH, KeIepri CIeKTPOCKOMHUSICHI
KaJBIHABIFBL 955 HM-JeH 753 HM-re geiiin Kpickapran ke3ne CH3NH3;PbClyls, R3 keneprici mamamen 2590
Q-nman 2258 Q-re neitin Tomenaen, 505 HM-Ie MHHAMAIAL MoHTe keTeTiHi anbIKraaasl. CH3NHsPbCl,l5.,
KIBIHIBIFBIHBIH ofaH opi Temenneyi CH3NH3PbClyls, murenka kemepricin aprreipasl. CH3NH3PbCly s,
KYTBUTY XoHe JromuHecueHuust crekrpiepin 3eprrey CH3NH3PhClyls, akaysblk THIFBI3ABIFBIHBIH ©3repyi
opei anFadbie kepcerti, 6y CH3NH3PbCl,ls, kemepricinin Temenneyin tycinmipeni. AGcopOuust xoHe
JFOMHUHECHCHIUS  CIIEKTPOCKOMMACKIHBIH  3epTreyine coiikec, CH3zNH3PbhClyls (KalbIHABIFBIHBIH — a3ar0bl
unTepcrunuaniabl CHzNH3PbClyls , + akaynapbiHbiH TEIFBIB3ABFBIHBIH TOMeHAeyiHe oKkenai. CH3NH3PbCly 13,
+ Typiiepi 60C BIEKTPOHIAP/IbI YCTANTHIH TEPEH AeHreinepai Kypaiiapl sxone Hotmkecinae CH3NH;3PhClyls
kenepricin aprreipaasl. Kansiaapirsl 505 v CH3NH3PbCIXI3-x kabateina Herisnenred PSCs Kbicka TOK
TBIFBI3JIBIFEl JKOHE TONTHIPY KOA(QHIMEHTI *KaKCapThUIFaH €H JKOFapbl OHIMALTIKTI kKepceTTi. EH jkakchl
KYPBUIFBIHBIH KyaTThI TYPJICHIIpY THIMALTIT 9,92 % 6ol

Kinm co30ep: nepoBckut kyH Gatapesuiapsl, ¢poroaktusti kabar, CHzNHsPbClyl3 ,, Meic ¢dranonuanus, ioxn
WOH/IAPHI, UMIIEIAHCOMETP, AIICKTPOHIBI TAChIMAJIIay Ka0aThl, KEMTIKTEP/Ii TaChIMaliay Ka0aThl.

T.M. Mykamertkanu, K.C. PoxkoBa, A.K. Aiimyxanos, b.P. Ninbscos,
K. Amme, A K. 3eliHnaeHoB

BiMsiHHe TOJIIIMHBI M pa3Mepa 3epeH Ha JIeKTPopU3nYeCKne U
onTHYecKkue cBoiicTBa nmepoBckUTHOTO cjiosi CH3NH3PbCly 15

Tlnenku nepoBckura u3 rajorenupa csuHma CH3NHPbClyls, mmpoko wucnonssyrorcs B kadectBe
()OTOAKTUBHBIX CJIOEB B IMEPOBCKUTHBIX coiHeuHBIX dyiementax. CHiNH3PbClyls, mpencrasisier co6oit
HOJIYIIPOBOTHUK ¢ OoJiee y3KOH 3alpelieHHOW 30HOH ¢ MIMPOKHUM CIIEKTPOM MOTIoNieHus, 3G (eKTHBHOCTBIO
npeoOpa3oBaHusl SHEPTHH M MPOBOANMOCTBIO, IEMOHCTPUPYIOMINI PEBOCXOMHBIH (POTOAKTUBHBIN CIIOH B
METaJUTOTaJIOTCHUIHBIX MEePOBCKUTAX C TOYKH 3PCHUsS] BBHIPABHUBAHHS OJHEPrHH, OOECIEYUBAIOIIETO
a¢eKkTHBHOE pa3/elicHHe 3apsI0B W MEHBUIYIO MOTEPI0 SHEPrHH DJIeKTPOHAMH BO BpeMs IepeHoca
anekTpoHoB. B Hacrosiueit padore cion CH3NH3PbCl, 13, Obitn Hanecens! Ha moBepxHOCTh T10, MeTomOM
OJTHOJTAITHOTO IeHTpU(yrupoBanus u3 pacrsopa noauaa merwiammonuns (MAI) u xiopuna csunma (PbCly).
Jlns npuroroBnenus pacreopa neposckuta PHCl, (Sigma—Aldrich), 230 mr PbCl, u 394 mr MAI pacteopsuti
B 1 mu1 pactBopurens N, N-gumerindopmamua (Sigma—Aldrich). Kak u oxunmanocs, yBenndeHne CKOpoCcTr
uenTpudyruposanus npuseno K ymenbmenuto Tonmuabl CH3NH3PbClyls,y, uro momkHO Ghuto mpuBecTd K
camkennio conporusienuss R3CH3NH3PbClyl;,,. OnHako nMmnenancHas CieKTPOCKOIHMS TTOKa3aia, YTo Mpr
YMEHbIIEHHH TOMIMHBI ¢ 955 HM 10 753 uwm conporusienne RzCH3NH3PbClylz, crmkaercst mpumepro ¢
2590 Om mo 2258 Owm, noctrras MUHUMaJIbHOTO 3HaueHus npu 505 M. [lanpHeiinee yMeHbIIEHHE TOIIITHE
CH;3NH3PbCl, 5 yBenuuuBano conporusienne mieakun CH3NH3PbhClyl5 . 3ydeHne cniekTpoB moraomeHust
n momunectenimn  CH3NH3PbCl 13, mokaszamo, uro mnpousonnio wu3MeHeHHe IUIOTHOCTH ae(eKTOB
CH3NH3PbClylsy, uto oOwsicusier chikenue ycroiuuBoctd CH3NHiPbClyls,. Tlo manHbBIM criekTpoB
NOTJIOIIEHUsST W JIOMUHecHeHuy, ymenbiienue Ttoimmuasl CH3NH3PbClls, mpuseno k cHmkenuro
wioTHOCTH Mexy3i10BbIX jedekroB CH3NH3PbCly Iy, +. Yactuusr CH3NH3PbClyls,+ oGpasyror riay6okue
YPOBHH, 3aXBaTbIBAIOIIME CBOOOJHBIC JJIEKTPOHBI M, KaK CIIEJICTBHE, YBEIWYMBAIOIINE CONPOTHBICHHE
CH3NH3PbClylsy. PSC ma ocHoBe cmoss CH3NH3PbClylsy Tommunoit 505 HM moka3and HaWIydIIde
XapaKTePUCTUKU C YIyYIICHHBIMUA IUIOTHOCTBIO KOPOTKOrO TOKa u Kod(duimentom 3amonuenus: KITJT
npeoOpa3oBaHus SHEPTUH ycTpoiicTBa nocturiy 9,92 %.

Kniouesvie cnoéa: TEpPOBCKUTHBIE COJNHEYHbIe 3eMeHThl, (oroaktuBHbii cioit, CH3NH3PbClyls,,
(ramonMaHuH MEIH, MOHBI #0113, UMIIEIaHCOMETpP, TPAHCIIOPTHBIN CIOW 3JIEKTPOHOB, TPAHCIOPTHBIN CIIOH
JIBIPOK.
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Investigation of changes in phase composition and tribological properties of 65G steel
during electrolyte-plasma hardening

This paper presents the results of studies of phase composition and tribological properties of 65G steel, before
and after electrolytic-plasma hardening at different regimes. The technology of electrolyte-plasma hardening
and laboratory installation for implementation of electrolyte-plasma hardening are described. It was found
that after electroplasma hardening a modified layer consisting of o'-phase (martensite) and cementite MsC is
formed. The developed technological process of hardening of a part made of 65G steel makes it possible to
obtain layers on the surface of the part that provide an increase in wear resistance by 2 times and in resistance
to abrasive wear by 1.7 times. The carried out investigations have shown perspective and expediency of
application of the developed method to increase operational properties of parts working in conditions of
friction and wear. This technology can be used to increase the service life of working elements of agricultural
machinery.

Keywords: hardening; phase composition; plasma-electrolyte hardening; wear resistance.

Introduction

The durability of parts depends not only on the material properties determined by the manufacturing
technology and volume hardening, but also to a large extent on the surface properties. Its role in ensuring the
operational properties of products is constantly increasing, which has contributed, along with extensive use
of traditional methods of chemical-thermal treatment, to the emergence and development of a new direction
— surface engineering by methods of energy and physical-chemical effects. The implementation of this
concept in the choice of material will improve the performance properties of parts, and in some cases reduce
the consumption of expensive materials. Thus, recently, due to the use of protective coatings and surface
hardening, more and more low-alloy structural and tool steels are used and produced, which allowed
reducing the cost of expensive high-alloy steels and alloys. At the same time, an important role in the
application of protective coatings and surface hardening is the use of resource-saving technologies that help
to reduce resource and energy costs and increase labor productivity [1, 2].

Recently, the research on electrolyte-plasma hardening of materials has been conducted quite
intensively. As a result, various technologies for surface modification of metals and alloys based on the
electrolyte-plasma method have been developed: oxidation [3], polishing [4], diffusion saturation with
nitrogen [5], carbon [6, 7], boron [8], multicomponent saturation [9, 10] and surface hardening [11]. Among
them, electrolyte-plasma hardening (surface hardening) is of specific interest [11, 12].

The surface hardening process by surface hardening was usually performed by laser beam, electron
beam and plasma beam [13, 14]. Compared to these hardening processes, electrolyte-plasma hardening is a
simple and inexpensive method. All methods of surface hardening are usually used to increase the surface
hardness of steels. However, experience shows that surface hardening under certain conditions forms a fine-
dispersed structure that increases the wear resistance of steel depending on its alloying. In addition,
electrolyte-plasma hardening (surface hardening) differs favorably from plasma hardening processes (surface
hardening) due to the high cooling rate and a smaller degree of oxide layer formation. Since, plasma
discharges are formed between the surface of the metal and the electrolyte, and the cooling process takes
place in the flowing electrolyte. Electric circuit closes between the electrodes through the electrolyte
(aqueous salt solution). The transformation of electrical energy into heat energy occurs mainly in the layer
adjacent to the product. As a result of heating, this layer transitions to a vapor-gas state, and micro-arcs are
excited in it under the influence of the applied voltage. The power density reaches up to 3x10% W/cm? [15].
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The technology makes it possible to change the heating and cooling rate and the thickness of the hardened
layer within a wide range. By adjusting the temperature-rate regimes of plasma surface heating and cooling,
as well as the use of various electrolytes, high values of mechanical and tribological characteristics of the
surface layer of steels can be obtained.

In connection with the above, the purpose of this work is to study the effect of electrolyte-plasma
hardening on the phase composition and tribological properties of 65G steel.

Materials, equipment and methods of experiments.

The object of the study was selected constructional 65G steel, which is used for the manufacture of
working elements of tillage machines.
The chemical composition of 65G steel is presented in Table 1.

Table 1
Chemical composition in % of steel 65G (GOST 14959 — 79)
Steel C Si Mn Ni S P cr cu
grade
0.62— | 0.17 — 09— up to up to
65G 07 0.37 12 025 0.035 upto0.035 | upto0.25 | upto0.2

Electrolytic-plasma hardening (EPH) of 65G steel samples was carried out on the laboratory unit in the
Research Center “Surface Engineering and Tribology” of S. Amanzholov EKU. The general view and the
scheme of installation of electrolyte-plasma processing are shown in Figure 1. The installation structurally
consists of a power supply and a chamber for electrolyte-plasma treatment of materials.

EPH of steel samples is carried out as follows. Before starting work, the working bath is filled with
electrolyte. Then the electrolyte is pumped into the electrolytic cell by means of a pump installed at the
bottom of the working bath. The electrolyte flows out through the opening of the cone-shaped baffle in the
form of a jet and fills the electrolytic cell. The electrolyte is then discharged through the edge of the
electrolytic cell into the tray and then back into the working bath. Thus, the electrolyte is in circulating
regimes. The feed rate of the electrolyte (flow rate) is 4-7 I/min. Feeding rate of cooling flow water into the
heat exchanger is 3-6 I/min. The accepted parameters of cooling electrolyte allow maintaining the
temperature within 40-70°C when heating the samples to the temperature of 800-900°C. Using the device for
fixing the processed product, the processed product is dipped into the electrolyte so that the treated zone of
the product was at a distance of 2-3 mm from the hole of the cone-shaped partition. The electrolyte jet is
directed through the opening of the cone-shaped partition which is 10-15 mm lower than the height of the
electrolytic cell. Then the anode is connected to the positive pole of the power supply, and the processed
product — cathode to its negative pole. For heating to the hardening temperature 320 V voltage is applied
between the electrodes and the current density is 25-30 A/cm?. At these voltages an intensively glowing
plasma layer is formed in the pre-cathode area and the product is heated at a rate of 450-500 °C/s. In this
case an anomalous arc discharge is formed between the electrodes, due to which the workpiece is quickly
heated [1, 8].

1 — sample to be treated (cathode), 2 — stainless steel anode with holes, 3 — cone-shaped partition, 4 — working
chamber — bath with electrolyte, 5 — pan, 6 — pump, 7 — heat exchanger
Figure 1. General view and diagram of the electrolytic plasma treatment installation
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Samples of 65G steel were treated at different regimes of EPH. The EPH regimes are shown in
Table 2. The EPH was carried out by alternating high (320 V), medium (200 V) and low (50 V)
voltages, as well as by cyclic exposure. An aqueous solution containing 15 percent sodium

carbonate was used as the electrolyte. Distilled water was used to prepare the electrolyte.
Table 2

Regimes of thermocyclic electrolyte-plasma treatment of 65G steel sample

Cycle 1 Cycle 2 Cycle 3 Cycle 4
No. [Sample |320 (200 |50 (320 |200 |50 (320 [200 |50 |320 |200 |50
V V V V V V vV |V |V V V V
10-65G 1s - 1s |1s - - - - - - - -
11-65G 25 - - - - - - - - - - -
17-65G 1s 3s 7s 1s 1s 7s 1s - - - - -
18-65G 1s - 1s 1s - 7s 1s - [12s | 1s - -

X-ray studies of steel samples were carried out using the well-known methods of X-ray structural
analysis on X'PertPRO diffractometers. Diffractograms were taken using CuKa-radiation (A=2.2897 A% at
40 kV. The diffractograms were manually transcribed using standard techniques and the PDF-4 database,
and quantitative analysis was performed using Powder Cell software.

Tribological sliding friction tests were performed on a TRB? tribometer using the standard ball on disk
technique (Figure 2a) (ASTM G 133-95 and ASTM G 99 international standards). A 6.0 mm diameter ball of
certified Al,Oz; material was used as a counterbody. Tests were conducted at a load of 1 N and a linear
velocity of 2 cm/s, a wear radius of curvature of 5 mm, and a friction path of 40.1 m. Tribological
characteristics of the modified layer were characterized by wear intensity and friction coefficient [12].

The samples were tested for abrasion on an experimental installation for abrasion testing in friction
against non-rigidly fixed abrasive particles according to the scheme “rotating roller — flat surface” in
accordance with GOST 23.208-79, which coincides with the American standard ASTM C 6568 (Fig. 2 b).
To test the abrasion on the rubber wheel, the surfaces of the samples were ground and polished, as well as
they were cleaned with acetone and dried. A cylindrical rubber roller pressed by the radial surface to the flat
surface of the test sample with a force of 22 N was rotated at a frequency of 1 s*. The scheme of the device
is shown in Figure 2b. The rate of arrival of abrasive particles between the rubber wheel and the sample, i.e.
in the test zone was 41-42 g/min. As abrasive particles, electrical corundum with granularity of 200-250 um
was used.

o . abrasive
M F=1N mbbel roller  particles

l ‘.‘,ballAleg !/
- sample -
H e }::F

a — according to the scheme “ball on disk”, b — according to the scheme “rotating roller — plane surface”

Figure 2. Tribological tests of samples

The wear resistance of the tested treated sample was evaluated by comparing its wear with the wear of
the reference sample (untreated sample). Wear was measured by weight method on analytical scales ADV-
200 with accuracy to 0.0001 g. Samples were weighed every minute and tested for three minutes, the length
of the whole wear was 28.8 m. Before weighing, the samples were blown with compressed air to remove any
remaining sand particles on the samples. Wear resistance of the tested material was evaluated by weight loss
of the samples during the test according to GOST-23.208-79.
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Tests of samples on shock-abrasive wear were carried out on the experimental bench according to
GOST 23.207-79. For comparative evaluation of wear resistance of 65G steel samples before and after
electrolyte-plasma treatment at different regimes. Tests were carried out in the following regimes: impact
energy E = 3.3 J, impact velocity v = 1 m/s and impact frequency n = 200 min. The scheme of the device is
presented in Figure 3. The rate of abrasive particles entering the test zone was 75-80 g/min. Electro-
corundum with granularity 200-250 um was used as abrasive particles. The wear resistance of the tested
samples was evaluated by comparing the wear of the hardened sample with the wear of the unhardened
sample. Wear was measured by weight method on analytical scales ADV-200 with accuracy 0.0001 g.
Samples were tested for five minutes. Before weighing, the samples were blown with compressed air to
remove the remaining sand particles on the samples.

b sand
pr— - r
L\ v /
T ‘ sampie
| 4 1 holder
anvll sample |
|
- q—_h__]ﬂ /’-3 | ;prrrns\huh!
p——— AN IO} |
OV
. I o '
- |
e = ==n (Spsa
L -
sand pail spring

Figure 3. Experimental bench for shock-abrasive wear according to GOST 23.207-79

Bench tests of 65G steel samples on air-erosion resistance of coatings were carried out on a special
bench designed and manufactured in the Research Center “Surface Engineering and Tribology” in
accordance with ASTM G76 standard. The general view of the bench and the test chamber is shown in
Figure 4.

Figure 4. Bench for erosion testing

Tests on air-erosion resistance of samples were carried out as follows: air-abrasive jet is supplied to the
sample from the nozzle with diameter of 5 mm. Air pressure at nozzle inlet is 0.4 MPa, distance from nozzle
to sample surface is 11 mm. The duration of exposure to air-abrasive jet was 60 seconds.

Results and discussion.

Figure 5 shows the results of the tribological tests. Tribological tests were performed using SizN4
counterbodies (ball diameter of 6 mm) and 100Cr6 (ball diameter of 3 mm). The amount of wear was
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determined by examining the profilogram of the wear tracks. The results showed that the wear volume
decreased after the EPH, sample 11-65G showed a higher wear volume when the SisN4 counterbody was
used, while the 100Cr6 counterbody had a low wear volume compared to the initial sample. And sample 10-
65G showed the lowest wear volume values compared to the other samples with both the SisN4 and 100Cr6
counterbodies.

W

amount of wear, mm3

amount of wear, mm?3

65G 10-65G 11-65G 17-65G 18-65G A 65G 10-65G 11-65G 17-65G 18-65G
Figure 5. Data on the wear volume of samples after test with counterbodies of SisN4 (a) and 100Cr6 (b)

Figure 6 shows the friction coefficient curves of 65G steel samples after wearing with counterbodies
made of SizN, (ball with diameter of 6 mm) and 100Cr6 (ball with diameter of 3 mm). The test results when
using SisN4 counterbodies showed that the friction coefficient varies greatly depending on the EPH regime.
An increase in the friction coefficient was observed in all samples except 18-65G. And when the 100Cr6
counterbody was used, an increase in the friction coefficient was observed in all samples. This may be due to
the fact that the treated samples had a high roughness compared to the initial sample.
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Figure 6. Friction coefficient curves of 65G steel samples at wear with counterbodies of SisN4 (a) and 100Cr6 (b)

Wear tests of samples on abrasion on the special bench according to GOST 23.208-79 were carried out.
Wear resistance was estimated by weight method. Weight of samples was measured by means of analytical
scales Gibertini CRYSTAL 100 CE with magnetic compensation. Table 3 shows the masses of the samples
before and after the tests. From the table it is seen that the weight loss of all treated samples is low compared
to the initial sample. At the same time, samples 10-65G and 18-65G showed higher resistance to abrasive
wear. Thus, it is possible to assert that EPH allows to increase resistance of steel 65G to abrasive wear by
1.7 times.

Table 3
Results of measuring the weight of samples before and after testing
No. Samples Weight before, g Weight after, g Weight loss, g
1 Initial sample-65G 60.084 60.0746 0.0094
2 10-65G 57.159 57.1509 0.0081
3 11-65G 58.148 58.1425 0.0055
4 17-65G 62.130 62.1223 0.0077
5 18-65G 54.7845 54.7789 0.0056
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Figure 7 shows X-ray diffractograms of 65G steel samples before and after EPH. X-ray diffraction
analysis showed that in the initial state in the structure of 65G steel only a-phase is present. After the EPH in
samples 10-65G, 11-65G and 18-65G a reflex (121) of cementite is observed. Also after the EPH,
broadening of the -phase interference lines is observed on the diffractograms. The broadening of the -phase
interference lines is associated with the growth of dislocation density, martensite formation and is
determined mainly by the martensite tetragonality [16-18]. In sample 17-65G, a slight broadening of
interference line 110 is observed, and no cementite formation is detected in this sample. Apparently, this is
due to the fact that this sample is characterized by a fine-grained ferrite-bainite structure formed during
partial melting of the surface.

Thus, the main advantage of EPH is the possibility of obtaining a modified martensite layer on the steel
surface. In this case, the base of the material does not change, i.e. the part retains its ductile core. The
formation of a modified layer of fine-grained martensite with a small amount of cementite in the surface
layers will have a positive effect on the performance properties of parts.
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Figure 7. Diffractograms of 65G steel samples

As the results of the study after electrolyte-plasma surface hardening the steel has high wear resistance
and strength characteristics.

On the basis of phase composition study it was found that after EPH a modified layer consisting of a'-
phase (martensite) and cementite MsC is formed. The increase in wear resistance of 65G steel after EPH is
associated with the formation of martensite as well as the formation of defective substructure.

The bench tests of 65G steel samples on the test bench for air-erosion resistance and on the test bench
for shock-abrasion wear were carried out.

The test results are shown in Table 4. It can be seen from the table that the weight loss of the treated
samples is almost 2 times less than that of the initial samples. Thus, test results show that all samples that
underwent electrolyte-plasma hardening are characterized by sufficiently lower erosion wear than the initial
samples.

Table 4
Results of air-erosion resistance tests

Sample No. Material Erosion wear, g/min
10-65G initial fragment of lancet paws 0.045
10-65G made of 65G steel 0.027
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Table 5 shows the results of the shock-abrasion test. It can be seen that the weight loss of the hardened
sample is less than that of the initial sample, which indicates an increased resistance to impact-abrasive wear.
The high resistance of the hardened samples to shock-abrasive wear is caused by the formation of martensitic
structure.

Table 5
Results of the shock-abrasion test
No. Samples name Material Mass loss, mg (shock abrasion)
2 10-65G initial fragment of lancet paws made 0.0475
3 10-65G of 65G steel 0.0426
Conclusion

Analyzing the experimental results obtained, the following conclusions can be made:

1. As shown by the results of the study the considered steel after electrolyte-plasma surface hardening
have high wear resistance and strength characteristics. Based on the study of the phase composition it was
found that after EPH a modified layer consisting of o'-phase (martensite) and cementite MsC is formed. The
increase in wear resistance of 65G steel after EPH is connected with formation of martensite as well as
formation of defective substructure.

2. The developed technological process of hardening of a part made of 65G steel makes it possible to
obtain layers on the surface of the part ensuring a twofold increase in wear resistance, a 1.7-fold increase in
resistance to abrasive wear, as well as to ensure uniform distribution of all phase formations in a thin surface
layer, which, in general, will result in improvement of operating characteristics of the 65G steel part. In
addition, local hardening ensures the achievement of technical and economic effect due to the absence of the
need to isolate undesirable areas of the part, treating only the areas requiring hardening.

Thus, the conducted studies have shown the prospects and feasibility of using the developed method to
improve the operating properties of parts working in conditions of friction and wear. The conducted studies
have shown that EPH technology, which allows increasing hardness and wear resistance of 65G steel can be
used to increase the service life of working elements of agricultural machinery. It is recommended to apply
this method of EPH for hardening of working elements of agricultural machinery made of 65G steel without
additional heat treatment. The EPH provides achievement of technical and economic effect due to the use of
simple equipment, not expensive aqueous solutions, reduction of processing time, as well as due to increase
of wear resistance, microhardness of steels.
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b.K. Paxanunos, JI.b. bastanosa, 3.A. Carb6aeBa, P.C. Koxanona, I'.Y. EpGomnaroBa,
P.E. CakenoBa

DJIEKTPOJIMTTI-IIA3MAJIBIK 6Hey Ke3iHae 651" 001aThIHBIH (pa3aJbIK KYpaMbl
MeH TPUOOJIOTHSUIBIK KACHeTTEPiHIH 63repyiH 3epTrey

JKymbicTa opTypiti peXUMAEpe dIeKTPOIUTTIK-TIIa3MaIIBIK IIBIHBIKTEIPYFa JCHiHT jkoHe olaH KeHiHri 650
MapKaibl 0ONaTTHIH (a3ainblK KypaMbl MEH TPUOOJOTHSIIBIK KACHETTEPiH 3epTTEy HOTHIKENEepi KeNTipiJireH.
ONEeKTPOIUTTIK-TUIa3MaNbIK KAaTalHTy TEXHOJOTHSACHI KOHE SJICKTPOJIMTTIK-TUIa3MallblK KaTaWTyIbl JKy3ere
acelpyFa apHajJfaH 3ePTXaHANBIK KOHIBIPFBI CHIIATTAIFAH. OJIEKTPOIUIa3MallblK KaTaWTymaH —KeiliH
o'dazaceiHaH (MapTeHCUT) jkoHe M3C HEMEHTHTTEH TYpaThiH MoAu(UKAIMsIaHFaH Ka0aT nmaiaa OoJaThIHbI
aHbIKTAABL. 651" GoJaTTaH jkacainFaH OeJIIeKTI KaTaWTYbIH JaMbIFaH TEXHOJIOTHSIBIK MPOIECi OOIICKTIH
Oerinae To3yFa TO3IMALTIKTI 2 ece jkoHe abpa3MBTI TO3yFa Te3IMIUIKTI 1,7 ece apTTHIpyabl KaMTaMachl3
eTeTiH KabaTTapisl ajlyFa MyMKiHAIK Oepeni. JKyprisinreH 3eprreyiep yHKenmic NMeH TO3y »KarqalblHIA
JKYMBIC iCTEHTIH OejmIeKkTepliH NaijanaHy KacHeTTepiH apTThIpy YIUIH 33ipJeHreH OiCTi KOJAaHyIbIH
Kelemeri MeH MaKCaTTBUIBIFBIH KOPCETTi. ByJl TEXHOJOTHSHBI aybUIIapyallblUIbIK TeXHUKACHIHBIH JKYMBIC
OpraHAapbIHBIH KI3MET €Ty MEp3iMiH y3apTy YIIiH NaliaanaHyra O0maibl.

Kinm ce30ep: xaraiity, (a3anblk KypaMm, INIa3MalIbIK-3JEKTPOIUTTIK KaTalTy, TO3yFa TO3IMILIIK.

b.K. Paxagunos, JI.b. bastanosa, 3.A. Carbaea, P.C. Koxanosa, I'.Y. Epb6onaToga,
P.E. Cakenona

HccaenoBanne nusmeneHuii pazoBoro cocraBa M Tpud0JI0ru4ecKuX CBOMCTB
craau 651" npu 3JIeKTPOJIMTHO-IIJIA3MEHHOM YIIPOYHEHUH

B pabore mpencraBiieHbI pe3yinbTaThl UCCIEIOBaHHUIA (Pa30BOTO COCTaBa M TPUOOIOTHUECKUX CBOWCTB CTAIH
Mapku 65" 10 W TOCIe 3IIeKTPONUTHO-IDIA3MEHHOM 3aKajK{ IIPU Pa3lMYHBIX pexnmax. OnucaHbl
TEXHOJIOTHSI 3JIEKTPOJIMTHO-IUIA3MEHHOTO YIPOYHEHUS W Ja0OpaTOpHas yCTaHOBKA IS OCYIICCTBICHHS
AIIEKTPOIUTHO-TUIA3MEHHOTO YIIPOYHEHUs. BpUTo 00HApYKEHO, YTO TMOCHE 3JIEKTPOIUTHO-IIA3MEHHOTO
yIpouHEeHHs 0o0pa3yercsi MOTU(UIMPOBAHHBIA CIIOH, cOCTOSIMHA M3 o'-(a3pl (MapTeHCHTAa) M LIEMEHTUTA
M3C. PazpaGoTaHHbINH TEXHOJIOTHUECKHH MPOLIECC YNPOUHEHHs AeTanu u3 cranu 650 mo3Bosiser monydurh
Ha TOBEPXHOCTH JETallk CJOH, 0OeclieurBaloNie MOBBIIICHHE H3HOCOCTOWKOCTH B 2 pa3a W CTOMKOCTH K
aOpasuBHOMy wusHocy B 1,7 pasza. IlpoBeneHHbIE HCCICIOBaHUS IMOKa3ajdd MEPCIEKTUBHOCTh U
[EeNeco00pa3HOCTh MPHMEHEHUs Pa3pabOTaHHOTO METOJA JUIsS TMOBBINICHUS AKCIUTYaTal[iOHHBIX CBOWCTB
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neranei, paboTaloMUX B YCIOBHSIX TPEHHS M HM3HOCA. JTa TEXHOJOTHMS MOXKET OBITh HCIIOJIB30BaHA I
YBEIHUCHHS CPOKA CIIYKObI pabOYHNX OPTaHOB CENLCKOX03IHCTBEHHON TEXHUKH.

Kniouesvie cnoea: TpeHue, WU3HOC, (a30BBI COCTaB, IIa3MEHHO-IJIEKTPOIUTHUECKOE YIPOUHEHHE,
HU3HOCOCTOMKOCTE.
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Determination of the optimal deflection angle of the sail blade of a wind power plant

This article presents the results of studies of a sailing wind power plant at various parameters. For this
purpose, a model of a wind power plant controlled by a system of sail blades was developed. Studies of
aerodynamic forces at different angles of deflection of the sail blade system were carried out: 0°; 30°; 60°;
90°. The air flow velocity varied in the range from 3 to 14 m/s. The experiments were carried out in a T-1-M
wind tunnel designed to measure forces and moments acting on a sailing wind turbine. As a result of
experiments, it was found that with an increase in the air flow velocity, the frequency of rotation of the shaft
of the wind power plant increased. The maximum rotational speed of the shaft was reached at o = 0°
deflection of the sail blade system of the wind power plant. A number of experiments were carried out and
aerodynamic characteristics were obtained depending on the deflection angle (o) of the sail blade system of
the wind power plant and the air flow velocity. As the deflection angle of the blade system increases, the drag
force decreases depending on the air flow velocity. It was experimentally established that at o = 30°
deflection of the blade system created the maximum lift force. Based on the data obtained, it was found that
with an increase in the speed of the incoming air flow, the aerodynamic forces acting on the sailing wind
power plant increased.

Keywords: Sail blade, wind power plant, shaft rotation speed, wind turbine, deflection angle, frontal
resistance, thrust force, T-1-M wind tunnel.

Introduction

Due to its geographical features, Kazakhstan has high potential for wind energy, which can be
harnessed to generate electricity and reduce dependence on oil and gas resources. In recent years,
Kazakhstan has been actively developing wind energy, attracting foreign investment and building new wind
farms, to achieve energy independence and reduce greenhouse gas emissions. The average wind speed
reaches 3-4 m/s in most of the territory, while in open areas, the air flow velocity is 6 m/s or higher [1].

When analyzing wind energy technologies, it is evident that the most common type is wind generators
with blade rotors used in turbine wind power plants. However, these installations face challenges related to
the unpredictability of wind speed and direction, as well as limited operating speed range, making them less
effective in Kazakhstan [2]. Traditional bladed wind power plants also have low efficiency at low wind
speeds, particularly in the repetitive wind range of 6-7 meters per second [3, 4]. To address this issue, a
sailing wind power plant is being used.

One advantage of a sailing wind power plant is its ability to generate electrical energy from low wind
speeds, as low as 3 m/s [5]. The wind turbine operates by utilizing the kinetic energy of the wind, converting
it into mechanical energy through the rotation of the shaft with the help of torque resulting from the
aerodynamic lift force on the sails. However, existing sailing wind power plants lack a mechanism to
regulate the deflection angle of the blades.

The novelty of this installation lies in the use of a controlled system of blades, which provides optimal
conditions for operation [6]. By adjusting the deflection angle of the sail blades, the load on the wind power
plant can be reduced during high wind speeds. The objective of this study is to investigate the aerodynamic
characteristics of a sailing wind power plant using a controlled system of blades in the form of a triangular
sail, calculate the drag and thrust coefficients, determine the optimal deflection angle of the blades, and
demonstrate the effectiveness of this wind power plant.

Experimental

In this study, experiments were conducted using a mock-up of an eight-bladed sailing wind power plant
to investigate the effect of flow direction on its aerodynamic characteristics.
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An experimental model of an eight-bladed sailing wind power plant was created for the purpose of
research. Aerodynamic characteristics were measured at least five times. The wind power wheel had a
diameter of d = 0.43 [m], the cross-sectional diameter of the model was S = 0.145 [m], the area covered by
the rotor was R = 0.215 [m], the air density was p = 1.21, and the kinematic viscosity of the air was v =
14.9-10° [Pa-s]. The measurement error was within 4 %.

The experiments were conducted in the working section of the T-1-M wind tunnel, which had a
diameter of the working part D = 0.5 m and a length L = 0.8 m. Drag force measurements were carried out
using three-component aerodynamic scales with high measurement accuracy. Figure 1 shows a diagram of
the experimental eight-blade sailing wind power plant.

3 4 5
Ry G R

Figure 1. Diagram of an experimental sailing wind turbine
1 — Sailing blades of a wind power plant; 2 — a frame for mounting a mock-up with aerodynamic scales; 3 — scales
measuring drag force; 4 — scales measuring lift; 5 — confuser; 6 — wind tunnel diffuser [7].

The angle of deflection of the blades is an important parameter for the energy efficiency of the wind
turbine, as it affects the direction and speed of the air flow passing through the turbine. In Figure 2, the angle
of deflection of the sail was varied to the following values: 0°, 15°, 30°, 45°, and 60°.

a0 g=-1%
i~ 30

a=A45 u =0 15°
o el [

U [m/s]

Figure 2. Changes in the deflection angle (a) of the blades of a sailing wind power plant.

During the experiments, a decrease in efficiency was observed at flow installation angles exceeding
o, = 60°. Experiments were not conducted at angles o greater than 60°.

The following formula (1) was used to determine the drag coefficient (C,), thrust coefficient, and
Reynolds number (Re):
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where F; is the drag force [N], F: is the thrust force [N], p is the air density [kg/m?], u is the air flow
velocity [m/s], S is the midsection area of the rotor [m?], d is the diameter [m], and v is the kinematic
viscosity of the air [m?/s] [8].

During the experiments, the air flow velocity varied from 3 m/s to 14 m/s. The number of revolutions
was measured using a digital laser photo tachometer AT-8, and the velocity of the incoming air flow was
measured using a Skywatch Atmos cup anemometer [9-10].

Results and Discussion

Based on experimental data (Fig. 3), the dependence of the number of rotations of the shaft of a sailing
wind turbine (N) on the wind speed (U) and the angle of deflection of the sailing blades (o) is obtained.

N, rom
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=@ = 0° =@ = 15° a=30° == = 45° o =60°

Figure 3. The dependence of the number of revolutions (N) of a sailing wind power plant on the wind speed (U) and the
angle of deflection of the sailing blades (a).

From the data obtained, the maximum value of the drag force of a sailing wind power plant is reached
at 0=0°, with a rotational speed of n=271 [rpm] at U=3 m/s, and gradually increases (from 4 m/s to 14 m/s)
depending on the air flow velocity (n=948 [rpm], U=14 m/s).With a change in the angle of deflection of the
sailing blades, the number of revolutions rapidly decreases. The minimum rotation speed of the wind turbine
shaft is n=195 [rpm] at a=60° and U=3 m/s, and n=326 [rpm] at U=14 m/s.

The rise in wind speed leads to a smooth increase in the dynamic air pressure on the soul blade of the
wind power plant, which contributes to its acceleration. Further experiments were carried out to measure the
drag force (Fq). Figure 4 describes the dependence of the drag force (Fq) of a sailing wind power plant on the
wind speed (U) at different angles of deflection of the sailing blades (o).
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Figure 4. Dependence of the drag force (Fq) of a sailing wind power plant on wind speed at different angles of
deflection of the sailing blades (a).

With a minimum deflection angle o = 0° (Fig. 4), the maximum drag force Fq = 0.575n (for U = 3 m/s)
is observed, and it gradually rises with higher wind speeds, reaching F: = 7.506 N at U = 14 m/s. When the
deflection angle of the blades changes, the drag force (o = 15 — 60°) decreases rapidly, reaching F; = 26 N at
a = 15°and U = 3 m/s, and gradually climbs with higher air flow velocities, reaching Fr = 0.911 N at o = 60°
and U = 14 m/s. As the air flow velocity increases, the dynamic pressure effect leads to an augmentation in
the drag force on the surface of the blades. Consequently, with a minimum angle of deflection of the blade (o
= 0°), the flow passes more smoothly and with minimal energy losses, allowing for maximum frontal
pressure on the surface of the blade. Further studies were carried out to measure the thrust force of a sailing
wind power plant as a function of the air flow velocity (Fig. 5).

Figure 5 The thrust force (F) of a sailing wind power plant as a function of the air flow velocity (U)

As can be seen from Figure 5, the thrust force (F) on the sail blades depends on the deflection angle (o)
of the air flow. At small deflection angles (a = 0 — 30 °), the air flow is almost parallel to the surface of the
blades, which creates a large thrust force. Consequently, at o = 0°, the thrust force is F; =0.81 N (at U=3m/s)
and F=12.9 N (at U=14 m/s). When the angle of the sail blades changes, the part of the kinetic energy of the
wind is converted into the potential energy of the sail. The sail begins to work like a wing, creating not only
horizontal thrust, but also vertical lift. Consequently, at a = 30° deflection of the blades, the thrust force has a
maximum value of F;=1.6 N (at U = 3 m/s) and reaches (F=19.99 N at U= 14 m/s.)
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Thus, at large deflection angles (more than a = 30 °), the air flow begins to break and form vortices
behind the blades (a = 45° F=1.56 at U=3 m/s) and (F= 21.25 N at U=14 m/s), which leads to a smooth
decrease in the thrust force (o = 60° F=0.7 N at U=3 m/s and (F= 8.96 at U=14 m/s).

0 o= - - - -
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Figure 6. Dependence of the drag coefficient on the Reynolds number for a sailing wind power plant at different angles
of deflection of the sailing blades

As the Reynolds number increases (Fig. 6), the pressure on the surface of the sail blades gradually rises.
This phenomenon leads to a decrease in the frontal coefficient at a = 0° Cx = 0.73 (at Re = 10°) and Cx =
0.44 (at Re= 4.7*10).

When the deflection angle changes, the vector of the force acting on the sail blades changes. As a result,
the resistance force also changes, which is displayed on the charts depending on the angle of deviation in the
range: o = from 0 to 60 °. At a deflection angle a = 60° (Cx = 0.0329 at Re = 10°) and (Cx = 0.077 at 4.7 *
10%).

Thus, the changes in the drag coefficients on the graph are due to changes in the Reynolds number and
the deflection angle of the sail blades.

Figure 7 shows the dependence of the thrust coefficient (Cx) on the Reynolds number (Re) for a sailing
wind power plant.

The studies were carried out at different angles of deflection of the blades (from a = 0° to 60 °) for this
wind power plant.

Ce
2,5

—0
0,5 —— -9
0
1 1,7 2,4 3 4 4,7 Re 10°
—p= =" ——=15" A=30° ==@um=45" e==@=—=060°

Figure 7. Dependence of the thrust coefficient on the Reynolds number for a sailing wind power plant

With an increase in the Reynolds number (Fig. 7), the thrust coefficient growths and reaches a
maximum at the angle of deflection of the blades o = 30 © C; = 2 (at Re = 10°) and C; = 1.16 (at Re =
4.7-10%), then decrease with a further increase in the angle of attack. This is due to changes in the flow
conditions of the installation surface at different wind speeds and deflection angles of the blades.

Conclusions
Based on the results obtained, the following conclusions can be drawn:
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- an experimental model with the specified parameters was developed, which was subsequently carried
out experimental studies in the T-1-M wind tunnel in order to obtain data on aerodynamic characteristics.

- the number of rotations of the shaft of the wind power plant from the air flow velocity is set. The
maximum rotation speed of the wind turbine shaft is fixed at N= 948 [rpm] at U=14 m/s. A high number of
revolutions leads to excessive wear and damage to the equipment, as well as to an excess of noise and
vibrations. The data obtained will help to choose the angle of deflection of the sail blades for optimal
operation of the wind power plant.

- the dependence of the drag force on the air flow velocity is obtained. It is established that with an
increase in the air flow velocity, the drag force rises smoothly. The maximum drag force was reached at
U=14 m/s (Fq = 0.911 N).

Experimental data showed that in order to obtain the maximum thrust force, it is necessary to select the
optimal angle of deflection of the blades, in our case, with a deflection angle a = 30° of peak values, the
thrust force reached F; = 1.607 N (U = 14 m/s).

- the optimal deflection angle a = 30 ° is determined, where the maximum coefficient of thrust of the
sail blades (C; = 2) is fixed (Reynolds number 1,7-10°). With a slight deflection of the blades, the wind acts
on the blades at a certain angle, creating a lifting force that leads to the rotation of the rotor of the wind
turbine and an increase in the thrust force. However, as the deflection angle of the sail blades increases, the
lifting force reaches its maximum and begins to decrease, as the wind ceases to affect the blades at the same
angle. This leads to a decrease in the thrust force on the blades, which in turn leads to a slowdown in the
rotation of the wind turbine rotor.

Thus, the data obtained will make it possible to create and develop a wind energy system. An
installation that will allow rational and efficient use of wind energy resources. Also, with the help of a
controlled system of blades, you can choose the optimal angle of deviation for more productive use of the
wind power plant.
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7Kes 3HepreTuKaJBIK KOHABIPFBIHBIH KeJKeH/ Il KaaaKIAChIHbIH
OHTAMJIBI AyBITKY OYPBIIIBIH AHBIKTAY

Makanazia >KenKeHAl Kell KOHIBIPFBICHIH OPTYPIi MapameTpiepiae 3epTTey HoTkenepi kentipiared. Ocbl
MakcaTTa 0acKapbUIATHIH KaJlak, xKyifeci 6ap el KOHABIPFBICHIHBIH MaKeTi skacanbl. JKenkeH i KalaKiIaHblg
AYBITKYBIHBIH opTYPIIi OYpHIITAPEIHAAFE a3pOANHAMUKAIBIK KYLITepre 3epTreyiep yprisinai: 0°; 30°; 60°;
90°. Taxipubenep >KeJIKeHI1 Kell TypONHACIHA acep eTeTiH KYIITep MEH MOMEHTTEp/Ii eJIeyre apHanrad -
1-M sxen TyHHemiHAe >KYpris3unai. JKyprisimren ToxipuOenep HOTIKECIHIE aya arbIHBIHBIH JKBIIIAMIBIFBI
apTKaH CalblH JKeJl 3JEKTP CTAHIMACHIHBIH OUIriHIH aifHamy >KULTIr apTaThIHBl AHBIKTAIABL. BiTiKTiH
MaKCHMAaJIbl aifHaTy KULTIriHE K€l KOHIBIPFBICHIHBIH JKEIKEHAI KamakTapbl o = 0°aybITKbIFaH Ke31e KO
JKeTkizineni. JKenm 3MeKTp CTaHUMSACHIHBIH JKENKEHII KaJaKTapbIHBIH aybITKy OyphIMIbIHA () XKOHE aya
aFbIHBIHBIH alfHaJy XKbUIIaMIBIFbIHA OalTaHBICTHI OipKaTap 3KCIEPUMEHTTED JKYPri3ilil, a3poarHAMUKAIIBIK
cunartaManap ansiHIpl. Toxipube GapbIChIHIA KalaKIIaHBIH ayBITKY OYPBILIBI apTKAaH Ke3/¢ aya aFbIHbIHBIH
JKBUIIAMIBIFBIHA  OalaHBICTH Kelepri KNIl a3asfTblHBl aHBIKTAMIel. o = 30° ke3iHOe HKeIKeH.Il
KaJIaKIIaJapIblH aybITKybl MaKCHMaJAbl TapTy KYIIiH TYXBIPATBIHBI TXKIpuOe HEri3iHAe orenieHl.
AJNBIHFaH MOJIIMETTep HETi3iHAe adpoIUHAMUKAIBIK Kod(hduiueHTTepain o3repy rpadukrepi (GpoHTaIbIbI
KeJIepri, KeJl 3JEKTP CTAHIMSCHIHBIH TapTBUIYbI) YCHIHBUIFaH. Kapchl aya arbIHBIHBIH JKBULIAMJIBIFBIHBIH
JKOFapbhUIaybIMEH JKEIIKCHII JKeJl KOHABIPFBICBIHA OCep C€TETiH a’poAMHAMHUKANBIK KymTep KeOeieTiHi
aHBIKTaNABl. bynm 3eprreynmiH HoTmkenepi OackapbUIaThlH —Kalakma okydeci Oap JKENKEHAI JKel
KOHIBIPFBUIAPBIH OJaH opi AaMBITY YIIiH MHaiijansl OONyBl XOHE KeJ SHEPTHsACHIH OHIIpYAe OCHIHaW
JKYHENepIiH THIMILUTITIH apTThIPYFa BIKMA €Tyl MYMKIH.

Kinm ce30ep: XeNKCHIl Kallakila, >KeJ SHEPreTHKAJbIK KOHIBIPFBI, OUTIKTIH aiffHamy IKUINIri, >Kel
TypOHMHACHI, aybITKy OYpBIIIBI, MaHAall kexepri, TapTy Ky, T-1-MaspoanHaMHKaIBIK KYObIp.

H.K. Tanamena, M.A. bypkos, A.H. /TrocembaeBa, C. CyneiimenoBa, A.C. Tycynbaesa,
HI.C. KeznapbekoBa

Onpeaenenne oNTUMAJIBLHOIO YIJia OTKJIOHEHHUS NAPYCHOI JIONACTH
BeTPOIHEPreTHYECKO YCTAHOBKH

B cratee mnpuBeneHbI pe3yJbTaThl MCCICIOBAHUH IMapyCHOH BETPOIHEPTreTHUECKOH YCTAaHOBKH IIPH
pa3nuyHBIX mapaMerpax. g JaHHOW wLenu pa3paboTaH MakeT BETPOIHEPreTHYECKON YCTAHOBKH,
ymnpaBisieMol cuctemoii siomacteid. [IpoBemeHbI McCiieOBaHMS adpOJMHAMHYECKUX CWJI TIPH PasIMYHbIX
yriax OTKIOHEHHUs mapycHbIX Jomacreit: 0°; 30°; 60°; 90°. CkopocTh BO3IYIIHOTO MTOTOKA BapbHpOBallach B
muarazone or 3 go 14 wm/c. DkcrnepuMeHTHI TMPOBOAMINCH B adpojuHaMmudeckoir Tpybe T—1-M,
MpeAHA3HAUYCHHOW 111 M3MEPEHWH CHJI U MOMEHTOB, JCHCTBYIOIIMX Ha MapyCHYIO BeTpOTypOHHYy. B
pe3yabTaTe IPOBEICHHBIX YKCIIEPUMEHTOB YCTAHOBJIEHO, YTO C YBEIMIEHHEM CKOPOCTH BO3JYIITHOTO ITOTOKA
BO3pacTaeT 4acTOTa BpAllleHUs] Baja BETPOIHEPreTHYECKOH YCTAaHOBKH. MaKcHManbHas 4acToTa BpPAICHUs
BaJla JOCTUTHyTa NpH 0=0° OTKJIOHEHHUs MApYCHBIX JIONACTeil BETpOIHEpreTHIecKoil ycraHoBku. [IpoBeneH
PSII SKCTIEPUMEHTOB M MOJYYSHBI a9POJMHAMUYECKUE XapAaKTEPUCTUKH B 3aBHCUMOCTH OT yIJla OTKJIOHEHUS
(o) mapycHBIX JionacTell BETPOIHEPTeTHIECKON YCTAHOBKH M CKOPOCTH OOTEKaHUs BO3IYIIHBIM IMOTOKOM. B
XO/ie TPOBEAEHMS SKCIIEPHMEHTOB YCTAHOBIEHO, UTO TPH YBEIWYEHHH yIia OTKIOHEHHS JIONMACTH CHla
7000BOTO  CONPOTHBIICHHS YMEHBIIAETCS B  3aBUCHMOCTH OT CKOPOCTH  BO3IYIIHOTO IOTOKA.
DKCIepUMEHTANBHO JI0Ka3aHo, uTo mpu 0=30° OTKIOHEHWS MapyCHBIX JOMACTeH CO3/AeTCs MaKCHMAllbHAst
cmra Taru. Ha OCHOBE MONyYeHHBIX MAHHBIX IIPEJCTAaBICHBI T'paUKH W3MEHEHUs a’dpOJMHAMUYECKHX
k03¢ durreHToB (11000BOr0 COMPOTHBICHHS, TATH BETPOIHEPreTHYECKOil ycTaHOBKH). OmpereneHo, 4To C
YBEJIMYEHHEM CKOPOCTH HAO0EraoIero MOTOKa BO3AyXa a’dpOJMHAMUYECKHE CHIbIL, AEHCTBYIOIIHE Ha
MapyCHYIO BETPOIHEPIeTHUECKYIO YCTaHOBKY, BO3PACTAIOT.

Kniouesvlie cnoea: mnapycHas JIOMacTh, BETPOIHEPreTHUYECKass YCTAHOBKA, YAacTOTa BpaIIEHHs Baja,
BETPOTYpOUHA, yrOJI OTKJIOHEHUS, JIOOOBOE CONPOTHBIEHHE, CHJIA TATH, adpoAnHaMudeckast Tpyoa T—1-M.
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Study of the VAC of the EPCTT process with varying electrode parameters

Nowadays the treatment of machine parts, instruments is one of the actual topics in the modern world. One of
the modern processing method is chemical-thermal treatment of parts, in which there is an increase of
hardness in the surface part to increase wear resistance, while the core of the part remains in a ductile state for
resistance to shock loading. The solution to this problem could be the electrolytic plasma chemical-thermal
treatment of the parts. This method has a number of advantages over traditional methods, such as cost-
effectiveness and speed of processing. In the present work the influence of changes in technological
parameters on the volt-ampere characteristics of electrolyte-plasma chemical-thermal treatment unit is
presented. A solution of soda ash (Na,COs3), urea (CH4,N,O) in distilled water was used as an electrolyte.
According to the results of the study current-voltage diagrams were plotted by varying the diameter of the
anode (D=90; 110;130 mm) and the distance between the electrodes (L=50;70; 90 mm). According to the
analysis, in the voltage range of 180-220 V, with anode diameter D=110 mm and electrode spacing D=70
mm, a more stable vapor-gas envelope is formed. It was found that by changing the anode diameter,
respectively the ratio of active and passive electrodes we can significantly influence the formation of stable
vapor gas shell and establishment of the optimum mode of treatment of parts.

Keywords: electrolytic-plasma chemical-thermal treatment, volt-ampere characteristic, electrodes, vapor-gas
shell, anode.

Introduction

The problem of increasing the hardness and wear resistance of machine parts, tools and equipment is a
very urgent task in modern industry and mechanical engineering. The modern manufacturing industry has
many solutions to this issue. The physical and chemical state of the parts surface has a significant impact on
the equipment operability. The chemical-thermal treatment (CTT) is one of the actual solutions of this issue.
This process can produce a hardened layer on the surface of steel by diffusing the atoms of various chemical
elements into the atomic-crystalline lattice of iron by heating the steel parts in an environment enriched with
these elements. Surface hardness increases in the surficial part, while the core of the part remains in a ductile
state. The surface hardness provides increased wear resistance, while the ductile core provides resistance to
impact loading of the parts [1].

There are traditional methods of chemical-thermal treatment of steels such as detail treatment in a gas
environment, in a solid environment, etc. All of these methods are complicated by the fact that such
treatment takes a lot of time, energy resources and is difficult to perform.

Currently, another method of chemical heat treatment is electrolyte-plasma chemical heat treatment of
steels used in mechanical engineering. This method of part treatment is one of the effective methods that
allow improving the required physical and mechanical properties of parts in much less time, compared to
traditional chemical heat treatment processes, which require somewhat more time for processing [2].

During EPCTT, the area around the active electrode is heated by a current flowing through the
electrolyte, leading the electrolyte to a “boiling-evaporating” state, which contributes to the “gaseous
formation” process. Further heating of the gaseous state leads to the separation of free electrons from the
particles followed by the formation of positive ions with free electrons. The free electrons are current
conductors, and form a plasma layer on the surface of the cathode (detail) in the area of the “vapor-gas
shell” (VGS), where the conversion of electrical energy into heat occurs. The plasma layer appears as a glow
discharge, and can heat the steel to a temperature of up to 2000°C. [3, 4].

136 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Study of the VAC of the EPCTT process...

As a result of the high temperature, the surface of the detail is saturated with evaporation elements from
the electrolyte in the VGS, due to thermal decomposition of components and electrochemical reactions on
the surface of the detail, through diffusion [5].

During EPCTT, the establishment of stable VGS depends on such parameters as the ratio of the areas of
the active and passive electrodes, shape, electrolyte parameters (composition, concentration, volume, flow
rate), and the distance between the electrodes [6].

The stability of VGS in the treatment process provides the system with a stable temperature and a
steady flow of the treatment process. The author's work [7] previously studied the behavior of the system
VAC during EPCTT of details. And there were distinguished zones of electrolyte boiling, VGS formation
zone, VGS steady state zone, etc. During the study of these works we concluded that the VAC has a direct
influence on the selection of the parts treatment mode. However, to date, in spite of the vast knowledge base,
this issue has not yet been fully explored.

In accordance with the above facts, the purpose of this research work is to study the change of VAC in
the EPCTT process with varying the technological parameters (anode size and distance between the anode
and cathode) of EPCTT.

Materials and methods

As samples for the test we chose steel 20X which is widely used in industry for the manufacture of parts
such as: bushings, gears, clutches, etc. which require high surface hardness and low core strength, parts
operating in conditions of frictional wear [8]. The chemical composition of steel 20X (according to GOST
4543 — 71 following: C (0.17 — 0.24 %), Si (0.17 — 0.37), Mn (0.35 — 0.65), S to 0.04, P to 0.04, Ni to
0.25, Crto 0.25, Cu to 0.25, As to 0.08, Fe ~98.

Before the experiment, the surface of the samples cut from bars of steel 20X (size 2 x 2 x 1 ¢cm3) were
polished on sandpaper with a grain size of P100 to P2000, followed by polishing with diamond paste size
0.25-0.5 microns and cleaned with ethanol.

Experimental works were carried out at the EPCTT unit assembled at Plasmascience LLP. Schematic
diagram of the EPCTT unit is shown in Figure 1, which consists of a direct current source (1), electrodes
(cathode (3) and anode (2)), an electrolyte bath (4), a valve (5) to control the electrolyte flow and a pump (6)
to circulate the electrolyte.
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Figure 1. Schematic diagram of the electrolyte-plasma chemical and thermal treatment unit.

The EPCTT unit consists of a power source in the form of a powerful rectifier, which gives a maximum
output value of 360V/100A in the form of direct current and electrodes (anode and active cathode). The
cathode is a detail, the anode is presented in the form of a round plate having a group of holes for uniform
distribution and passage of electrolyte (Fig. 2). The anode is located inside the electrolytic cell with a cover
in the form of a truncated cone (Fig. 2). The cone has an upper hole with diameter D=25 mm for uniform
feeding of electrolyte. Based on our previous studies [9], an aqueous solution (distilled water) of 10 % soda
ash (Na,COs) and 20 % carbamide (CH,N,O) (mass %) was used as an electrolyte, which is considered to
be more efficient and optimal for the formation of stable plasma.
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Figure 2. Schematic diagram of an electrolytic cell:
1 — thermocouple to measure the electrolyte temperature; 2 — cathode; 3 — anode; 4 — pump; 5 — bath
with electrolyte

At the beginning of the experiment, the active electrode (cathode) was partially immersed in the
electrolyte by 1-2 mm and a thermocouple was placed nearby to measure the electrolyte temperature near the
active electrode. Then, voltages were applied to the electrodes from the constant power supply starting from
20 V up to 340 V, and the readings of amperemeter and voltmeter placed on the power supply were recorded.
Based on the results of the data obtained during the experiment, a graph of the VAC was plotted.

Results and Discussion

1. Research of the VAC at different values of the anode diameter.

For heating the active electrode (cathode) to the temperature of stable EPCTT process flow, we need to
choose the optimal size of the anode, contributing to the formation of stable VGS [10]. Table shows the
values of varying parameters in the estimation of the VAC of the EPCTT process.

Table
Values of the varying parameters in the estimation of the EPCTT process's VAC

Ne 1 2 3
DiameterD, mm 86 110 130
DistancelL, mm 50 70 90

Based on the results of the experiment, we plotted the volt-ampere characteristics of the electrolyte,
where we can observe the areas of voltage and current changes (Fig. 3).

The first region, the value of current changes proportional to the applied voltage (U=0-140V in Fig. 3)
In this region, we can observe that the electrode and electrolyte temperatures in this region are less than the
boiling point. As the voltage increases from 140 to 160V in the second region, we can observe an increase in
the current up to the maximum value. In this area the electrolyte temperature increases near the cathode with
the generation of vapor and the formation of a bubble layer. At the end of this region there is a sharp
decrease and oscillation of the current. This is possible due to the instability of the system and rapid boiling
of the electrolyte with the occurrence of separate current discharges. Rapid decrease of current value in this
area is explained by formation of VGS, and steep jump of resistance in the system cathode-VGS-electrolyte.
The third area at voltage values of 180-220V the current becomes constant, which forms a stable VGS
around the cathode. As the voltage increases further, an abnormal discharge is observed, which leads to a
rapid increase of current followed by an increase in temperature until the melting of the electrode [9, 11].

An important factor in EPCTT is the VGS area, we will observe the behavior of VGS by varying
parameters such as anode diameter and the distance between the electrodes.
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Figure 3: Graphic of volt-ampere characteristics as a function of anode size.

According to the presented Figure 3 at the anode diameter D=86 mm, we can observe on the section
180-200V the instability of VGS. We can assume that due to low value of current VGS is thinned, which is
accompanied by decrease of system resistance and electric discharges with splashing of electrolyte, which
cools the cathode, occur. Based on our observations, the vapor-gas shell becomes unstable, there appear
current surges and electrolyte splashing, which are also described in the works of the authors [10].

In the second case, at anode diameter D=110 mm, we observe in the area of VGS formation at voltages
of 180-200 V the stability of the system, which is explained by the steadiness of VGS.

The results of the experiment with the anode D=130 mm at a voltage range of 180-200V showed that
the VGS is stable, but the value of the current is high, due to which the sample is heated, causing partial
melting the surface of the sample part.

2. Study of the anode's VAC varied with the anode-cathode distance.
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Figure 4: Graph of volt-ampere characteristics as a function of the distance between the anode and cathode.

In Figure 4 we can observe the inversely proportional dependence between parameters of current
strength and distance between electrodes: in a zone of 140-160 V voltage at distance L=50 mm we see a
steep increase in current, and with increasing distance to L=90 mm we see a steep decrease in current
strength. According to the literature analysis we suppose that in the first case during boiling and bubbling of
bubble layer the cathode surface is bombarded with arc discharges of high energy due to short distance
between the electrodes and small resistance path which makes useful energy of the system very high which
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leads to strong discharge of system with the following burst of discharges. Strong discharges, in their turn,
constantly destabilize the system by disrupting the VGS.

Thereby, considering the system at values of L=90 mm due to the large distance between the electrodes,
the current passes a larger resistance path, and the system does not have enough energy for strong discharges,
which leads to a decrease in the current strength. Further we observe that with increasing voltage the energy
of the system increases, and at 200 V, there is enough energy to create and maintain VGS.

At the value of distance L=50 mm we observe in the voltage range of 180-200 V a stable area of VGS
formation, with the current parameter satisfying the requirements of VGS stability.

Also during the experimental work, when measuring the temperature of the electrolyte with a
thermocouple, we observed that the temperature changes linearly up to the value of 160V from room
temperature 24°C to 90°C boiling point of the electrolyte. According to the analysis of the VAC diagram of
the EPCTT process, the resistance value in the electrolyte decreases and the conductivity increases with
increasing temperature.

Conclusion

In the present work, we studied and investigated the VAC of the EPCTT process by changing the
diameter of the anode and the distance between the electrodes. Based on the analysis of the obtained results
we can make the following conclusions:

1. It was found that by changing the anode diameter and the ratio between the active and passive
electrodes respectively we can influence essentially to the formation of stable VGS and establishment of the
optimal mode of detail treatment.

2. It was revealed that decreasing the distance of active and passive electrodes leads to the growth of
useful energy, which contributes to the formation of stable VGS.

Therefore, by changing the above-mentioned parameters of the EPCTT unit we can select the optimal
mode for treatment and hardening of parts.
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DJieKTpOoATAPAbLIH MapaMeTpJiepid e3repTyain IIIXTO Tacininin
BAC-ka acepin 3eprTTey

Kasipri enemze MammHanap MeH KypajaiapAblH OeJIIeKTepiH OHIey 03eKTi TaKbIphIITapabH Oipi. OHxeyaiy
3aMaHayd oficTepiHiH Oipi — OeJImeKTepAl XUMHUSUIBIK-TEPMUSIIBIK ©OHAEY, OHIOa TO3YyFa TO3IMIUTIKTI
apTTHIpy YIIiH OeTki OejiKTe KATTBUIBIK >KOFapbUIaiIpl, an OeiKTiH ©3eri COKKBl JKYKTeMECiHiH
TYPaKTBUIBIFBI YLIIH TYTKBIp KYHAe Kadaibl. by MoceneHiH IIemimi peTiHAe 3JIeKTPOJIHTTIK-TIIa3MaibIK
XUMUSUTBIK-TEPMIBUIBIK OHICYNl KapacTblpyra Oomampl. OCBl 9IiC TOcTYpili oiicTepre Kaparanga Oipkartap
apTHIKIIBUIBIKTApFA ¥M€, MbICANBL YHEeMIUIIK KoHE OHJey IKbUIIaMIbIFBI OoibiHma. JKymbicta
TEXHOJIOTHSUIBIK [TApaMeTpIIepIiH ©3TepyiHiH 3JIEKTPOJIUTTIK-TUIA3MABIK XUMHISUIBIK-TEPMILUIBIK  OHICY
KOHIBIPFBICHIHBIH BOJIBT-aMIIep CHIIATTaMallapblHA acepi KapacTHIPBUIFaH. DIEKTPOJIHUT PETiHAE Ta3apThUIFaH
cyna kansrumitnenred coga (Na,COs), kapbamun (CH4N,O) epitinaici KonaaHbUIAbL. 3epTTey HOTHXKENIepi
6oiipiHma aHoatsH quamerpi (D=90;110;130 MMm) KoHe AJIEKTpOATap apachIHAArbl KambIKTHIK (1=50;70;90
MM) ©3repreH Kes3lae TOKTBIH KepHeyre Toyennimiri rpadukrepi canpinapl. Tammayra coiikec 180-220 B
KepHey apanbiFsiHaa d=110 MM B aHOIBIHBIH TuaMeTpi skoHe D=70 MM 35IeKTpoaTap apachHAAFbl KAIIbIKTHIK
Ke3iHAe HEFYpIbIM TYpakThl Oy-ra3 KaObIFbI Maiiga Oomambl. AHOINTHIH IWAMETPiH, COHKeciHIIe OenceHml
JKOHE TACCHBTI 3JEKTPOATAPIBIH APAKAIIBIKTHIFBIH ©3TePTy apKbUIBI 013 TYpakThl Oy-ra3 KaOBIFBIHBIH
TY3UIyiHe jkoHE OeJIIeKTepi eHJCYIiH OHTAMIbl PeKMMIH OpHATyFa aifTapiblKTail acep eTe aJaThIHBIMBI3
QHBIKTAJI/IBL.

Kinm co30ep: »3IeKTPONUTTIK-IUIA3MAJIBIK XUMHSUIIBIK-TEPMISIUIBIK ~ OHIEY, BOJIBT-aMIIEp CHIIATTAMACKHI,
3JeKTpoATap, Oy-ra3 KaObIFbI, aHO/I.

b.K. Paxagunos, H.E. bepaimyparos, JI.I'. XKypepona, JI.b. basranoga,
HI.P. KypOan6ekos, 3.A. CarbaeBa

N3yuenne BAX npouecca IIIXTO npu BapbupoBaHUHU aPaMeTPOB 3JIEKTPOA0B

B coBpemennoM mupe o0paboTka jgeTaneil MalIMH, HHCTPYMEHTOB SIBIISICTCS OJHOH M3 aKTyaJlbHBIX TEM.
OmHUM U3 COBPEMEHHBIX METONIOB OOpabOTKH SBISIETCS XHMHKO-TepMUYecKas oOpaboTka Ieranei, mpu
KOTOPOI MPOUCXONT TIOBBIIICHHE TBEPJOCTH B TIOBEPXHOCTHON YACTH JUISl MOBBIIICHUSI H3HOCOCTOUKOCTH, a
CepJleBUHA JIETAI OCTAeTCsl B BS3KOM COCTOSHMM JUIsi CTOMKOCTH NPH yIapHOil Harpyske. Periennem
JJAHHOH TPOOJIEMBI MOXKET 0Ka3aThCsl NEKTPOJINTHO-TUIa3MEHHAs! XUMHKO-TepMHUYECKast 00paboTKa JeTaneH.
JlanHsb1i cioco6 MMeeT psJ] IPEeUMyLIeCTB Nepe]] TPaIHIHOHHBIMHA CIOCO0AaMHU, TAKUMH KaK SKOHOMHUYHOCTh
U ckopocTb 00paGoTku. B HacToseidl paboTe paccCMOTpPEHO BIMSHHE H3MEHEHHH TEXHOJIOTHMYECKHX
MapaMeTpoOB Ha BOJBT-aMIIEPHBIE XapaKTEPHUCTHKHA YCTAHOBKH 3JIEKTPOIMTHO-IUIA3MEHHOW XHMHKO-
TepMHIecKoil 00paboTki. B KadecTBe 3MEKTPONMTA WCHONB30BAIN PACTBOP KATBIMHUPOBAHHOW COJBI
(Na2COs3), kapbamuna (CHaN20) B auctmimmpoBaHHON Boje. ITo pesynbTaTaM HCCIEOBaHHS ObUIN
MOCTPOCHBI TPAa KK 3aBUCHMOCTH TOKa OT HANpPsDKEHHs, IPU BapbHpOBaHUU qrameTpoM anoxaa (D=90; 110;
130 MM) u paccrossHueM Mexay siaektpogamu (L=50; 70; 90 mm). CornacHo aHamu3y B HHTEpBaie
HanpspkeHus 180-220 B, mpu nuamerpe anoma D=110 MM u paccrosHuu Mexny snekrpogamu D=70 mm
(dopmupyercst Ooinee ycroiuuBas HaporazoBas 000J0YKa. YCTAHOBJIEHO, YTO, M3MEHASA [MaMETp aHOJa,
COOTBETCTBEHHO COOTHOIICHHE aKTUBHOI'O M TTACCHBHOTO AJIEKTPOJIOB, MBI MOXKEM CYIIIECTBEHHO MOBJIUSTH Ha
obpazoBanne crabmipHOI [1I'O 1 ycTaHOBIIEHHE ONITHMAIBHOTO PEKUMa 00paObOTKH JAeTallei.

Knrouegvie  croéa:  ANEKTPONIUTHO-TUIA3MEHHAs  XUMHKO-TepMHYecKkas 00paboTka, BOJBT-aMIICpHas
XapaKTepHCTUKA, JJIEKTPOIbI, Tapora3oBasi 000JI04Ka, aHOI.
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Analysis of aerodynamic characteristics of a two-bladed wind power plant containing
combined power elements

In this article, the aerodynamic characteristics of a wind turbine of various parameters are studied. For this
purpose, an experimental two-cylinder model with fixed blades was made. A schematic diagram of a wind
turbine with fixed blades and rotating cylinders is obtained. The airflow velocity varied from 3 to 12 m/s. The
dependences of the aerodynamic forces of a wind power plant on the flow velocity were investigated. The
analysis of the results of the experiment on changing the angle o of the fixed blade relative to the cylinder
from the airflow velocity of the wind turbine is carried out. When the position of the blade changes, the drag
changes relative to the airflow. A graph is constructed based on the dependence of drag and lift forces on the
flow velocity. It is established that at the maximum angle relative to the cylinder a = 30° that the value of the
lifting force and the drag force of the fixed blade is higher. From the dependence of the coefficient of lift and
drag force on the Reynolds number, it was found that at an angle of 30° degrees, there is a minimum lifting
force of 0.04 and a maximum drag force of 1.479 at Re=1-10* The results of the experiment show that it is
possible to use an additional force driven by the Magnus effect that occurs when rotating cylinders with a
horizontal axis. These results are considered useful for us in practice since these results can be used in
combined wind engines operating at low wind speeds. This wind power plant can generate electricity starting
from a wind speed of 2.8 m/s.

Keywords: Wind power plant, flow velocity, aerodynamic force, wind tunnel T-1-M, drag force, lifting force.

Introduction

Energy is the basis of the climate problem and the key to solving it. A significant part of the greenhouse
gases covering the Earth and trapping solar heat is generated during energy production when fossil fuels are
burned to generate electricity and heat. Fossil fuels such as coal, oil, and gas are by far the biggest
contributors to global climate change: they account for more than 75 percent of global greenhouse gas
emissions and almost 90 percent of all carbon dioxide emissions.

Scientific evidence clearly shows that to avoid the worst effects of climate change, it is necessary to
reduce emissions by almost half by 2030 and achieve net zero emissions by 2050.

To achieve this goal, we need to end our dependence on fossil fuels and invest in alternative energy
sources that are clean, affordable, inexpensive, sustainable, and reliable.

Renewable energy sources, which are abundant around us thanks to the sun, wind, water, waste, and
heat of the Earth, are replenished naturally and practically do not emit greenhouse gases or pollutants into the
atmosphere.

Fossil fuels still account for more than 80 percent of global energy production, but cleaner energy
sources are gradually gaining ground. Currently, about 20 percent of electricity comes from renewable
sources [1].

Wind power is the most successful way out of the situation. The fact is that with the help of one or two
wind turbines, it is possible to provide energy to the entire estate without creating a large network with a lot
of expensive equipment [2]. As a result, there is a high demand for improving the operational reliability,
availability, and performance of wind turbine systems [3].

There are many discoveries and works in the field of wind energy that many scientists around the world
are doing.

One of them, the invention [4] is aimed at obtaining the maximum possible energy from the wind flow.
The trailing edges of all aerodynamic wings move synchronously. Feature A wind turbine mounted on the
main horizontal shaft has aerodynamic wings attached to rods and a mechanism for changing the angles of
attack of the a-wings.
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In [5], a mathematical model of a horizontal-axial wind power plant is considered, in the design of
which Savonius rotors are used instead of classical blades. The Magnus force formed during the autorotation
of the Savonius rotors creates a moment that supports the rotation of the central shaft of the turbine. The
main difference between this work and previous studies in this area is that the change in the width of the
blades along the radius is taken into account. At the same time, within the framework of the model, the
conical Savonius rotor is replaced by a pair of cylindrical rotors of different diameters, which makes it
possible to use experimental force-moment characteristics, taking into account a significant change in the
velocity field along the radius of the blade. The model considers the possibility of controlling the value of the
external electrical resistance in the local circuit of the generator of the installation.

The wind energy industry has been constantly updated in recent decades to explain the development of
recent decades, it relies on an extensive dataset consisting of 35-year-old inventions of several megawatt
wind turbines. According to forecasts, the size of onshore and offshore wind turbines will continue to
increase, although, according to forecasts, the largest increase will occur with offshore wind turbines [6].

The article [7] also provides an overview of the most important and updated methods of condition
monitoring based on non-destructive testing and methods applied to wind turbine blades. In addition, it
analyzes future trends and problems related to systems for monitoring the condition of wind turbine blade
structures.

In this regard, the experimental model proposed by us is a two-cylinder wind turbine with fixed blades.

At the D.A. Kunaev Institute of Mining, under the leadership of N.S. Buktukov, a promising design of
the Buktukov wind farm was developed [8], in which the change in the area of the swept surface occurs not
by shifting the half-cylinders, but by turning, which allows significantly increasing the power (many other
domestic studies on the development of wind power plants were also studied in detail).

The aerodynamic element described in [9] was adopted as a prototype of the aerodynamic element that
creates the Magnus effect on the wind turbine blades. The disadvantage of this wind turbine is the huge
consumption of electricity for the operation of the drive.

A distinctive feature in this work from the previous ones is the mutual combination of two different
blades (rotating cylinders and fixed blades), which ensures high aerodynamic quality of the wind turbine.

The purpose of the work is to analyze the aerodynamic characteristics of a two-bladed wind power plant
containing combined power elements.

Based on the goal, the following tasks are set:

1. Investigation of aerodynamic forces depending on the flow velocity.

2. Analysis of the coefficients of lift and drag force from the Reynolds number for various variants of
the location of the fixed blade relative to the cylinder.

Experimental methodology

Experiments were carried out in a wind tunnel, which is a channel in which an artificial airflow is
created with the help of a fan.

A wind tunnel is an installation that creates a flow of air or gas for an experiment, studying the
phenomena accompanying the flow of bodies. Experiments in a wind tunnel are based on the principle of
reversibility of motion, according to which the movement of a body relative to air (or liquid) can be replaced
by the movement of air running into a stationary body. To simulate the motion of a body in stationary air, it
is necessary to create a uniform flow in a wind tunnel, having equal and parallel velocities at any point (a
uniform velocity field), the same density, and temperature. Usually, in a wind tunnel, the flow around the
model of the projected object or its parts is investigated and the forces acting on it are determined [10-12].

The T-1-M wind tunnel includes a working part, a diffuser, a fan, a transition channel, rotating blades,
leveling grids, a pre-chamber, and a collector (nozzle) [13].

The main part of the T-1-M wind tunnel is its working part. The working part of the pipe is the place
where the model of the test body is attached to the aerodynamic scales (Fig. 1). Especially serious
requirements are imposed on the flow of the working part. The dimensions of the model should be smaller
than the corresponding dimensions of the working part so that the flow boundaries do not affect the flow
around the model [14].

The most accurate and reliable is the direct method of measuring forces and moments using
aerodynamic scales. To measure the lifting force and drag force at different flow rates, three-component
aerodynamic scales were used (Fig. 1). Measurements of air flow velocities were carried out by the
Skywatch Atmos anemometer.
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Figure 1 shows the appearance of a two-bladed layout with fixed blades and rotating cylinders with a
diameter of 0.05 m.

1 — generator, 2 — cylinder, 3 — fixed blade, 4 — mast

Figure 2. Schematic diagram of a wind turbine with fixed blades and rotating cylinders

The addition of rotating cylinders with fixed blades creates additional lifting force, which leads to an
increase in the speed of rotation of the wind wheel.

The essence of this process lies in the fact that the fixed blade added to the rotating cylinder enhances
the curvature of the profile of the wind-wheel blade. In this case, not only the curvature increases but also the
immediate area of the blade. As a result of changes in these indicators, the flow pattern completely changes.
These factors are decisive in increasing the lift coefficient.

In the frontal part of the blade to the point of separation of the boundary layer, there is a gradual
delamination of experimental data for different elongations. With an increase in the length of the blade, the
value of dimensionless pressure at a fixed angle decreases, a gradual transition from the pressure distribution
characteristic of spatial motion — the flow around the cylinder and the fixed blade, to the pressure
distribution characteristic of flat motion — the flow around an infinitely long cylinder.

A non-contact laser tachometer is used to measure the rotational speed.

In engineering practice, the formula is often used to calculate the lift coefficient:

C = y C = e (1)
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To calculate the drag coefficient C, during the work, the following formula was used:

C ZA—FX,orCX: ZIZ:X .
pu”-S

uZ
.—.8
P 2

)

Here AF, — drag force, [H]; AF, — lifting force, [H];

p — air density, [kg/m®]; u— air flow rate, [m/s]; S — midsection area, [m?].
To obtain universal dimensionless dependences in experiments, the Reynolds Re — the number is used
as a dimensionless velocity, which characterizes the ratio of inertia forces to viscosity forces:

u-du
Re = — (3)

where d, — cylinder diameter, [m]; v — kinematic viscosity of air, [m?/s].
Under experimental conditions, the values of air density and viscosity are equal, respectively: p =1.21

kg/m?, v =1.49x107° and m?/s.
Research results

Figures 3 and 4 present the results of the experimental calculation of the lifting force and drag force
from the flow velocity with different variants of the fixed blade relative to the cylinder.
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Figure 3. Graph of the dependence of drag forces on Figure 4. Graph of the dependence of the lifting force on
the flow velocity the flow velocity

From the obtained dependences (Fig. 3-4), the proportional dependence of the lifting force and the drag
force of the blades on the flow velocity is visible. From comparing the dependencies of a fixed blade relative
to a cylinder with different angles a, it is shown that the value of the lifting force of a wind turbine with fixed
blades and rotating cylinders with an angle relative to the cylinder a. = 30° is higher than that of the others.

This is explained by the fact that when deflecting with an angle a = 30° of the fixed blade, the lifting
force increases due to an increase in the curvature of the profile.

Thus, fixed blades with an angle o = 30° relative to the cylinder have optimal aerodynamic
characteristics.

Figures 5 and 6 show the dependences of the lift and drag coefficients on the Reynolds number for
different variants of the fixed blade relative to the cylinder.

146 BecTHuk KaparaHgmMHCKOro yHusepcureTa



Analysis of aerodynamic characteristics...

0 05 1 15 2 25 3 35 4 Re-10*

—%—0degree —4#— 15degree —8— 30degree —4#— 45 degree  —B— 60 degree

Figure 5. Dependence of the drag coefficient on the number of Re
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Figure 6. Dependence of the lift coefficient on the number of Re

As can be seen from Figures 5 and 6, when the fixed blade is positioned relative to the cylinder at 30
degrees, the optimal values of the lift and drag coefficients are obtained: 0.04 and 1.479 with a Reynolds
number of 1-10%.Compared with the other three samples at 0°, 15°, and 45°, at 60°, the combined blade
produces maximum drag force and minimum lift.

The rotating movements of the cylinders lead to the formation of a sufficiently voluminous vortex zone
of reverse currents behind the cylinders, the dimensions of which depend on the speed of the incoming flow.

Conclusion

In the course of the study, the following optimal results were obtained:

- It is established that the dependence of aerodynamic forces on the flow velocity for different variants
of the fixed blade relative to the cylinder. It was found that at the maximum angle relative to the cylinder
a = 30° that the value of the lifting force and the drag force of the fixed blade is higher than the rest. Based
on this, it was found that at an angle o = 30° stationary, the blade has optimal aerodynamic characteristics;

- From the dependence of the coefficient of lift and drag force on the Reynolds number, it was found
that at an angle of 30°, there is a minimum lifting force of 0.04 and a maximum drag force of 1.479 at
Re=1-10%

- It was found that with the angle of the fixed blade of 30° degrees, the indicators of the entire
combined blade are the most effective.

- It is determined that as a result of the interaction between the rotational movement of each cylinder
and the stationary blade, a lifting force arises due to the Magnus effect, leading to the rotation of the
horizontal shaft, which, in turn, drives the mechanism that generates electrical energy.

The work was carried out with the financial support of the Science Committee of the Ministry of Science

and Higher Education of the Republic of Kazakhstan (IRN AP14972704 “Numerical study of a new design of
wind turbine blades with a horizontal axis of rotation ”).
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A XK. TneyGeprenona, A.H. /lrocembaeBa, H.K. Tanammesa, I11.C. Ksiznapbekosa,
A.P. Myxamenpaxum

BipikTipisiren Kyu 3jieMeHTTEpPi 0ap eKIKATAKIIAJBI 7KeJl IHEPTreTUKAJIBIK
KOH/ABIPFBICHIHBIH 23POAMHAMHMKAJIBIK CHIIATTAMAJIAPBIH TAJIAAYy

Makanazia opTypJii mapameTpiepIeri el KOHIBIPFBICHIHBIH a9pOINHAMHUKAIIBIK, CHIIATTaMaIaphl 3ePTTEINTEH.
OcBl MaKcaTTa KO3FaJIMalThIH KaJIaKIIaTapbIMeH €Ki MIMHIPII TOXKIpuOemiK yiuri skacanapl. KozranMmaiTeiH
KaJlaKIIaJapbIMEH JKOHE aifHAIMallbl LUIUHIApPIEpl Oap Kel KOHABIPFBICHIHBIH MPUHIMITHAIBIBI CyI0ect
aNBIHABL. Aya aFbIHBIHBIH XBULTaMABIFEL 3-TeH 12 M/c-Ka aeliid esrepai. JKen sHepreTHKaIbIK KOHIBIPFBIHBIH
a’POJMHAMHKAJIBIK ~ KYIITEPiHIH aFbIH  KBbULAAMJBIFBIHA ~ TOYCNAUTIri  3epTTenii. Aya  aFbIHBIHBIH
KBUIIAMIBIFBIHAH JKeJl KOHABIPFBICHIHBIH IMIMHIPIHE KATHICTHI KO3FAJMAiTBIH KalaKIIaHBIH OpHAIacy o
OypBIIIBIH ©3repTy OOWBIHINA SKCIEPUMEHT HOTIKENepiHe Tanaay >Kyprisinai. KamaxkmanelH opHamacysl
©3repreH Ke3zie aya aFbIHbIHA KaThICThI MAaHJAWUIIBIK Keepri e3repeni. ManaaiibIK Keaepri Kyl MeH KeTepy
KYIITEPiHIH aFbIH JKbUIIAMIBIFBIHA TOYEIALTIri OolbiHIIA TpaduK caimbiHAbl. Ko3FaIMalThIH KallaKIIaHBIH
MWTHHIPTE KaTBICTBI MakCUMalabl 0=30° OyphIll Ke3iHAe KoTepy KYIIl MEH MaHAaIIbIK KeAepri KYIIiHIH
MOHI KOFapbl EKEHJIT1 aHBIKTaJNAbl. MaHTAWIbIK Keaepri KyImli MeH KeTepy KYMIiHiH Kod((GHUIHEHTiHIH
Petinonbpac cansiHa Toyenaitiriner 30° rpaxyc OyphITa MEHUMAIIBI KeTepy Kymr 0,04 xoHe MakcHMaIIbl
MaHJainbIK Keaepri kymi 1,479 mongepi Re=1-10* kesinme GonaThIHABIFBl aHBIKTAIABL DKCIEPHMEHT
HOTIKENEepi KOJJIeHEH OChTI IWIMHApIEpAl alHanAplpy KesiHie maiiga GomateiH, MarHyc s¢dekriciMen
KO3FaJaThIH KOCBIMIIIA KYII KOJIAaHyFa OONATBIHABIFBIH KepceTeni. byn HoTmwkenep ic xysiHme 6i3 yurin
naiaaapl OOJIBIN CaHANafbl, OUTKEHI OYJI HOTHIXKENEP/i JKENIIH TOMEH >KbIJIIaMIBIFBIMEH JKYMBIC iCTEHTIH
OIpIKTipiireH kel KO3FaNTKBIITApbIHAa KojjaHyra Oomambsl. OCBl K€l KOHABIPFBICH 2,8 M/C kel
JKBUTIAMIBIFBIHAH OacTal AJIEKTpP KyaThlH OHAIpE aJlaibl.
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Kinm cesdep: en SHEPreTUKANBIK KOHIBIPFBI, aFbIH JKbUIAAMIBIFBI, a3pOAMHAMHUKANBIK Ky, T-1-M
a’pOJMHAMUKAJIBIK KYOBIp, MAHAANUIBIK Keepri KYIi, KoTepy KYIIi.

A.K. Tney6eprenosa, A.H. [ltocembaeBa, H.K. Tanamesa, I11.C. Kei3nap6ekoBa,
A.P. Myxamenpaxum

AHaJIU3 A3POAMHAMHUYECKUX XaPAKTEPUCTHK JABYXJIONACTHON BeTPOIHEPreTUYECKOM
YCTAHOBKM, CO/iepkalleil KOMOMHHUPOBAHHbIE CUJIOBBIE 3J1eMEHThI

B craTbe u3ydeHbI a3poJMHAMUYECKHE XapaKTEPUCTUKH BETPSIHON YCTAaHOBKH Pa3IMYHBIX MapaMeTpoB. Jis
JaHHOM menn OBUI H3TOTOBIEH SKCIIEPUMEHTANbHBINH 00pasel IBYXIMIMHIPOBBI C HEMNOABMKHBIMU
nonactamu. IlomydeHa mpuUHLMMNUANBHAs CXeMa BETPOYCTAHOBKH C HEMOJBIKHBIMH JIOTMACTAMH U
Bpamamnmmucs uuinHapaMi. CKOpPOCTh BO3AYIIHOTO MOTOKA BapbHpOBalach, HaunMHas oT 3 g0 12 wm/c.
HccnenoBanach 3aBHCHMOCTD adpOJMHAMHYECKHMX CHJI BETPOIHEPTETHYECKOH YCTAaHOBKH OT CKOPOCTH
notoka. [IpoBesieH aHaIM3 pe3yabTaToOB SKCIIEPUMEHTA TI0 M3MEHEHHIO yIila 0 PACIIONOKEHHST HEMOABHYKHOM
JIOIIACTH OTHOCHTENHHO HMJIMHAPA OT CKOPOCTH BO3YIIHOTO IOTOKA BETPSHOHM ycTaHOBKH. [Ipy m3MeHeHHn
HOJIOXKEHUS JIONACTH JIOOOBOE CONPOTHBIICHHE MEHSETCS OTHOCHTEIBHO BO3AYyIIHOro mortoka. IToctpoen
rpaguKk IO 3aBUCHMOCTH CHJI JOOOBOTO CONPOTHBIECHHS W MHOABEMHOM CHIIBI OT CKOPOCTH HOTOKA.
VCTaHOBNEHO, YTO TpU MakcuManbHOM yriie 0=30° OTHOCHTENBHO NWJIMHIPA HETOBKHOW JIOMACTH
3HAUEHNE IOABEMHOM CHIIBI M CHJIBI JOOOBOTO CONPOTUBICHHUS BhImE. M3 3aBucHMOCTH KO3 (HIUEHTa
MOJBEMHOM CHIIBI U CHJIBI IOOOBOTO CONIPOTHBIEHUs OT yucia PeitHonmbaca ompeneneno, uro mpu yrie 30°
rpagycoB HaOionaercss MUHMManbHas moxbeMHas cwia 0,04 ¥ MakcuManbHas cuiia  J1000BOTO
conpotusnenus 1,479 mpu Re=1-10* Pe3ymbTaThl 3KCIIEpUMEHTa MOKA3BIBAIOT, YTO MOYKHO HCIONB30BaTh
JOTIOJTHUTENBHYIO CHITy, JBIDKHMYIO 3(¢dexroM MarHyca, BOZHHMKAIOIIMM IIPH BpPAIlCHUH IHJIHHAPOB C
TOPU3OHTAIBHOM OCBI0. DTH pe3yNbTaThl CYMTAIOTCS IOJIE3HBIMH JUISI HAC Ha NPAKTHUKE, MOCKOJIBKY OHH
MOTyT OBITH HCIOJIB30BaHBI B KOMOMHHPOBAaHHBIX BETPSHBIX JBHTATENAX, pabOTAIOMMX IIPH MaJbIX
CKOPOCTSIX BeTpa. JTa BETPO3HEPreTHUecKasi yCTAHOBKA MOXKET BBIPaOaThIBAaTh HJICKTPOIHEPTHIO, HAUNHAS CO
CKOpoCTH BeTpa 2,8 M/c.

Knrouegvie cnosa:. BeTpOIHEpreTHYECKash YCTAaHOBKA, CKOPOCTh IIOTOKA, a’poJMHAMUuecKas CHIIa,
a’poanHammuyeckas Tpyoa T—1-M, cuina 1060BOTO COPOTHBIICHUS, MOIBEMHAS CHJIA.
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Characterization of YAG:Ce ceramics with graphene oxide

Yttrium-aluminum garnet (Y3;Al;05,) is an optical material that shows great potential due to its favorable
light-emitting and mechanical properties, as well as its chemical stability and thermal resistance. It is
commonly utilized in laser technology, optical instruments, and solid-state light sources as a result of its
activation by transition metal or rare earth element ions. In this work, experiments were carried out on the
procedure for compacting samples of luminescent ceramics Y3Als0y,:Ce*, by single-base pressing followed
by sintering. Comprehensive studies of the influence of graphene oxide of variable concentration (x=0.1;0.5;
1 wt.%) on the radiative characteristics of ceramic samples. It was found that the addition of graphene oxide
in an amount from 0.1 to 1 wt. % affects the density and luminescent properties of YAG:Ce ceramics. There
is a decrease in the value of the density parameter at concentrations of graphene oxide 0.1-1 wt. % before
annealing, after annealing, the relative density value increases to ~99 %. The luminescence spectrum when
excited by a blue LED chip appears as a wide band in the spectral range 460-750, the nature of which is
associated with radiative transitions in the cerium ion. It has been established that the light-emitting
characteristics have a downward trend when activated by graphene oxide. The integral luminescence intensity
decreases from 27.1 % to 19 % with an increase in the concentration of graphene oxide.

Keywords: YAG ceramics, sintering process, graphene oxide, mechanic properties.

Introduction

Graphene is a superconducting, two-dimensional material with unique properties which are promising
for various technological applications in many fields of science and technology [1-4]. Due to the unique band
structure [5] graphene oxide has excellent electrical and thermal conductivity [6] high surface area [7] and
good optical properties [8]. Graphene-based materials have good nonlinear optical properties [9]. The
mechanical characteristics of graphene are similar to those of carbon nanotubes [10]. But unlike carbon
nanotubes, graphene oxide penetrates better into the structure of the matrix material and provides more
effective compaction comparing to nanotubes [11]. These properties make graphene a promising material for
applying in microelectronics, photonic and optoelectronic devices, and laser technique [12-15].

Yttrium-aluminum garnet (Y3AlsO;,) is a highly promising optical material that possesses excellent
optical and mechanical properties, as well as chemical stability and thermal resistance. It is commonly used
in laser technology, optical instrumentation, and solid-state light sources. These materials are typically
activated by transition metal or rare earth ions [16, 17].

The use of yttrium-aluminum garnet activated by cerium ions (YAG:Ce) has experienced a notable rise
in the production of white light-emitting diodes (WLEDs). These materials serve as optical radiation
converters, allowing for the production of high-quality white light. Modern commercial WLEDs consist of a
blue glow crystal and a Ce:YAG phosphor dispersed in an optically transparent coating consisting of
organosilicon, polymer or epoxy resin. The main problem of such light-emitting diodes is the local
overheating of the resin (compound), which leads to degradation of the coating and changing of optical
characteristics [18, 19]. That is why it is possible to use luminescent ceramics based on YAG:Ce as an
optical radiation converter, which is devoid of the above disadvantages. The addition of graphene oxide
(GO) to such ceramics in relatively small concentrations can improve the optical and luminescent properties
of ceramics.

In this work, the effect of graphene oxide on the density and luminescent characteristics of ceramics
based on yttrium-aluminum garnet activated by cerium is investigated

Expiremental

Micro powder of yttrium-aluminum garnet activated by cerium (NIIPP, Russia) and commercial
suspension of graphene oxide (Graphenea, Spain) were used as starting materials.
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Mixing of the initial components was carried out by the wet method in isopropyl alcohol using a ball
mill. The mixing duration was 48 hours. As a result, powder suspensions of the YAG:Ce-xGO (where
x =0.1; 0.5; 1 wt. %) composition were obtained. The resulting suspensions were dried by exposing them to
air at a temperature of 120 °C until all the moisture evaporated completely.

To compact the powder, cold static pressing was performed on a test press IP500 AUTO from Zipo in
Russia, applying a pressure of 400 MPa.

The sintering process was conducted using a high-temperature furnace (LHT 02/18, Nabertherm,
Germany) in an air atmosphere. The temperature range for sintering was set between 1250 °C and
1650 °C. The samples were exposed to each sintering temperature for duration of 2 hours. The heating and
cooling rate during the process was maintained at 200 °C per hour. The resulting samples had a thickness of
approximately 2 mm and a diameter ranging from 8.5 to 9 mm. The selection of the sintering parameters was
based on previous findings [20].

Following the sintering process, the samples underwent grinding and polishing using a Buehler
AutoMet 300 Pro machine (Switzerland). Polycrystalline diamond suspensions from Kemix (Russia) were
used for this purpose.

The density of the samples was determined by measuring their mass and linear dimensions, according
to the formula:

p=m/V @

X-ray phase analysis of the ceramics was performed using an XRD-7000 X-ray diffractometer
(Shimadzu, Japan). The resulting diffractograms were analyzed using specialized software and the
international crystallographic database “PDF-4".

To study the optical properties of the ceramics, measurements were conducted in the ultraviolet, visible,
and near-infrared spectral regions using a two-beam scanning spectrophotometer SF-256 UVI (200-1100)
(Lomo-Photonics, Russia).

The integral spectral efficiency was measured using an integrating sphere and a calibrated AvaSpec-
3648 spectrophotometer (200-1100 nm, inverse linear dispersion 1.2 nm/mm). A light-emitting diode with a
wavelength of 447 nm was used as the excitation source. The excitation of the sample was carried out using
a flow integrated by a sphere. The spectrum and radiation flux of the diode falling on the geometric location
where the test sample was positioned were measured. Next, the radiation spectrum was measured with the
sample under study. By employing this technique, it became possible to precisely subtract the diode
spectrum from the luminescence spectra of the ceramics, while maintaining the original form of the spectral
lines. As a result, it became feasible to ascertain the reflected flux, absorbed flux, and radiation flux of the
ceramic sample. The overall spectral efficiency was then computed as the ratio of the integral flux emitted by
the sample to the integral flux absorbed by the sample.

Results and discussion

Figure 1 shows the dependence of the relative density of powder compacts before and after sintering at
a temperature of 1650 °C on the concentration of graphene oxide.
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Figurel. Dependence of the relative density of samples on the concentration of graphene oxide (a) before sintering; (b)
after sintering at a temperature of 1650 °C.
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Relative density of the powder compact from the powder of “pure” yttrium-aluminum garnet activated
by cerium is 70.5 + 0.5 %. The addition of 0.1 wt. % graphene oxide to YAG:Ce leads to a slight increase in
the relative density of the compact (up to 70.9 =0.5 %), however, the observed increase in density is within
the confidence interval of measuring value. Further increase of graphene oxide concentration from 0.1 wt. %
up to 1 wt. % leads to a decrease in the relative density of the compact from 70.9 £ 0.5 % to 68.7 £ 0.5 %.

For samples after sintering, unlike powder compressions, with an increase in graphene oxide
concentration from O to 1 wt. % there is an increase in the relative density of samples from 97.4 +0.5 to
98.9+0.5 %. The maximum value of the relative density is observed at a graphene oxide concentration of 1
wt. %.

X-ray phase analysis revealed that the YAG:Ce ceramics samples were composed of cubic YAG in a
stoichiometric ratio. All observed peaks corresponded to the YAG phase (PDF-Card#010-83-7850). No
additional phases were detected in the samples, and there was no broadening of the peaks or presence of any
other peaks on the diffractograms. The absence of peaks characteristic of graphene oxide is due to their
relatively low content (less than 5 wt. %), which does not exceed the sensitivity limit of the diffractometer.
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Figure2. Integral photoluminescence spectrum of ceramics based on YAG:Ce

The photoluminescence spectra of the samples excited by an LED with a wavelength of 447 nm are
shown in Figure 2. The spectra are typically for the YAG:Ce system [21]. A maximum is observed in the
region of 550 nm. Addition of graphene oxide in an amount from 0.5 to 1 wt. % leads to a shift of the
maximum position to the region of 545 nm and a decrease in the intensity of radiation.

The results of measuring the efficiency of luminescence and diffuse reflection of the studied samples
are shown in Figure 3. It can be seen that the efficiency of luminescence with an increase in graphene oxide
concentration from 0 to 1 wt. % varies from 27.1 to 19 %. The lowest luminescence efficiency is observed at
a graphene oxide concentration of 0.5 wt. %. Diffuse reflection of samples increases from 13 to 16.8 % with
an increase in graphene oxide concentration from 0 to 1 wt. %.
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Figure3. Efficiency of luminescence (a) and diffuse reflection (b) of YAG:Ce ceramics with different graphene oxide
concentration
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Impact of graphene oxide on YAG:Ce ceramics remains ambiguous. Although the inclusion of
graphene oxide does result in an increase in ceramic density under identical conditions, it also has a negative
effect on the luminescent properties of the ceramics.

Conclusion

As a result of the work samples of luminescent ceramics based on yttrium-aluminum garnet activated
with cerium with graphene oxide additives were manufactured. The influence of graphene oxide on the
density and luminescent properties of ceramics was investigated.

It was found that the addition of graphene oxide in an amount from 0.1 to 1 wt. % leads to an increase
in relative density from 94.7 £ 0.5 to 98.9+ 0.5 %, an increase in diffuse reflection from 13 to 16.8 % and a
decrease in luminescence efficiency from 27 to 19 %.

It is shown that the addition of up to 1 wt. % graphene oxide to YAG:Ce ceramics provides 1.5 %
increase in relative density.
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YAG kepaMmuKkacbhIHbIH cHNIaTTaMachkl: rpaden oxkcuai 6ap Ce

Urpuit amomunnii rpanarackl (Y3Als01,) KaKChl KapblK INBIFAPATHIH JKOHE MEXaHHWKAIBIK KaCHETTEDI,
XUMHSUTBIK TYPAKTBUIBIFB KQHE TEPMHSUIBIK TYPAKTBUIBIFBI 0ap HEepCHEKTHBANBI ONTHUKAJIBIK MaTepHall.
OTrieni MeTan HeMece CHpeK JKep MOHIaphl apKbUIbl OeJICEHAIPUIreH UTTPUH-aTIOMIHUMA IpaHaT HeTi3iHeri
MaTepHaiIap Ja3epilik TEeXHOJOTHsAA, ONTHKAIBIK aclalTapia JKoHe KaTThl KYHIeri jKapblK Ke3aepiHze
KEHIHECH KOJIaHBUTAAbl. Byil s>kymbIicTa Y3Als04,:Ce®* momuHecteHTTi KepaMuKa YIriUIepiH Oip Herismi
MpecTey, CoJlaH KEeiiH aryioMepanysiay apKbUIbl HBIFBI3IAY MPOIEeaypackl OOUWBIHINIA TOKIpHOeep xKacalabl.
Kepamukanslk yarizepain coyie IIblFapy CHIIATTaMajapblHa aybICHalbl KOHIEHTpaUUsgarsl TpadeH
oxcuainig (x=0,1; 0,5;1 mac. %) ocepine kemeHni 3eprreynep xyprizinai. I'paden oxcuninig 0,1-meH
1 mac. % pmeitinri memmepaeri Kocrachl YAG:Ce KepaMUKACHIHBIH TBHIFBI3IBIK JKOHE JTFOMHHECICHIIHS
KacHeTTepiHe acep eTeTiHi aHbIKTanpl. JKymcapranra aeifin rpaden okcuminiyg 0,1-1 mac. % koHIEHTpanus
KE3iHJIe THIFBI3JIBIK MapaMeTpi MOHIHIH TOMEHICHTIHI, all )KYMCapFaHHAH KEHiH CaJbICTHIPMAIIbl THIFBI3/IBIK
MoHI ~99 % neliH >xoFapbUIalThIHBI Oaiikamabl. Ko3y ke3iHjaeri JTIOMHHECICHIUS CIICKTPi KOK OOJaibl, an
JKAPBIKIHOATE gt 460-750 CrieKTpItik AUama3oHbIHIA KeH JKOJIaK TYPiHIe KOpiHe i, OHbIH TaOWFaThl IIEPUi
WOHBIHAAFBI COYJe IIBIFApaThIH aybICYMEH OaiaHblcThl. JKaphlK IIbIFapaThlH cHNATTaMajapAblH TpadeH
OKCHIIMEH OeJICeHIIpIIreH Ke3[e TOMEHIEY AWHAMUKACHI Oap eKeHMIri aHbIKTanmel. ['padeH okcuuaiHig
KOHIICHTPALUSCHl JKOFapbUIaFaH Ke3/e >KApPBIKTBIH WHTETPANAbl KapKeIHABUIBIFEI 27,1-1eH 19%-Fa npeitin
TeMeHAE .

Kinm ce30ep: Y AG-kepamuka, arfioMepalius npoiieci, rpadeH OKCuIi, MeXaHUKaJbIK KaCHETTEPi.

. deynuna, B. Ilaitrun, T. Anumun, C. Crenanos, Jl. Banues, 3. J[Bunuc,
O. Xacanos, A. Unena

Xapakrepuctuka kepamuku YAG:Ce ¢ okcuom rpagena

Urrpuit-amomutuesbiii  TpaHat (Y3Als0p;) sIBIsleTCss MMEPCHEeKTHBHBIM — ONTHYECKMM MATEPHAIOM  C
XOPOIIMMH CBETOM3NYYAIOIIUMH M MEXaHHYECKMMH CBOWCTBAMM, XHMMHMYECKOH CTaOMIBHOCTBIO U
TEPMHYECKOH CTOMKOCThIO. MaTepuansl Ha OCHOBE HTTPHH-aTIOMHHHEBOTO TpaHaTa, aKTHBHPOBAHHOTO
HMOHAMH TEPEXOJHBIX METAJUIOB WM PEAKO3EMENBHBIX 3JEMEHTOB, IMIMPOKO MCIONB3YIOTCS B JIa3epHON
TEXHHKE, ONTHYECKOM MPHOOPOCTPOSHUH M TBEPJOTEIbHBIX HCTOYHUKAX CBeTa. B HacTosimel pabote ObutH
MPOBENICHBl SKCIEPUMEHTHI MO MpPOIEAype KOMIIAKTHPOBAHUS OOpa3IOB JIIOMHHECLCHTHONW KEepaMHUKH
Y3Als01,:Ce®, myreM ONHOOCHOBHOrO IPECCOBAHHMS C IOCIHGAYIOWMM CIEKaHHeM. IIpOBeieHbI
KOMILJIEKCHBIE MCCIIE0BAHUS BIMAHMS OCKMIa rpadeHa nepeMeHHol koHueHtpauud (x=0,1; 0,5; 1 Bec. %)
Ha M3JIy4aTeIbHbIE XapaKTePHUCTHKK 00pa3IioB KepaMHKU. BbUto ycTaHOBNIEHO, YTO 106aBKa okcuaa rpadeHa
B konmdectse oT 0,1 no 1 mac. % BIMseT Ha IUIOTHOCTH U JIOMHHECIHEHTHBIE cBoiicTBa YAG:Ce kepamuky.
Habnronaercs CHIWKEHHE 3HAUSHUS MapaMeTpa IUIOTHOCTH MPU KOHIEHTpalmsax okcuia rpadena 0,1-1 Bec.
% 1o omkwWra, mocie OTXKHIa 3HAYeHWE OTHOCHTEIHHON IUIOTHOCTH NOBBIMaercs 10 ~99 %. Crextp
JIFOMHUHECLICHIIMH TIpU BO30YXKACHHH CHHHUM, YUIIOM CBETOJMOJA MPOSBISCTCS B BHAC IIMPOKOW MOJIOCHI B
CHEKTpaJdbHOM nuanazoHe 460-750, npupona KOTOpOH CBsi3aHAa ¢ H3ITy4aTeNbHBIMHM NEPEXOJaMU B HOHE
Hepusi. YCTAQHOBJICHO, YTO CBETOHM3IIyYaloOUIMe XapaKTePUCTUKU HMEIOT JHHAMUKY K CHIDKCHHUIO IIpH
aKTHBALMK OKCUIIOM rpadeHa. MHTerpagbHas MHTEHCHMBHOCTh CBeYeHMsl yMeHbliaeTcs ¢ 27,1 no 19 % npwu
TIOBBIIIICHUH KOHIICHTPAIIMK OKCHa rpadeHa.

Knioueswie cnosa: Y AG xepamuka, IIpoIecc CrieKaHus, OKCHA IpadeHa, MeXaHMIeCKUe CBOMCTBA.
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Processing of organic waste by electrohydroimpulse method

The article considers the regularities, parameters of technology and installations for electrohydroimpulse
extraction of fat from bone mass. To date, the growth of production and increasing its efficiency in industries
processing agricultural raw materials largely depends not only on raw materials and their quality, but also on
the completeness of extraction of valuable components. Reducing the loss of the extracted product in
production, for example, sugar, starch, fat, can significantly increase the yield of finished products when
using optimal extraction methods and methods. The result is powerful hydraulic shocks with pressure pulses
sufficient to break the bonds, retain fat cells in the tissue and destroy the cells themselves. This article
discusses the technology of extracting fat from bones. The priority direction of technical policy in the agro-
industrial complex, as well as in the light and food industries, is currently the development of a system of
operational and promising measures to provide agricultural producers with high-quality, environmentally
friendly, safe and highly reliable equipment. The dominant and extremely unfavorable production conditions
force the manufacturer not to process, but to sell raw materials.

Keywords: spark discharge, fat, organic waste, shock wave, crushing, bone mass.

Introduction

The currently existing physical and chemical methods of fat extraction are not effective in terms of
economy, labor intensity and ecology. Therefore, the search for new effective solutions for extracting fat
from bone mass using alternative methods, including underwater spark discharge, is relevant at the moment.

Our proposed method is based on the use of a pulsed shock wave resulting from a spark discharge in a
liquid. This method of extracting fat does not require fine grinding of the bone. The discharge-pulse
technology makes it possible to successfully solve and is widely used in the technological processes of
cleaning castings, metal stamping, fixing pipes in the pipe boards of heat exchangers, processing industrial
waste in order to extract valuable phosphorus components from phosphorus sludge, crushing mineral media
and separating impurities from various kinds of crushed materials, etc. [1, 2].

The existing physical and chemical methods of oil extraction are economically inefficient, labor-
intensive and environmentally friendly. Therefore, the search for new effective solutions for obtaining fat
from bone mass using alternative methods, including underwater spark generators, is currently relevant [3].

Our proposed method is based on the use of a pulsed shock wave generated by spark radiation in a
liquid. This method of obtaining fat does not require easy grinding of the bone. The exhaust-pulse
technology makes it possible to successfully solve and widely apply it in the technological processes of
cleaning fabrics, metal stamping, fixing pipes with tubular plates of heat exchangers, extracting valuable
phosphorous components from phosphoric clay, grinding mineral media and processing industrial waste into
individual impurities of various types of crushed materials, etc [4, 5].

Experimental

An experimental setup was assembled to grind and extract the fat mass from the bone. The influence of
an underwater spark of an electrohydroimpulse installation was studied to determine the optimal parameters.
Figure 1 below shows the object of the study [6].
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Figure 1. The object of the study

The study of fat extraction from cattle was carried out on an experimental electrohydroimpulse
installation. Various cattle bones were taken for testing in the sausage shop of JSC “Tulpar” in Karaganda.
According to laboratory tests in the workshop, the bones had a low average fat content.

Before the start of the test, 15 kg of bone raw materials were crushed to size 5—10mm . Certain
fractions were weighed on electronic scales. After that, the bone mass was left for 6 hours in a container with
industrial water. To determine the mass, after the expiration of time, the soaked bones were weighed [7].

Figure 2 shows an electrohydroimpulse installation for extracting fat from organic compounds.

Figure 2. Electrohydroimpulse unit for extracting fat from organic compounds

Below is Figure 3, which shows the main part of the experimental setup. We immerse the prepared bone
mass into the working cell. At a frequency of 7-15 Hz in an aqueous medium, shock waves arise from the
impact of pulses and water enters the bone. When exposed to wave waters, the structure of the bone with a
fat content is destroyed and the transition of the fat layer into the solution is observed. The frequency limit
was determined by testing.
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Figure 3. Working cell for separating fat from organic compounds

The bone mass, which is connected to water and heated to a certain temperature, enters the crushing
equipment through the receiver of the guide cone and, after the hatch is tightly closed, acts on the shock
wave that occurs when the spark is discharged. The intensity of the degreasing process and the possibility of
direct wide regulation during the process are achieved by rotating the DIU housing relative to the central
electrode [8].

The temperature set during the tests 32 —50°Cis sufficient to separate fat from bone mass. At low
temperatures, less fat 32°C is retained by the tissue (skin) and destroyed as a result of adsorption and
capillaries, at this time the viscosity and surface tension of the oil increase, and the separation of fat slows
down. The study showed that the impulses from electrohydroimpulsive effects are enough to destroy the fat
cells holding in the tissue [9].

Results and Discussion

Tests on the electrohydroimpulse installation were carried out in the laboratory of Hydrodynamics and
Heat exchange of the Karaganda University of the name of academician E.A. Buketov. The objects of the
study are the bones of cattle. As a result of the tests, the optimal exposure power and pulse repetition rate are
set for each parameter. The bones were previously crushed to fractions of 10 mm, 5 mm and 2 mm.

Based on the experience developed in the installation shown in Figure 2, the results obtained were
analyzed and effective parameters were determined. With the help of the installation, they were able to create
electrical discharges in a clean liquid and at a given vapor concentration into the mixture. The fixed volume
of bone mass in the fluid was 25 % [10, 11].
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Figure 4. Dependence of the pulse pressure amplitude on the fixed loaded volume of bone mass
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As a result of the performed studies, the dependences of pulse pressures for various degrees of vapor
content of the working medium are obtained. Experimental work was carried out with fixed electrical and
energy parameters of the discharge circuit of the electrohydroimpulse and geometric parameters of the
working crushing plant. The variable parameters were the frequency of the supplied pulse and the degree of
vapor content.

Figure 5 shows a graph of the effect of the capacitance of the capacitor bank of the electrohydroimpulse

device on the fat-free crushed bone at U =10kV, |, =7mm, t . .= 32°C.
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Figure 5. Influence of the capacitance of the capacitor bank of an electrohydroimpulse unit for degreasing crushed bone
atU=10kV, I =7mm, t ..=32"C
During the study, the voltage was 10 kV, the temperature of the mixture was heated to 32°C. As you
can see on the graph, when grinding the bone to a fraction of 10 mm, the separated fat of the spine
was 12.7 %, and during grinding to a fraction of 2 mm was 13.9 %.
The influence of the capacitance of the capacitor bank of the electrohydroimpulse unit for
U=20kV, 1I,=7mm to.. = 36°C degreasing crushed bone is shown in Figure 6.
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Figure 6. Influence of the capacitance of the capacitor bank of the electrohydroimpulse unit for degreasing crushed bone
atu =20kV, I, =7mm, t =36°C

mixture
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Figure 7 shows the content of the separated fat with an increase in the voltage and temperature of the
mixture. According to the schedule, we can say that with an increase in voltage we get good results.
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Figure 7. Influence of the capacitance of the capacitor bank of an electrohydroimpulse unit for degreasing crushed bone
aty =30kv, I, =12mm,  t,..=44"C

mixture

It can be seen from the figures that with an increase in the capacity of the capacitor bank in energy
storage and the length of the discharge gap (I, ), the extraction of fat from bone mass increases, and the

intensity of fat removal can stabilize with an increase in capacity. This allows you to select the optimal
capacitance values necessary for reproducing experiments.

Based on the research, the optimal parameters of the developed electrohydroimpulse method for
extracting fat from bone mass have been determined, where the treatment is carried out in a spark discharge
mode with a specific energy of 2,0 104 J / m with a pulse repetition frequency of 10-16 Hz, and the process

is carried out at a temperature of 36 — 449 C.
Conclusions

To study the extraction of fat from organic compounds, we developed and assembled an experimental
electrohydroimpulse installation, as well as a working cell was assembled. The methodology and conditions
for conducting research and the procedure for conducting tests have been developed. The optimal
temperature of the mixture was selected in the interval 32 —50°C for extracting a valuable component from
the bone mass — fat. It was found that at temperatures below 32°C, part of the fat is retained by the skin. As
a result of adsorption and capillarity, viscosity and surface fats are reduced, and the extraction process is
reduced.

It was found that with an increase in the capacity of the capacitor bank in energy storage and the length
of the discharge gap, the extraction of fat from bone mass increases, and the intensity of fat removal
stabilizes with an increase in capacity. It was found that with an increase in the capacity of the capacitor
bank in energy storage and the length of the discharge gap, the extraction of fat from bone mass increases,
and the intensity of fat removal stabilizes with an increase in capacity. Based on the study, the optimal
parameters of the developed electrohydroimpulse method for extracting fat from bone mass were
determined.
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OprannkajblK KaJIJBIKTAPAbI 3JIEKTPOTHAPOMMITYJIbLC JiCiMEeH oHaey

Makanana Cyilek MaccachlHAH Maibpl IIEKTPOTHIPOUMITYJIEC OMICIMEH aiy 3aHIBUIBIKTAPHI, TEXHOIIOTHS
napamerpiepi JKoHe KOHABIPFBUIAP KApACTHIPhUIFaH. BYTiHTI TaHIa aybUINIAPYallbUIbIFl IIHKI3aThIH
OHJEHUTIH OHEPKACIN calajapblHIa OHIIPICTIH ecyl JXKoHe OHBIH THIMAUITIHIH apTyel keOiHece MIMKi3aT
pecypcTapbl MEH OJlap/iblH carachblHa FaHa eMec, COHBIMEH KaTap KyHJIbl KOMIIOHEHTTEP.li alyJblH apTybIHa
Ma OaiNaHbICTBI. OHAIpICTE OHIIPIICTIH OHIMHIH JKOFAyblH a3alTy, MbICalibl, KaHT, Kpaxmal, Mai,
OHJIIPYIIH OHTAMIBI KOJIAphl MCH OMICTEPiH KOJJAHA OTBIPHIM, JAibIH OHIMHIH IIBIFBIMABUIBIFBIH €I9YIpP
apTTeipa anaael. Hormxkecinne Oainmanpictapasl Oy3y, Mail JkacymlajgapblH TiHIEpAE YCTay JKOHE
JKacymanapIplH e3iH Oy3y YIIiH JKeTKUTIKTI KBICBIM HMITYJIbCTaphl 0ap KYMITI THOPaBIMKAIBIK COKKBLIAp
naiina Oomampl. COHBIMEH Karap Makalaga CyHeKTeH Mail ally TEeXHOJOTHSICHl KapacThIPHUIFaH.
ATpOOHEPKICINTIK KEIIEHHIH HETi3ri MiHAETI — aybUIIapyallbUIBIFBl OHAIPICIH OPHBIKTH IaMBITY,
Kazakcran PecrmyOnmKkachIHBIH —a3bIK-TYJIK TIEH IIHKIi3aTKa KAKETTUNrH TOJBIK KaHAFaTTaHABIPY.
ATpOOHEPKACINTIK KENICHAETi, COHMA-aK JKeHUT JXOHE TaMaK ©HEPKAICIOIHIETi TEXHUKAIBIK CasCaTThIH
6acbIM OarbITHI Ka3ipri yakpITTa aybUIIApyallbUIBIFBl OHIIPYIIUIEPIH camanbl, SKOJOTHSUIBIK Ta3a, Kayilci3
JKOHE CEHIMJIIIIIT JKOFaphl kKaOAbIKTapMEH KaMTaMachi3 €Ty JKOHIHACT! jKeAeN-TepCIeKTHBAIBIK Iapanap
JKyheciH o3ipiey. bachkiM oHe eTe KOJaichl3 OHIIPICTIK >KaFaailiap eHIIpYIIiHI KaiTa eHaeyre emec,
HIMKI3aTTHI caTyFa MOXOYp eTesi.

Kinm co30ep: yIIKbIH pa3pspl, Mail, OpraHUKANEIK KAIABIKTap, COKKBI TOJIKBIHEL, YCAKTay, CyHeK Maccachl.

b.P. Hycyn6exos, M.C. Jlyiicen6aeBa

HepepaGOTKa OPraHm4eCKUX 0TXO010B ICKTPOruapouMiyJjJbCHBIM METOI0M

B CTaTbC PacCMOTPEHBI 3aKOHOMEPHOCTH, nmapaMeTphbIl TCXHOJIOTUH n YCTaHOBKH JUIA
QJICKTPOrUAPOUMITYJIBCHOI'O HM3BJICYCHHUA IJKHpa U3 KOCTHOH Maccel. Ha ceromHsmHuii IeHb pocT
IMpOn3BOACTBA W MOBBIIIEHUE €TO Bq)(i)eKTHBHOCTI/I B OTpaciidX MNPOMBIIIICHHOCTH, Hepepa6aTLIBa}0meI71
CEIbCKOX03SHCTBEHHOS CBIpBE, B 3HAYUTEIILHOM MEpPE 3aBHUCUT HE TOJIBKO OT CBIPBEBBIX PECYPCOB U UX
Ka4yeCTBa, HO M OT IIOJHOTHI H3BJICYCHUA IICHHBIX KOMIIOHCHTOB. Concpamel-n/[e MOTEPb HU3BJICKAEMOI'O
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NpOJyKTa B TMPOU3BOACTBE, HANPHMEpP, caxapa, Kpaxmaia, >KUpa, MOXKET CYIIECTBEHHO MOBBICUTH BBIXOJ
TOTOBOH MPOTYKIMH NPU HCIONB30BAaHUU ONTHMAIBHBIX CIOCOOOB M METOJOB M3BIeUeHHsA. Pesyimbrarom
SBJAIOTCA MOIIHBIE THAPABIMYECKHE YAApbl C HMIYJIbCAMH [aBICHHS, AOCTATOYHBIMMU IS YAEpKaHHS
JKUPOBBIX KJIETOK B TKaHM, pa3pylICHHUs CBs3ed M caMUX KIETOK. B Hacrosmed crarbe paccMOTpeHa
TEXHOJOTHs M3BICUCHUs JKUpa U3 KocTed. OCHOBHas 3ajada arpoIpOMBIIUIEHHOTO KOMILIEKCAa —
YCTOHYMBOE DPAa3BUTHE CEIBCKOXO3SHCTBEHHOTO MPOW3BOJICTBA, ITOJHOE YAOBIETBOPEHHE IOTpeOHOCTE
Pecrry6mmukn  KazaxcraH B TNIPOJOBOJIBCTBHM M CHIpbe. [IpHOPUTETHBIM HamlpaBiIeHHEM TEXHHYECKOH
TOJUTUKY B arpONPOMBIIITIEHHOM KOMIIIEKCE, a TaKXKe B JISTKON M MUIIEBOI MPOMBIIITIEHHOCTH B HACTOAIIEE
BpeMs  sBIsIeTcs  pa3pabOTKa CHUCTEMBl  ONEPAaTHBHO-TNIEPCIEKTHBHBIX Mep IO  0OecleyeHHuIo
CEIbX03MPOU3BOANUTENEH KAueCTBEHHBIM, O3KOJIOTMYECKM YHCTBIM, O€30MacHBIM M  BBICOKOHAIEKHBIM
obopynoBaHueM. JJOMUHUpYIOIIUE U KpaifHe HeONarompusTHBIE MPOU3BOJICTBEHHBIE YCIOBHUS BBIHY)KIAIOT
MPON3BOJUTENS HE Ha IepepaboTKy, a Ha PeT3aIUIO CHIPBSL.

Karouesvie cnosa: NCKpOBOU pas3psill, )KUAP, OPTAHHYCCKHUE OTXOJIbI, yIapHasi BOJHA, APOOJICHHUE, KOCTHAs
Mmacca.
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Effects of conditions on the synthesis and properties of Bi-2234 HTSC ceramic
produced from the melt

The article presents the results of a study aimed at obtaining the formation of superconducting phases and the
formation of a high texture of particles that affect the current-carrying characteristics in ceramics of the
composition Bil.6Pb0.4Sr2Ca3Cu40y and the study of their properties. For the synthesis of ceramics,
precursors from the glass phase were used, which were obtained by melting the starting material under the
influence of radiant flux (IR radiation) and quenching the melt in a facility rotating at a speed of 3000 rpm.
Platinum wire was used as a substrate. During the heat treatment of samples in the temperature range of 845
— 850 °C and a holding time of 72 hours (with intermediate grinding every 24 hours), the superconducting
high-temperature phase Bi-2223 crystallized in the studied samples. Critical temperatures and resistances of
superconducting samples were measured by the four-probe method by measuring the dependence of
resistance on the temperature in the range from 300 K to 60 K.

Keywords: superconductivity, critical temperature, electrical resistance, diffractogram, glass phase.

Introduction

Superconductors are among the promising materials with special electrical properties for use in various
industries. The superconductors developed to date have made it possible to create prototypes of various
electronic devices — SQUID magnetometers [1], microwave generators [2], protective devices for sensitive
semiconductor elements [3], elements of quantum computers [4, 5], optical sensors [6] and elements of high-
speed electronics [7], etc. Due to their high current carrying capacity, they occupy a special place in the
power industry for the creation of various high-current elements and devices such as motors and electric
generators [8], power cables [9-11], transformers [12, 13], motors [14, 15], current limiters for short
circuits [16-18].

With the establishment of superconductivity in the La-Ba-Cu-O oxide system [19], the science of
superconductivity moved to a new stage of development, which developed families of a number of
superconducting cuprate systems with a critical temperature exceeding the temperatures of cheap liquid
nitrogen — yttrium [20], bismuth [21], mercury [22], thallium [23], etc.

Among these superconducting systems, bismuth-containing superconductors can be attributed to one of
the most promising.

It is known that in the Bi—Sr—Ca—Cu—O bismuth system, three stable superconducting compounds of the
homologous series Bi>Sr,Can1CusOy (n = 1, 2, 3) are established with a transition temperature to the
superconducting states of 30-35 K, 80-90 K and 107 — 110 K, respectively. With an increase in the number
of Ca and Cu layers, the critical temperature also increases. But on the other hand, with an increase in the
critical temperature, the requirements for the condition for obtaining (if phase 2201 crystallizes from the
melt, then the temperature interval for the formation of phase 2212 lies in the region of 750-850 C and the
synthesis time is 80-1100 hours, and for the phase, the existence interval lies in a narrow temperature region
of 848-850 C and long annealing from 150-400 hours). If phase 2201 crystallizes from the melt, then the
synthesis of phase 2212 requires several tens of hours of heat treatment at a temperature of 800 — 850 hours.
And for the synthesis of phase 2223, more stringent conditions are required — heat treatment in a narrow
temperature range with intermediate grinding involving the liquid phase with a time of 100-350 hours of
exposure, depending on the approach and method. In [24], when synthesizing HTS of the composition
Bi1.65Pbo35Sr.CasCusOyby the solid-phase method using the matrix method (Bi1.esPbo3sSr.Ca,CusOyand
Ca,PbO4 were used as a matrix), along with phase 2223, a low-temperature superconducting phase 2212 and
Ca,PbO, were present. In [25], during the synthesis of HTSP compositions Bi17Pbo3Sr2+xCas—CusOy (X =
0.2; 0.4; 0.6) with partial substitution of calcium for strontium during heat treatment for 150 h at a
temperature of 840-850 °C, a superconducting 2223 phase with Tc =107 K was obtained. In [26], when
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synthesizing the composition Bi1.gPbo4Sr.Cas 1Cus 20« by ceramic technology, the dominant phase was 2223
(about 80 %). Pb(Sr, Ca).04, Ca,CuQ3, CuO oxides and superconducting phases 2201 and 2212 were also
present. In [27], the synthesis of compositions (Bi, Pb)4Sr;CasCus-mFemOx (M = 0 — 0.06) was carried out
from the glass phase. Melting was carried out in a platinum crucible and tempered by flapping between two
massive plates. After annealing at 840 °C for 40 hours, the presence of a low-temperature superconducting
phase 2212 (the main phase was 2223) was found in the samples. In [28], superconducting ceramics of the
composition BiigPhoaSr.CasCusOy were synthesized by casting from a melt. As a result of prolonged
annealing (150 hours), the samples consisted of phases 2212 and 2223. In [29-31], the synthesis of HTS was
carried out using laser radiation. In [29], new layered bismuth cuprates were obtained by laser ablation in the
form of films of the compositions Bix(La, Ca).Can1CunO,(n = 3, 4, 5, 6, and 7). Measurements of the lattice
constant showed that “c” is 3.66 nm; 4.31 nm; 4.94 nm; 5.60 nm and 6.25 nm corresponding to phases 2223,
2234, 2245, 2256 and 2267. But in all samples, the effect of superconductivity was not detected above 4.2 K,
which may be related to the defects of crystal structures. In [30, 31], a textured superconductor with a critical
current of 5000 A/cm? was synthesized by zone melting under the influence of laser radiation.

The analysis of numerous studies shows that in the synthesis of HTS with increased content of calcium
and copper by various methods, obtaining a high-temperature monophase sample with 2223 is a difficult
task, because low-temperature superconducting phase 2212 is always present in the samples. In many cases,
the samples also contain non-superconducting intermediate phases. And in the synthesis of HTS using
radiant energy, it can be assumed that the formation of superconducting phases with an increased content of
calcium and copper, also obtain superconducting materials with high critical parameters. In this regard, the
synthesis of HTS phases in the Bi(Pb)-Sr—Ca—Cu—Os system using IR radiation was of interest.

Materials and methods

The following components were used for the synthesis of HTSP composition BiisPbosSr2CasCusOy:
Bi»0s, Bi(NO3)s-5H,0, PbO, PbO,, SrCO3, CaO, CuObrands no worse than “PA”. The initial precursors and
HSTP samples were annealed in a muffle furnace SNOL —8.2/1100. The phase compositions of amorphous
precursors and superconducting samples were controlled by X-ray diffraction using Bruker
DSADVANCEECO and XPertPRO diffractometers (Netherlands). Microstructural and elemental analyses of
samples were carried out on scanning electron microscopes JEOL-6490LA (Japan) with an energy dispersive
analyzer system “OXFORD Instruments Analytical Limited” (UK) and JSM-6390LV (Japan) with an
integrated energy dispersive X-ray analyzer (EDS). The critical temperature was determined by measuring
the temperature dependence of the resistance in the temperature range from 300 K to 60 K by a four-probe
method using a closed cryo-camera “Cryolndustry REF-1808-ACS”, cryo-camera cooled by helium gas, a
LakeShoreModel 340 temperature meter and a microvoltmeter. As a contact between the sample and the
electrodes, a contractor of the SCP brand based on a silver paste was used.

Results and discussion

This paper presents the results of the synthesis of Bi-HTS composition Bi1sPbosSr.CasCusO, based on
glass phase, which is a kind of melt technique. When obtaining HTSC ceramics from a glass phase, the
synthesis of superconducting phases is strongly influenced by the method and conditions for obtaining
precursors, since in the bismuth system there are elements of variable valence Cu, Bi, Pb.

Depending on the receiving condition, they may be in different charge states.

And peculiarities of the influence of radiation, such as the electromagnetic field, which can affect the
fine structure of the material (defect). Features of the influence of radiation, such as an electromagnetic field,
which can affect the fine structure of the material (defect). To obtain precursors, a non-melting method was
developed for obtaining a glass phase from a melt under the influence of IR radiation. For comparative
analysis, the results obtained using dense optical radiation and glass phase obtained in a muffle furnace by
melting in a crucible were also used.

By synthesizing HTSC ceramics with the composition Bi»Sr.CasCu4Oy, it was found that the diffraction
patterns of bulk HTSC precursors (glass-crystalline) obtained in a muffle furnace contain low-valence oxide
Cu0.

On the contrary, Cu,O oxides are absent in precursors obtained by heating with radiant energy (optical
and IR radiation). Studies of the formed superconducting phases have shown that the superconducting phase
2223c Tsn = 107-110 K crystallizes in the composition of Bi»Sr.CasCusOy (Fig. 1, 2).
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Fig. 1. X-ray diffraction pattern of an HTSC sample of composition Bil.6Pb0.4Sr2Ca3Cu40y synthesized from
amorphous precursors obtained by IR heating

The results of the X-ray phase analysis show that all X-ray reflexes are related to the high-temperature

superconducting phase Bi-2223.
It follows from the X-ray data (hkl [0010], [0012], and [0014]) that the ceramic sample has a texture

along the 00l crystallographic plane.
The results of the study of the electron microscopic analysis of HTSC ceramics show that the

crystallites have a lamellar shape (Fig. 2)

20KV X7,000 2um 0000 1343 SE| 20KV  X16000 1uym 0000 1343 sel”

a)

Fig. 2. Microstructure of HTSC ceramics of composition Bi1.sPbo.4Sr.CasCusOy synthesized from amorphous precursors
obtained by IR heatinga) — x 7000, b) — x16000

The crystallite size is in the range of 2-8 um (Fig. 2a), and the thickness is in the range of 0.2—0.25 um.
By analyzing the results of studying the content of elements in a sample of superconducting ceramics, it was
found that metal cations do not undergo noticeable changes in their content (Fig. 3).
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Fig. 3. Elemental analysis of BiysPbo.4Sr.CasCusOy HTS ceramics synthesized from amorphous precursors obtained by
IR heating: a) microstructure; b) elemental composition.

The critical temperature was determined in a cryogenic installation by changing the resistance of the
sample when the sample temperature was cooled from room temperature (300 K) to 70 K. It was found that
the transition to the superconducting state begins at 107 K. Such a transition is typical for the
superconducting phase of Bi-2223 (Fig. 4).
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Figure 4. Critical temperature of a Bi1gPbo4Sr.CazCusOy sample synthesized from amorphous precursors obtained by IR
heating

The complete transition to the superconducting state corresponds to a temperature of 75 K and the
resistance of the HTSP sample is 4,7-10** ohms. It is assumed that such a large transition width is associated
with Ca and Cu cations, which can be located on the surface of crystallites and in grain boundaries. It is
possible that with the growth of crystallites of the superconducting phase Bi-2223, excess Ca and Cu cations
are displaced onto the surface of the crystallites and grain boundaries, forming a non-superconducting layer,
which can affect the critical temperature of the superconducting sample, i.e. reduce the T.

When synthesizing HTSC samples from amorphous precursors using optical radiation with a high flux
density, then single-phase samples 2223 are synthesized at a temperature of 846-848 C with an exposure
time of 70-80 hours. In HTSC ceramics synthesized from a melt in a muffle furnace, even with a heat
treatment time of more than 150 hours, the 2212 phase is present in the samples, which may be due to the
influence of the atmosphere on the valence states of variable valence cations, as well as the peculiarity of the
effect of radiation on precursors. When using amorphous precursors obtained under the influence of IR
radiation, the synthesis time is reduced to 40-50 hours and the reliability of the formation of single-phase

HTS materials increases (Fig. 5).
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Fig. 5. X-ray diffraction pattern of the HTSC Bi1.6Pbo.4Sr.CazCusOy sample synthesized at 850 °C for 48 h from
amorphous precursors prepared by IR heating
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Analysis of the results of the X-ray diffraction study of the HTS sample composition
Bi16Pbo.4Sr.CasCusOy shows that all X-ray reflection reflexes belong to the high-temperature
superconducting phase 2223. A particularly important task of the synthesis process is to achieve a high
texture, which can directly affect the current-carrying characteristics of HTS ceramics. To achieve a high
texture, it was necessary to increase the duration of the processes of grinding the charge, pressing under high
pressure, as well as its heat treatment to improve the perfection of the structure and increase the size of the
crystallites. After these successive HTS processes, the ceramics had a high texture with perfect X-ray
reflection reflexes (Fig. 6).
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Fig. 6. X-ray diffraction pattern of the HTSC Bi16Pbo.4Sr.CasCusOy sample synthesized at 850 °C for 120 h from
amorphous precursors obtained by IR heating

All X-ray reflection reflexes belong to the superconducting phase 2223. The degree of uniformity of the
texture is about 85-90 % and it is directed along the crystallographic plane 00l.

Conclusions

Thus, based on the above, it can be concluded that in the synthesis of HTS composition
Bi1.6Pbo.4Sr.CasCusOy based on amorphous precursors, the heating method and conditions for obtaining
precursors are important. When precursors are obtained under oxidizing atmospheric conditions and under
the influence of IR radiation, the formation time of the high-temperature superconducting phase Bi-2223 is
reduced compared to samples obtained by melting (in a crucible) in a muffle furnace. The study of the
temperature dependence of the resistance of samples of HTS ceramics found that on samples obtained with
the use of IR radiation, the beginning of the transition to a superconducting state corresponds to a
temperature of 107 K, and the critical temperature T, = 75 K. It is assumed that such a wide transition to the
superconducting state is associated with the formation of excess cations on the surface and in the grain
boundaries, displaced from the volume during the growth of crystallites, having ordinary conductivity (not
superconductor).
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J.E. ©ckenbaen, A.C. Horaii, A.J[. Ockenbaes, J.A. Horaii

Bbankpimanan enaipinren Bi-2234 pucmytT HTSC kepaMmuKacbIHbIH
CHHTe3i MeH KacueTTepi

Maxkanana Bi1sPbo4Sr2CasCusOy Kypamipl KepaMuKalaFbl TOK OTKI3TILITIK CHIaTTaMajapra ocep eTeTiH
aCKbIH OTKI3rim (a3amapisl amyra, OeNIIeKTEep/iH JKOFapbl KYPHUIGIMBIH KaJIBINTACTHIPYFa JKOHE OJNApIbIH
KaCHETTEpiH 3epTTeyre OaFbITTAFaH 3epITey HoTmkenepi kenripiaredn. Kepamumka cuHTe3l OypbH
JIabIHOanFaH OacTanKbl INBIHBI (as3ackl yiarinepi Herizinae MK-coymeneHy ocepiHeH OalKpITy KOHE ©Te
JKOFapHhl JKpUIIaM coHAipy apkbuisl (3000 alfHamy/MWH KBUIAaMIBIKICH aifHAIATBHIH KOHIBIPFBIAA) JKy3ere
aceIppuInbel. CyOcTpar peTiHae MIaTHHA CHIMBI KOJJAHBUIABL. YJrinep 72 carar ycray yaKbITBIMEH (apajibIFbl
opOip 24 carar caiibiH yHTakTayMeH) 845-850 Temmeparypa apanbIFbIHIa TECPMHUSUIBIK OHICY apKBUIBI
CUHTE37IeIIi. bapnbik yiriiepae >koFapbl TEMIIEpaTypalbl acKblH OTKi3rimn Bi-2223 ¢a3za kpuctanigaHmbl.
ACKBIH OTKI3TiII YITUIepIiH KPUTHKAIBIK TeMIIepaTypanapbl MEH KeAeprijiepiH ejiey TopT 30HATH 9IiCIIeH
300 K-men 60 K-re neitinri anana3oHmarsl KeAepriHiH TeMIepaTypara TOYeJIUIITiH eJIey apKbLIbl XKy3ere
ACHIPBUIIBL

Kinm ce30ep: acKbIH OTKI3TIIITIK, KPUTHKAIBIK TEMIeparypa, dJIeKTp Keaeprici, JudpaxTorpaMma, IIBIHBI
(hazacel.

J.E. Ycken6ae, A.C. Horaii, A.Jl. Ycken6aes, D.A. Horait

Cunre3 u cBoiictBa BucMyToBoii BTCII kepamuku Bi—2234, nosryyeHHoii n3 paciiaBa

B crarbe npencraBieHsl pe3yIbTaThl HCCIIEIOBAHMS, HAallpaBJIeHHbIe Ha 00pa3oBaHUe CBEPXIPOBOIIMIMX (a3
" (hopMHpOBaHHE BBICOKOH TEKCTYpHI YACTHII, BIHMSAIOIINX HA TOKOHECYIHE XapaKTEePHCTHKU B KepaMUKe
cocraBa Bi16Pbo4Sr2CasCusOy, u uccnenoBanns ux cBoiicTB. CHHTE3 KEpaMHK OCYIIECTBISUIM Ha OCHOBE
cTeknodasbl, MOTydeHHOH o BozaelicTBrueM WK u3mydeHns myTeM IIaBICHHS U CBEPXOBICTPON 3aKalKH
paciuiaBa (Ha yCTaHOBKe, Bpammaromieiicst co ckopoctsio 3000 06/MuH) mpeaBapUTENFHO MOATOTOBICHHBIX
UCXOMHBIX 00pa3noB. B kauectBe mMOMIOXKKK ObUla WCHONB30BaHA IIaTHMHOBas TpoBosioka. Ilpum
TepMooOpaboTke 00pa3ioB B uHTepBaie Temmeparyp 845-850 °C u BpeMeHH BbLACPKKH 72 4 (C
NPOMEKYTOUHBIM IIOMOJIOM B Kaxasle 24 4) B HCCIeAyeMbIX o0pa3lax KpHCTaIM30Balach
CBEPXIPOBOAAIIAs BbICOKOTeMIeparypHas (asa Bi—2223. H3MepeHne KpUTHYECKHX TeMOeparyp H
CONPOTHBIEHUH CBEPXMPOBOAAMINX OOPa3OB OCYMIECTBISIOCH UETHIPEX30HAOBBIM METOJOM IyTeM
M3MEPEHHs 3aBUCUMOCTH COMIPOTUBIIEHUS OT TeMIiepaTypbl B mHTepBaie ot 300 K 1o 60 K.

Knwoueevle  cnosa:  CBepXNMpOBOAUMOCTb,  KPUTHYECKas  TEeMIeparypa,  3JIEKTPOCOIPOTHBIICHHE,
nmudpakTorpaMma, cTekinodasa.
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By the method of dynamic calorimetry in the range of 298.15-673 K, the heat capacity of titanium-manganite
LaCaTiMnO6, obtained by solid-phase interaction at 800-1200°C from lanthanum, titanium (II),
manganese (I11) and calcium carbonate oxides was studied. On the dependence curve Cp°~f(T) in the
specified temperature range, a A-shaped effect was detected at 598 K, probably related to the phase transition
of the second kind. A fundamental constant is determined — the standard heat capacity of LaCaTiMnO6,
equal to 221+14 J /(mol-K). Its standard entropy, equal to 206+6 J/(mol-K), was estimated by the approximate
method of ion increments. Based on experimental data, taking into account the temperature of the phase
transition, the equations describing the temperature dependences of C,°~f(T) and the thermodynamic
functions S°(T), H°(T) — H°(298.15) and ®*(T) of the investigated titanium-manganite lanthanum and
calcium are calculated. The standard heat capacity of LaCaTiMnO®6 is also calculated using the Debye
method, the value of which is in good agreement with experimental data. According to the developed
methodology, the standard enthalpy of titanium-manganite formation was calculated, equal to — 3867.5
kJ/mol.

Keywords: Titanium-manganite, lanthanum, calcium, heat capacity, phase transition, enthalpy of formation,
thermodynamic properties.

Introduction

Manganites with an effect of colossal magneto resistance (CMR) have the significant innovative
perspectives such as the functional materials for sensors in the consumer and industrial electronics and
development of the information technologies [1-3]. Lanthanum manganites doped in B-sublattice with
titanium have the high electrical conductivity. They can be applied as cathodes of the high-temperature solid
oxide fuel cells, the ceramic membranes of the thermo-resistors and magneto-resistors. Titanium oxides with
transition metal impurities fix attention as the advancing materials to use in the spin electronics and
catalysis [4]. Many investigations described that the doping with TiO2 can increase the sensitivity and
capacity of devices [5]. Titanates of alkaline earth metals are semiconductors with a large band gap (3.0-3.2
eV). They can also be the potential photocatalysts under UV-irradiation [6]. The intensive studies of
perovskite-like manganites of the rare earth metals are a basis of materials for various devices, and however,
many fundamental problems of the chemistry of these oxides have not been studied well. Based on the
above, the purpose of this investigation is to study the thermodynamic properties of titanium-manganite of
LaCaTiMnOQe.

This titanium-manganite of LaCaTiMnOgs was synthesized by a method of solid-phase synthesis from
oxides of lanthanum (I11) (puriss. spec.), titanium (IV), manganese (I11) and calcium carbonate (p.a.) in the
SNOL furnace in four stages: 1) annealing at 800 °C for 5 h, cooling to 25 °Cand grinding; 2) annealing at
1000 °C for 10 h; 3) annealing at 1200 °C for 4 h and 4) low-temperature annealing at 400 °C for 10 h.

The identification of an equilibrium composition formation was determined through X-ray phase
analysis conducted on the DRON-2.0 diffractometer. The indexing of the X-ray photogram was performed
by the analytical method. A type of syngony and crystal lattice parameters was determined: LaCaTiMnOs
(cube) — a=13.35+£0.02 A; V°=2376.3 £ 5.00 A% Z = 4; VOecce= 594.08 £ 1.25 A3, proent. = 3.96 g/lcm?;
Ppick. = 3.95 + 0.02 g/cm?® [7].

1. Experimental technique

The investigation of the isobaric heat capacity of LaCaTiMnO6 titanium-manganite was conducted
using an IT-C-400 calorimeter over the temperature range of 298.15 K to 673 K. The calorimeter operates
based on the comparative method, using a dynamic calorimeter with a heat meter. Temperature
measurements were taken at fixed intervals of 25 °C. The device offers a precision of +10 %. To ensure
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accurate measurements, the device was calibrated based on the determination of the thermal conductivity of
the KT heat meter [8, 9].

A standard deviation (5 ) was computed for the averaged values of the specific heat capacity at each
temperature, as explained in [9]:

)

where n represents the number of experiments, C; denotes a measured value of specific heat capacity, and C
represents the arithmetic average of the measured values of specific heat capacity.
The random error was determined for the averaged values of the molar heat capacity, as outlined in [9]:
o 0t
A =-——".100, )
C

where, A - a random error in %, t,— Student coefficient (for n = 5, t,= 2.75 at p = 0.95 of the confidence
range).

2. Results and discussion

The operation of the device was confirmed by determining of the heat capacity of a-Al.O; (p.a.) (TU
6.09-426-75)). In order to prove measurements of the heat capacity of a-Al.O3;, we compare our results with
new literature data [10] (Table 1).

Table 1
Comparison of the heat capacity of a-Al203 used to verify a calorimeter operation with the literature data in [10]

T K C, 1), J/(mol"K) T K C,qT), J/(molK)
' Our data Data in [10] ' Our data Data in [10]
180 44,50 43,83 400 94,12 95,21
230 64,86 61,18 450 100,26 101,8
250 70,37 67,08 500 105,47 106,1
280 77,07 74,82 550 110,09 109,7
300 76,31 79,41 600 114,29 112,5
350 86,49 88,86 650 118,20 1149

The data shows that our scientific results of a-Al.O3 heat capacity between of 173-673 K satisfactorily
conform to results described in [10] within the operating accuracy of IT-C-400 calorimeter. Liquid nitrogen
was as a cooling agent in our experiments.

Results of the calorimetric studies are illustrated in Figure and Table 2.
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Figure. Diagram of dependence of heat capacity on temperature LaCaTiMnOg
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Table 2
Experimental data of the heat capacity of LaCaTiMnOs

T.K Cot & J(gK) Co2tA J(molK) | T.K Cot O J(gK) Cpe% A J/(mol'K)
298,15 0,5861 +0,0136 221+ 14 498 1,0018 £0,0152 378 £ 16
323 0,7050 + 0,0188 266 + 20 523 1,0622 +0,0223 401 +23
348 0,7805 + 0,0145 295+ 15 548 1,0954 +0,0211 414 £22
373 0,8128 +0,0177 307 £19 573 1,1096 +0,0135 419+ 14
398 0,8397 + 0,0149 317+ 16 598 1,1794 + 0,0289 446 + 30
423 0,8835+0,0133 334+ 14 623 0,9457 + 0,0190 357 £20
448 0,9195+0,0162 347 £ 17 648 1,0880 + 0,0177 411+ 19
473 0,9476 + 0,0216 358 +23 673 1,1530+0,0153 436 + 16

By analyzing the values presented in Figure and Table 2, a distinct and abrupt discontinuity was
observed in the temperature-dependent heat capacity of LaCaTiMnOs. The dependence curve, Cp2~f(T),
exhibited a A-shaped maximum. This remarkable behavior is likely associated with a second-order phase
transition occurring at a temperature of 598 K. The transition could be attributed to various factors such as
Schottky effects, the Curie and Neel points, alterations in magnetic resistance [12], modifications in
electrical conductivity, and changes in dielectric permittivity, and other.

Based on the revealed temperature of the phase transition, the equations of dependencies of C%~f(T),
[J/(mol-K)] were calculated:

Co= (172 £ 9) + (498.1 + 26.4) 10°T — (88.3 + 4.7) 10°T (298-598 K), 3)
C% = (2558 + 136) — (3532.4 = 187.6) 10°T (598-623 K), )
Co% =— (619 + 3 3) + (1567.0 + 83.2) 10°T (623-673 K). )

The graph depicted in Figure was generated using the KOMPAS-3D LT program, using experimental
data and equations 3-5 as the basis for plotting.

Direct calculation of S°%298.15) for LaCaTiMnO6 from the experimental data is not feasible with the
computational capabilities of the IT-C-400 calorimeter. Therefore, it was estimated using a system of the
ionic entropy increments [11]. Then, based on the experimental values on C%(T) and a calculated parameters
of $°(298.15), functions of S°(T), H(T)-H°(298.15) and ®(T) were also calculated (Table 3).

Table 3
Thermodynamic parameters of LaCaTiMnOs in the temperature range of 298.15-675 K

T, K Coo(MEA, Se(M+A, He(T)-H°(298.15)+ A |, ONT)xA,
J/(mol-K) J/(mol-K) J/mol J/(mol-K)
298.15 221 +12 206 + 6 — 206 £ 17
300 224 +£12 208 17 445 + 20 206+ 17
325 251 £13 227 £ 19 6380 + 340 207 £ 17
350 275+ 15 246 £ 20 12960 + 700 209+ 17
375 296+ 16 266 + 22 20100 £1070 212+ 18
400 316 +17 286 £24 27760 + 1470 216+ 18
425 335+18 305 +£25 35910 £ 1910 221 +18
450 353+ 19 325+27 44520 + 2360 226 + 19
475 370+ 20 345+29 53550 + 2840 232+£19
500 386 + 20 364 + 30 63000 + 3340 238 £20
525 402 +£21 383 +32 72860 + 3870 245 £ 20
550 417 +£22 402 £33 83090 +£4410 251 +21
575 432 +£23 421 £35 93710 + 4980 258 +£21
600 447 £ 24 440 + 37 104700 = 5560 265+ 22
625 350+ 19 456 £ 38 114560 + 6080 273 £23
650 400 £21 471 + 39 124060 + 6590 280 +23
675 439+23 487 £40 134540 = 7140 288 +24
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For comparison with experimental values, the standard heat capacity of LaCaTiMnO6 was also
calculated using the Debye method [13]. For this calculation, the Debye characteristic temperatures (Qp, K)
of the constituent elements in the compound and the melting points of the elements in the compound (T mp, K)
were utilized. The melting point of LaCaTiMnOs was determined to be 1273 K. The characteristic
temperatures (Qp) of the elements in LaCaTiMnQOs Were computed using the Koref equation [13]:

Q,D:QD.m’ (6)

where, T'mp. and Tmp. are melting points of the compound and element, respectively. Then the isochoric heat
capacities of the elements were calculated using Debye functions. They were summarized together to
calculate the isochoric heat capacity of LaCaTiMnOs. Isochoric-isobaric heat capacity transition of
LaCaTiMnOg was made using the Nernst-Lindemann equation:

C, = Cy + 0.0051-T-Cp/ Trett. (7

Based on the above, the following data was used to calculate C°%(298.15) of LaCaTiMnOg: Tmeir, K for
La = 1193, Ca — 1112, Ti = 1941, Mn = 1517, O, = 54.7; the characteristic temperatures: Qp, K for La =

135, Ca — 230, Ti = 380, Mn = 303, O, = 89 [13]. By equation (9) we calculated Qp,, K for La = 144.05;

Ca — 263.30; Ti = 307.74; Mn = 277.56; O, = 429.35. Then, the arguments of the Debye function (Q,’D IT)
were calculated using tabular data: (T=298.15) — La = 0.48; Ca — 0.88; Ti = 1.03; Mn = 0.93; and O, =
1.44,

The relevant isochoric heat capacities to Qp /T on the basis of tabular data are equal to La = 24.64; Ca,

24.02; Ti = 23.76; Mn = 24.02; O, = 22.68 J/(mol-K). Then we used the scheme for calculation:
Cv LaCaTiMnOg = CLa + C,Ca + C\Ti + CuMn + 3C,0>, 8)

We calculated the isochoric heat capacity of LaCaTiMnOs equal to 164.48 J/(mol-K).

The standard isobaric heat capacity of C,°(298.15) of LaCaTiMnOs equal to 224.9 J/(mol'K) was
calculated using the Nernst-Lindemann equation (10). Its value was consistent with the experimental data of
221.0 J/(mol-K) with 1.73 % accuracy.

Based on our developed method [14] and similarly [15], we calculated the standard enthalpy of
formation of LaCaTiMnOs equal to 3867.5 J/(mol-K). The initial data for calculation were applied as
described in [13, 16-19].

Conclusions

1. The heat capacity of titanium-manganite of LaCaTiMnOs was first investigated by the
dynamic calorimetry in the interval of 298.15-673 K.

2. Using the experimental data, a fundamental thermochemical constant for the standard heat
capacity of LaCaTiMnOe Was determined.

3. The anomalous discontinuity in heat capacity was determined on the dependence curve of
C°%~f(T) at 598 K. This feature is likely attributed to a second-order phase transition. Based on a
temperature of the phase transition, the equations of the temperature dependence of the studied
titanium-manganite were derived.

4. Using the experimental data obtained for C°%(T) and the calculated value of S°(298.15) with
a 25 K step within the temperature range of 298.15 K to 673 K, the temperature dependencies of
C%(T), as well as the thermodynamic functions S°(T), H%(T)-H%298.15), and ®*(T), were
calculated for LaCaTiMnO6.

5. The standard heat capacity of LaCaTiMnOs was calculated by an independent Debye
method. It corresponded satisfactorily with the experimental data.

6. According to a method developed by the authors, the standard enthalpy of formation of
LaCaTiMnOQOs was calculated.
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7. The obtained results carry both theoretical and practical significance, enabling the prediction
of directed synthesis for similar compounds possessing valuable physical and chemical properties.
Furthermore, these results facilitate the analysis of heterogeneous equilibria involving this specific
compound and other similar phases. The new thermochemical constants are initial data to load into
the fundamental guides and databanks of the thermodynamic constants of substances.
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Bb.K. Kacenos, I11.b. Kacenosa, XK.1. CarsiaTacsa, C.O. baiicanos, H.1O. Jly,
K.C. bexrypranos, A.K. 3eifinunenos, E.E. Kyansim6exos

LaCaTiMnOs THTAH MAHTAHUTIHIH TEPMOJAMHAMHUKAJIBIK KacHueTTepi

298.15-673 K apasiblfbIHIaFbl JUHAMHUKAIBIK KaJopuMmeTpus oniciMen nanrtad, TutaH (II), mapranen (IIT)
TOTBIKTAphI JkoHe Kanbluii kKapoonaTsl 800-1200°C ke3inae KaTThl (a3aiblk ©3apa dPEKeTTeCY HOTHIKECIH/Ie
ansiaFaH  LaCaTiMnOs THTaH-MaHTaHUTIHIH JKbUTy CBHIMBIMIBUIBIFBI 3€pTTeNi. PeHTreHorpadusibK
omictepMeH OyJl KOCBUIBIC TOp IapaMeTpiiepiMeH KeJeciied KyOTBIK CHHTOHMAIA KPHCTaJlJaHATHIHBI
aHBIKTAIIE: a = 13,35 £ 0,02 A; VO =2376,3 = 5,00 A3, Z = 4; VOuym = 594,08 + 1,25 A3; Ppenr. = 3,96
r/em®; pama. = 3,95 + 0,02 r/em®. Kepcerinren Temneparypanbik apaisikra Cp®~f(T) TOyenminik KuChFbIHAA
598 K — me A-topizai ocep alkeiHmanmsl, Oy II-TekTi ¢as3aiblk aybiCyFa KaThICThl 00Iybl MYMKiH. OCBHI
¢azaneik ayeicy Illortku sddekrinepimen, Kropn, Henp HykTenepiHiH G0JybIMEH, MarHHTTIK KeIepriHiH
e3repyiMeH, JIEKTpP OTKI3TINITIKIEH, AWUIJIEKTPIIK OTIMAUTIKIECH >XKoHEe T.0. OaliaHBICTHI OONYBI MYMKIH.
LaCaTiMnOs xocbutbIchIHEIH 221+14 JIx/(Mons-K)-re TeH GomaThlH, ipresilik TYpaKThICBI — CTAHAApTTHI
JKBUTY CHIABIMIBUIBIFBI aHBIKTAINIBL. VIOHABIK MHKPEMEHTTEpIiHIH JKYBIKTaJFaH oJiciMeH OHBIH 20616
JIx/(Mone-K) —Te TeH OonaThlH CTAHAAPTTH PHTPONHACH OaramaHipl. PaszaiblK aybICy TeMIEepaTypachlH
ecKepe KOHE TKIPHOETIK MaTiMeTTepre CyiieHe OTBIPHIN, 3€TPTENIN OTHIPFAH JIAHTAH JKOHE KaJIBIMH THTaH
manranuTiHiH Cp°~f(T) TemmepaTypara TOYSIAUTIKTI CUMATTaAUTBIH TCHICYNIEepi MeH Kaaambl 25 K GonaTeiH
So(T), HY(T) — HO(298.15) u ®*T) TepmomMHAMHUKAIBIK QyHKIMsnap ecentenm. LaCaTiMnOs
CTaHJAPTTHI KBUTYy CHIMBIMIBUIBIFBI JIeOall OMICIMEH JIe €CENTeNIi, OHbIH MOHI TKIPHUOETIK IEepeKTePMEH
JKaKChl yieceni. O3ipJieHreH omicTeMe OOWBIHINA THTAH-MAHTAHUTTIH CTAHAAPTTHI TY3LTy JHTAJBIHSICH!
ecenrenai, o1 — 3867,5 kJ[»/M0OJb TEH.

Kinm ce30ep: TUTaH-MaHTaHUT, JaHTaH, KalbIMH, JKBUTy CBHIHBIMIBUIBIFEL, (Da3albIK aybICy, TY3iIy
SHTAIBNUSCH, TEPMOANHAMHKAIBIK KACHETTEPI.

b.K. Kacenos, I11.b. Kacenona, XX.1. Carunrtaesa, C.O. baiicanos, H.}O. Jly, XK.C. bekrypranos,
A K. 3eitnunenos, E.E. Kyanbioexon

Tepmoannammnyeckue cBoiicTBa TuTano-mManranura LaCaTiMnOg

MetonoM IUHAMHYECKOH KanmopuMmeTpuu B mHTepBajie 298,15-673 K nccnenoBaHa TEIUIOEMKOCTH TUTAHO-
manranuta LaCaTiMnOs, nomydenHoro TBeprodasHeiM B3ammoneicteueM npu 800-1200°C u3 okcumoB
nantana, turada (lI), mapramma (Il1) w xapOonata xampumsa. PeHTreHOrpadUvecKUMH METOZAMHU
YCTQHOBJIEHO, YTO JIaHHOE COCAWHEHHE KPHUCTAJUIN3YeTCS B KyOWYeCKOW CHHTOHHH CO CIEXyIOUIMMHA
napamerpamu pemeTku: a = 13,35+ 0,02 A; V0=2376,3 £ 5,00 A3; Z = 4; V0 = 594,08 £ 1,25 A3; ppesr. =
3,96 r/cM®; pumar. = 3,95 + 0,02 r/cm®. Ha xpusoii 3aBucumoctu Cp°~f(T) B yKa3aHHOM HHTEpBaJe
TemIiepatyp oOHapyxeH A-00pa3Hblii 3¢ dext npu 598 K, oTHOCsAmuiics, BeposTHO, Kk (hazoBomy nepexony |l
pona. Jlanuslii (ha30BbIi epexo/1, BO3MOXHO, cBsi3aH ¢ addekramu lorTku, Hammuuem Touek Kropu, Heens,
W3MEHEHUSIMH MarHUTHOTO CONPOTHUBIICHUS, IEKTPOIPOBOAHOCTH, AUIIEKTPUUECKONH MPOHUIIAEMOCTH U JP.
Omnpenenena (GpyHIaMeHTaIbHAs KOHCTaHTa — craHgapTHas TeroeMmkocts LaCaTiMnOs, paBuas 221+14
JIx/(monb-K). TIpuOamKeHHBIM METOJOM HOHHBIX HMHKPEMEHTOB OIICHEHA €ro CTaHJapTHAas SHTPOMHS,
paBnas 206+6 Jx/(mMonb-K). Ha 0OCHOBaHHMHM OTIBITHBIX JAHHBIX C YUETOM TeMITEPaTyphl (ha30BOTO mepexoa
BBIYMCIICHBl ypaBHEHUs, OIKCHIBarolMe TemreparypHble 3aBucuMocTH Cp°~f(T) m marom uepes 25 K
TepmoauHaMuueckue Qynkuun SO(T), HO(T) — HO(298,15) u ®*(T) uccrenyeMoro TUTaHO-MaHTaHWTA
nantaHa W kanbuus. CranmaprtHas TeruoeMkoctsh LaCaTiMnOgs paccuurana Takke mo meroay JleGas,
3HAUEHNE KOTOPOH XOPOILIO COTJIacyeTcsl C ONMBITHBIMU JaHHBIMH. [To pa3paboTaHHOIT MeTOAMKE BBIYHCICHA
CTaHJapTHAs SHTAJBIUS 00pa30BaHUs TUTAHO-MaHTaHWTa, paBHas 3867,5 kJ[/MOIb.

Kniouesvie cnosa: TUTAaHO-MAHIaHUT, JIAHTaH, KaIIBIIPIﬁ, TCIIIIOCMKOCTD, (1)21301351171 Nepexon, SHTAJbIIAA
O6pa3OBaHI/I$I, TEPMOJUHAMUICCKUEC CBOMCTBA.
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