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B naniii po6oTi Ha OCHOBI YHIBEpPCAJIBHOTO TEXHOJOTIYHOTO MiAXO.Y,
OCHOBOIO SIKOTO € KOHJEHCAIlis Mapy 3 MaJIuM BiJHOCHUM MEPEHACUUECHHSIM, OyIH
OTpUMaHi MOPHUCTI MiKpo— Ta HaHocuTemu Zn i Cu, sKi B moaanbiiomMy Oyiu
BUKOPHUCTAHI, SIK MPEKypPCOPU I OTPUMAaHHS IIapy MOPUCTOTO TypOOCTaTHOTO
nopuctoro rpadity, a takox mopuctux cuctem NiO, ZnO Ta Si. 3rigHo 10
TEOPETUYHUX OLIIHOK Ta JITepaTypu, 3a3HAYECHUM BULIE CHEKTP MOPUCTUX CUCTEM
€ TEepPCIEeKTHBHHUM JJIi BUKOPUCTAHHS Yy SKOCTI EJNEKTPOIIB JITIH 10HHHUX
akymynaTtopiB. HesBakaroum Ha 3Ha4yH1 yCHiXH B CTBOPEHHI KomepiiiHux Li-
ioHHUX akymynaTopiB (JIIA) momryk HOBHX Oiibll €(pEeKTUBHUX MaTepialiB Ta
CTPYKTYp i1 BUKOPHCTAHHSI OCTaHHIX B SIKOCTI €JIEKTPOIIB HE MpUNUHsIEThCs. Ha
ChOTOJHI TOPUCTI CHUCTEMH 3 MIKpO— Ta HAHOPO3MIPHUMH €JIIEMEHTAMHU MalTh
HaMBUII XapaKTEPUCTUKHU B pa3l iX BUKOpUCTaHHS B aKocTi aHoAiB JIIA. Takum
YUHOM, DIIIEHHS OCHOBHOI MPHUKIAIHOI 3aJadi, Ha SIKy CHOPSIMOBaHA HayKOBa
poboTa, mossirae y po3poOiii TeXHOIOoTii (opMyBaHHS aHO/IIB Ha OCHOBI MOPUCTHUX
cucteM Cu Ta Zn Ha ski B mogaisiioMy HaHocuTumyTthes ZnO, Si, C Ta
komrmo3umiai Marepianu y Burisai C/Zn0O, C/NiO, ZnO/NiO, mo MaroTh BHIII
€JEKTPOXIMIYHI BIIACTUBOCTI Ta MOPHUCTICTh, a TAKOX 3MEHIIEHI CTPYKTYpHi

€JIEMEHTH J10 HaHOPO3MIipy, IO MOXKE MPU3BECTH JO MiABHUINCHHS ¢(EKTHBHOCTI



JITi-IOHHUX CHUCTEM HaKONMHWYeHHs Ta 30epiraHHs eHeprii.  DopMyBaHHS
MOPUCTUX CHUCTEM BiAOyNamocs 3a yMOB KOHJAEHcalli, HaOMMKEHUX 0
TEpMOJMHAMIYHOI PiBHOBaru B CHCTEMI IUIa3Ma—KOHJEHCAT. 3a3HAYEHI YMOBH €
yHIBEPCATbHUMHU IS OTPUMAaHHS IIHPOKOTO CHEKTPY TMOPUCTUX CHUCTEM Ta
KOMIIO3HTIB.

Y nitepaTypHOMY OISl JAUCEpTamiiHOT poOOTH oOmMcaHi OCOOIMBOCTI
BUKOPHUCTAHHS PI3HUX THUIIIB MaTepiajiB y SKOCTI aHOJIB JIs JITIH-10HHUX
aKyMyJATOpPiB. AHami3 JITEpaTypHHUX JKEpEN MOoKa3aB, 10 MIUPOKO BXXUBAHUM B
SIKOCTI €JIeKTPOAIB rpadiT J03BOJISIE IHTSPKATIOBATH TIJIBKHA OJWH 10H JITiIO B IIICTh
aTOMIB BYTJICIIO, IO BIJAMOBIJIa€ TEOPETUYHIN  €KBIBaJEHTHIA eMHOCTI 372
Aroa/kr. OkpiM 1bOTO, MBUAKICTH AUQY3ii JITII0O B BYTrJEIEBOMY MaTepiai
cranoBuTh Big 107'% 10 10° cm?/c (mns rpadiTy BoHa 3HAXOAMTHCS B Mexkax 107 —
1077 ecm?/c), mo cTBOPIOE MEPEAYMOBHU A1 HU3bKOI moTyxkHocTi JITA. O1xe, icHye
HarajgbHa ToTpeda 3aMiHUTH rpadiTHI aHOIU, a00 YAOCKOHAIUTH iX CTPYKTYpPY 3
METOI0 TIiJBUIIEHHS €MHOCTI Ta NHUTOMOi MOTYXHICTi, $Ki TaKOX MOXYTb
3a0€3MeYNTH BUCOKY MPOAYKTUBHICTD 1 MOJErmuTH 1udy3ito Li-ioHIB B aHO MTpHU
30epeKeHH1 BIITBOPIOBAHUX ITUKJIIB.

Takox 3a TEOPEeTUYHUMH pO3paxyHKaMu BiioMo, mo ZnO, sSK aHOIHUUN
MaTepas Mae eMHICTh 978 Aroa/kr. Ilpu mpoMy aHaii3 jdiTepaTypd MOKa3ye, 110
3HAYHY TEPCIEKTHBY BUKOPHCTAaHHSA B SKOCTI €(QEKTHBHUX EIEKTPOIIB TaKOX
MaroTh MopucTul kpeMuin ta NiO.

Taki martepianu, K HaMiBIOPOBIAHUKOBI okcuau MetaniB (MOS), Byrienesi
HaHOTPYOKM Ta MOJIMEpPHU, 3JaTHI COPUMMATH Ta3 HA OCHOBI 3MIHU €JIEKTPUUHUX
BrnactuBoctei. MOS sk n-Tuiy, TaK i p-TUIY, a TAKOXK p—N—TIEPEXO0aH Ha 1X OCHOBI
IUPOKO BUKOPHUCTOBYIOTHCS B CEHCOpax raszy. Takox, OrJis JTiTepaTypu MoKa3as,
10 TP 3aMileHH] aJicopOOBaHOTO Ha MOBEepXH1 ZnO KHUCHIO peareHTHUMH Ta3aMHU

KIJTBKICTh BUIBHHMX €JEKTPOHIB MPOBIAHOCTI 30inbmyerhes. Lleit gakT mos3Bomse
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BUKOPHUCTOBYBaTH HaHOocucTeMu ZnO Ta koMmo3uTiB ZnO/NiO B AKOCT1 Yy TIAUBUX
€JIEMEHTIB Ta30BUX CEHCOPIB.

VY npyroMy po3aiii ONMMcaHl TEXHOJOTIYHI MiAXOAW OTPUMAHHS MOPUCTUX
MIKpO— Ta HAHOCUCTEM Ha PI3HUX THUMAX MiJIKIaJ0K, a TAKOXK HABEJICHO MPUHIIUIT
po6oTu po3pobiieHOT ycTaHOBKU. OCKUTBKYA (POPMYBaHHS MTOPUCTHX CHCTEM METaJIiB
MOJIUBE TUIBKH 32 YMOBU BHKOPUCTAaHHS BHCOKOYHCTOIO 1HEPTHOTO CepeloBHUIIa
(Ar), B po0OoTi 3HauHa yBara Oyjia aKI[EHTOBaHA Ha OYMIICHHI aproHy BiJ XIMIYHO
aKTUBHUX T'a30BUX JIOMIIIOK. Y 3B’S3KY 3 IIUM BUKOPHCTOBYBAJIN BaKyyMHY pP0OOOUy
kamepy yctaHoBku BCA-350 pa3oMm 3 CHCTEMOIO TOHKOTO OYMINEHHS 1HEPTHHUX
rasiB.

Jnsa oTpuMaHHS MOPHUCTOrO TypOocTpaTHOro Trpadity 3 PpI3HUMU
MOP(hOJOTIYHUMH  XapaKTepUCTUKaAaMU OyB BHUKOPUCTAaHUN pPO3pOOJIEHUN 1
3allaTeHTOBAHUN TEXHOJOTIYHUN Miaxia OJMM3bKO—PIiBHOBaXXKHOI KOHJACHCAIll B
nycToTiioMy kKatoai. [Ipu mpoMy B SKOCTI poOOYOro razoBOro cepeaoBHIa Oyia
BUKOpUCTaHa Mapa aleToHy. bylo mNpoaeMOHCTpPOBaHO, IO CEJIEKTHUBHICTH
MPOCTOPOBOTO PO3MOJUITY 3apOJKEHHS Ta POCTY CTOBMYACTUX TpadiTOBUX
CTPYKTYp BHU3HAYAETHCS (PIYKTyalli€l0 HAMPYKEHOCTI E€JIEKTPUYHOTO TIOJISI HaT
MOBEPXHEIO POCTY.

Buxonsuu 3 Toro, mo npu crBopeHHs JIIA Ta ra3oBux ceHCOpPiB, AK MPaBUIIO,
BUKOPHUCTOBYBAJIHCS 0araToniapoBi CHCTEMH, BUHHKaJIa HEOOX1THICTh BUPIMICHHS
npoOaeM aaresii Ta kKores3ii KoHAeHcaTiB. B poboTi mpobnemu anresii Ta xKoresii
BUpiIIyBajducs TpboMma crocobamu. Ilepmmii 3 HUX TMONSITaB B BUKOPHUCTAHHI
M1IKIa0K 3 Ta00PaTOPHOTO CKJIA Ta CUTAJTY 3 HETIOIIPOBAHOIO MIOPCTKOIO MIOBEPXHEIO.
[IpoGnemu anresii i kore3ii TaKOX BUPIIIYBAIHUCS 3aBISIKA BUKOPUCTAHHS XPOMOBHUX
MpOIIApKiB, a TPETIM BapiaHT BUPIIMIEHHA MOpobieMu Koresii mpu GopMyBaHHI
KOMITO3UTIB BUPIITYBABCS TPAII€EHTHUM TIEPEX0I0M BiJ OJTHOTO MIPOIIAPKY JO 1HIIIOTO.

B pobGoti Oynaum mipoBeneHI KOMIUICKCHI JOCHIKEHHS CTPYKTYPHO—



MOP(}OJOTTYHUX XapaKTEPUCTHK, (Ha30BOTO Ta €JIEMEHTHOTO CkianaiB. [Ipu npomy
OTpUMaHI HAHOCHUCTEMH OyJIM BHUKOPHUCTaHI [ JOCHIDKEHHS B SKOCTI
(GYHKIIOHATBHUX €JIEMEHTIB JITIH—10HHUX aKyMYJSTOpPiB Ta ra30BHX CEHCOPIB.
JITst eMeKTPOXiMIiYHUX BUMIPIOBAaHb BUKOPHUCTOBYBAIH TPhOX-CIIEKTPOJIHY TECTOBY
KOMIPKY, J€ Yy SKOCTI KaToAy Ta €JEKTPOAYy BIIJIIKY (TPOTU-EIEKTPOIY)
3aCTOCOBYBajacs INIACTUHKA BHUcCOkodyuctoro 99,9% mitiro, a aHom OyB
BUTOTOBJICHUM HA OCHOBI CHHTE30BaHUX MOPUCTUX HAHOCTPYKTYD.

Tperiit po3aia MicTUTh iH(OpPMAIIiI0 MPO HAHOCUCTEMH Ha OCHOBI Zn, ZnO
ta ZnO/N1O my1s1 BUKOPUCTAHHS OCTAHHIX B SIKOCT1 aKTUBHUX €JIEMEHTIB Ta30BUX
cercopiB. ®opmyBanusa nopuctux HanocucteM ZnO/NiO mpeacTaBiaeHO B poOOTI y
BUTJISIII TPHOX €TalliB: a) 3a YMOBHU KOHJACHCAIli Mapud LHUHKY 3 HAJHU3bKUM
MEePECUUEHHSM TPOBOAMIOCS (OPMyBaHHS HAHOCHUCTEM Yy BUIJISII OB SI3aHUX MIX
c0o0010 HAHOHHUTOK; 0) OKUCIICHHS] HA OTPUMAHMWX HAaHOCUCTEMax Zn; B) HAHECEHHST Ha
oTpumani HaHocuctemu ZnO peaktuBHUM MeTo10M tUTiBKH NiO. [Ipu ibomy B SKOCTI
€NeKTPOaiB Oyiau BHUKOPHUCTAaHI CTIWKI g0 okuciaeHHs [TO-mmiBkH, $KI TIO
BIIHOIIIEHHIO 70 HaHocucTeM ZnO Manu oMiuyHUN xapaktep. CEHCOpHI BIACTUBOCTI
JOCTIXKyBaJIUCs TO BIAHONIEHHIO 10 METaHy Ta METAHONy, a TUI 3a3HAUYCHUX
peareHTiB BU3HAYaBCs 3a JOTIOMOTOI0 BCTAHOBIIEHHS 3MiH XapaKTepy BOJbT-aMIIEPHUX
xapaktepuctuk (BAX) 3 3ayueHHsIM aBTOMAaTU30BaHUX CUCTEM Ta PU BUKOPUCTAHHI
KOMEpIIMHOTo mporpaMHoro 3adesneuenns LabView. [Ipu 1iboMmy XapakTepHi 3MiHU
BAX mnpum mnepexomi Bl METaHONYy JO MeETaHy BKa3yloThb Ha (paKTalIbHO-
MePKOJIAIHHMA xapakTep HaHocucTeM ZnO/NiO Ta Ha MOXKIIHMBICTH PO3Ii3HABaHHS
PI3HUX PEareHTIB.

B derBeproMy 3akimroyHOMY po3aiil  Oynau  JAOCHIDKEHI  CTPYKTYPHO—
MOPGOJIOTIYHI XapaKTEPUCTUKU Ta PE3yJbTaTH BUKOPUCTAHHSA B SKOCTI €JIEKTPOJIB
JITA Takux mopucTHX HaHOCHCTEM, K ZnO, Zn/ZnO, Zn/C, Ni/C, Si ta Cu/Si+W.

I[OCJIiII)KCHHSI I_II/IKJIiB 3apAOy-po3pAaAay 3 BUKOPUCTAHHAM IMOPUCTUX HAHOCUCTCM Ha
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ocHoB1 ZnO, Zn/Zn0O, sik enexktpoiaiB Ta po3unHHUKIB LiPF¢ 1 LiBF4, mokasymoTs,
10 3aJIEKHO BiJl CTPYKTYPHO-MOP(OJIOTIYHUX XAPAKTEPUCTUK, EIEMEHTHOTO CKIIAy
Ta KUTBKOCTI IUKITIB, KOeiIlieHT eMHOCTI OaTapei BapiroeThes Bix 800 mo 218 Aroa/kr.
HaBeneni gocnimkeHHS CTPYKTYpPHO-MO(OJOTIYHUX XapaKTEPUCTHK, IMOIIApOBOi
OyZ1I0BU, €IEMEHTHOTO CKJIaAy Ta €JIEKTPOXIMIYHMX BJIIACTHBOCTEH aHO/IB Ha OCHOBI
Zn/C 1 Ni/C. Ilpu upomMy Brepiie 0yJ0 MpoIeMOHCTPOBAHO, 1[0 BUCOKY CTIMKICTh (110
500 nukniB) mokasaB aHo 1 Ha ocHOB1 HaHocucTemu Ni/C ta Zn/C 3 TUTOMOIO €MHICTIO
190+280 Aroa/Kr 3 0JHOYACHUM 3HAYHHM ITiIBUIIICHHSAM CTaOUTLHOCTI pOOOTH aHOIB.
[IpuBeneni JOCTIKEHHA W00 CTPYKTYPHO—MOPQOJIOTIYHUX  XapaKTEPUCTHK
MOPUCTUX HAHOCUCTEM KpeMHit0. [opiBHSIBHUN aHaII3 pOOOTH €IEKTPOIIB Ha OCHOBI
cuctem Cu/Si ta Cu/Si+W 103BOJHMB 3p0OUTH BUCHOBOK PO OLBIN HU3bKY CTIHKICTh
710 OKUCJICHHS KpeMHit0 0e3 100aBKU BoJib(hpama i, K HACHII0K, 3HAYHO BUIIl €EMHOCTI

(320 Aron/kr) enextposiB Ha ocHOBI Cu/Si+W.

KmrowoBi cmosa: I[IMHK, OKCHU LMHKY, OKCHJI HIKEJIIO,
CTPYKTYPHO-MOP®OJIOI'TYHI XAPAKTEPUCTUKW, KPEMHIN, MIJb
JITIA-IOHHI AKYMYJISITOPHU, IIUKJIU 3APSJIKU-PO3PAJIKA, T'A30OBI
CEHCOPH, BOJIbT-AMIIEPHI XAPAKTEPUCTUKU



SUMMARY

Shevchenko S.T. Structural and morphological characteristics and
electrophysical properties of porous condensates of Zn, Ni, Cu and their oxides in a
combination of C and Si. - Qualifying scientific work on manuscript rights.

Dissertation for the Doctor of Philosophy degree in specialty 105 — Applied
physics and nanomaterials — Sumy State University, MES of Ukraine, Sumy, 2023.

In this work, on the basis of a universal technological approach, the basis of
which is the condensation of steam with low relative supersaturation, porous micro-
and nanosites of Zn and Cu were obtained, which were subsequently used as precursors
for obtaining a layer of porous turbostatic porous graphite, as well as porous systems
NiO, ZnO and Si. According to theoretical estimates and the literature, the above
spectrum of porous systems is promising for use as electrodes of lithium ion batteries.
Despite significant successes in the creation of commercial Li-ion batteries (LIB), the
search for new, more efficient materials and structures for using the latter as electrodes
does not stop. Today, porous systems with micro- and nano-sized elements have the
highest characteristics when they are used as LIB anodes. Thus, the solution to the main
applied problem to which the scientific work is directed consists in the development of
anode formation technologies based on porous Cu and Zn nanosystems, on which ZnO,
Si, C and composite materials in the form of C/ZnO, C/NiO, ZnO were subsequently
applied /NiO having higher porosity, electrochemical properties and reduced structural
elements to the nanoscale, which can lead to an increase in the efficiency of lithium-
ion energy storage and storage systems. The formation of porous micro- and
nanosystems took place under condensation conditions close to thermodynamic
equilibrium in the plasma-condensate system. The specified conditions are universal

for obtaining a wide range of porous systems and composites.



The literature review of the dissertation describes the features of using different
types of materials as anodes for lithium-ion batteries. The analysis of literary sources
showed that graphite, widely used as electrodes, allows intercalation of only one lithium
ion in six carbon atoms, which corresponds to a theoretical equivalent capacity of 372
Ah/kg. In addition, the diffusion rate of lithium in the carbon material is from 102 to
10 cm?/s (for graphite it is in the range of 10° to 107 cm?/s), which creates
prerequisites for a low power of LIB. Therefore, there is an urgent need to replace
graphite anodes, or to improve their structure in order to increase the capacity and
specific power, which can also provide high performance and facilitate the diffusion of
Li-ions into the anode while maintaining reproducible cycles.

It is also known according to theoretical calculations that ZnO, as an anode
material, has a capacity of 978 Ah/kg. At the same time, the analysis of the literature
shows that porous silicon and NiO also have a significant prospect of being used as
effective electrodes.

Materials such as metal oxide semiconductors (MOS), carbon nanotubes, and
polymers are capable of sensing gas based on changes in electrical properties. Both n-
type and p-type MOSs, as well as p—n—junctions based on them, are widely used in gas
sensors. Along with this, a review of the literature showed that when oxygen adsorbed
on the ZnO surface is replaced by reagent gases, the number of free conduction
electrons increases. This fact allows the use of ZnO nanosystems and ZnO/NiO
composites as sensitive gas sensors.

The second chapter describes the technological approaches to obtaining porous
micro- and nanosystems on different types of substrates, and also provides the principle
of operation of the developed installation. Since the formation of porous metal systems
is possible only under the condition of using a highly pure inert medium (Ar), in the

work, considerable attention was focused on the purification of argon from chemically
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active gas impurities. In this regard, a vacuum working chamber of the BSA-350
installation was used together with a fine purification system for inert gases.

A developed and patented technological approach of near-equilibrium
condensation in a hollow cathode was used to obtain porous turbostrat graphite with
different morphological characteristics. At the same time, acetone vapor was used as
the working gas medium. It was demonstrated that the selectivity of the spatial
distribution of the nucleation and growth of columnar graphite structures is determined
by the fluctuation of the electric field intensity over the growth surface.

Based on the fact that when creating LIB and gas sensors, as a rule, multilayer
systems were used, there was a need to solve the problems of adhesion and cohesion of
condensates. In the work, adhesion and cohesion problems were solved in three ways.
The first of them consisted in the use of substrates made of laboratory glass and sital
with an unpolished rough surface. The problems of adhesion and cohesion were also
solved thanks to the use of chrome layers, and the third option for solving the problem
of cohesion during the formation of composites was solved by a gradient transition from
one layer to another.

In the work, comprehensive studies of structural and morphological
characteristics, phase and elemental compositions were carried out. At the same time,
the obtained nanosystems were used for research as functional elements of lithium-ion
batteries and gas sensors. For electrochemical measurements, a three-electrode test cell
was used, where a plate of high-purity 99.9% lithium was used as the cathode and
reference electrode (counter-eclectrode), and the anode was made on the basis of
synthesized porous nanostructures.

The third section contains information on nanosystems based on Zn, ZnO and
ZnO/NiO for the use of the latter as active elements of gas sensors. The formation of
porous ZnO/NiO nanosystems is presented in the work in the form of three stages:

a) under the condition of condensation of zinc vapor with ultralow supersaturation, the
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formation of nanosystems in the form of interconnected nanothreads was carried out;
b) oxidation on the obtained Zn nanosystems; c¢) application of a NiO film on the
obtained ZnO nanosystems by the reactive method. At the same time, oxidation-
resistant ITO films were used as electrodes, which were ohmic in relation to ZnO
nanosystems. The sensory properties were investigated in relation to methane and
methanol, and the type of the indicated reagents was determined by determining the
changes in the character of the current-voltage characteristics (CVC) with the
involvement of automated systems and using the commercial LabView software. At the
same time, the characteristic changes of the C-V characteristic during the transition
from methanol to methane indicate the fractal-percolation nature of ZnO/NiO
nanosystems and the possibility of recognizing different reagents.

In the fourth, final chapter, the structural and morphological characteristics and
results of using such porous nanosystems as ZnO, Zn/ZnO, Zn/C, Ni/C, Si and
Cu/Si+W as LIB electrodes were investigated. Studies of charge-discharge cycles using
porous nanosystems based on ZnO, Zn/ZnO as electrodes and solvents LiPFs and
LiBF4 show that, depending on the structural and morphological characteristics,
elemental composition and number of cycles, the battery capacity factor varies from
800 to 218 Ah/kg. The structural and morphological characteristics, layer structure,
elemental composition and electrochemical properties of anodes based on Zn/C and
Ni/C were studied. At the same time, it was demonstrated for the first time that the
anode based on the Ni/C Zn/C nanosystem with a specific capacity of 190+280 Ah/kg
showed a high resistance to 500 cycles with a simultaneous significant increase in the
stability of the anodes. Studies on the structure formation of the structural and
morphological characteristics of porous silicon nanosystems are presented. A
comparative analysis of the work of electrodes based on the Cu/Si and Cu/Si+W

systems allowed us to conclude that silicon based on lower oxidation resistance without
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the addition of tungsten and, as a result, significantly higher capacities

(320+450 Ah/kg) of electrodes based on Cu/ Si+W.

Keywords: ZINC, ZINC OXIDE, NICKEL OXIDE, STRUCTURAL-
MORPHOLOGICAL CHARACTERISTICS, SILICON, COPPER, LITHIUM-ION
ACCUMULATORS, CHARGE-DISCHARGE CYCLES, GAS SENSORS,
CURRENT-VOLTAGE CHARACTERISTIC
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