AHOTALIA

IMasmoxk H. B. B3aemoain marniro i3 Jiriem, d-meramamu (Mn, Fe, Co, Ni)
Tta p-enrementamu (Al, Ga, Ge, Sn). - KsamidikamiiiHa HaykoBa Ipars Ha IpaBax

PYKOIHUCY.

Huceprariist Ha 3700yTTS HAYKOBOT'O CTYyMEHs JOKTopa ¢inocodii 3 ramysi
sHadb 10 «IIpupomamui Haykw» 3a cnemianbHicTIO 102 «Ximis». — JIbBIBCHKHIA

HalllOHAJIbHUM YHiBepcuTeT iMeH1 [Bana ®panka, JIbBiB, 2023.

Po6oTta npucBsiueHa BUBUECHHIO (DI3UKO-XIMIYHOI B3a€MOJIi MArHiro 13 JITIEM,
3d-nepexigaumu Metanamu (Mn, Fe, Co, Ni) ta p-enementamu III ta IV rpynm 3
METOI0 CTBOPEHHSI HOBHMX MAaTeplajiiB 13 BHCOKOKO TIAPOT€HCOPOLIITHOI €MHICTIO
MPUAATHAX 10 BUKOPUCTAHHS y CHCTeMax 30epiraHHs BOJHIO, B METAJIO-T1IPUIHUX
OaTapesx, a TAaKOX SIK IEPCIEKTUBHUX MarHiTHUX MaTepialiB.

[lopsan 3 TpagumifHUMHM MaTepialaMd y Cy4YaCHOMY BHUPOOHHUIITBI HIUPOKO
BIIPOBA/KYIOTH CIUIABM HA OCHOBI JIETKMX METANIIB TaKUX K MarHiu, JiTiH, alroMiHINA
Ta 1HImI. BOHWM IUPOKO BUKOPUCTOBYIOTHCS B aBlallliiHIi, aBTOMOOLIBHIA Ta
METaJypriiiHii NpOMUCIOBOCTIX. MarHid TakoX BHKOPUCTOBYETHCS K JIEryroua
JOMIIIKA IO PI3HUX MaTepialiiB JJig MOKPAIICHHS iX MEXaHIYHUX XapaKTEPUCTUK,
MIJIBUIICHHS KOPO31MHOI CTIMKOCTI Ta JJisi CTBOPEHHS HaJIETKUX CIjiaBiB. OCcTaHHIM
4acoM MPOBOJSTHCS IHTEHCHUBHO JOCTIIHKEHHS XIMIYHUX JDKEpENl CTPyMy Ha OCHOBI
MarHi€BUX €JIEKTPOJIB 3 METOI0 BHUKOPHUCTAHHS iX B METAJOT1IPUIHUX Ta MarHii-
10HHUX akymyisTopax. OcoOJMBICTIO MarHi€eBUX CIUIaBIB € iXHS BHCOKa
rigporeHcopOIiiina emMHicTIO ax 10 9 Bar. %, mo poOuTh iX NEPCHEKTUBHUMHU
MaTtepiajlaMH JIJI1 HAKONTUYyBayiB BOJIHIO.

OrnpanboBaHO METOJMKY CHHTE3y Ta TEPMIYHOI OOpPOOKM MarHi€BUX CIUIABIB.
CuHTe3 CIUTaBiB 31MCHIOBAIM B IHIYKIIMHUX TeYaX 13 BUKOPUCTAHHSM TaHTaJOBUX
TuriB. OKpeMi CIJIaBU OJIEPKYBAJIH €JIEKTPOAYTOBOIO TIaBKOIO KOMIOHEHTIB. [Tics
TEPMIYHOI 0OpOOKM CHHTE30BaHI CIUIABH JTOCHIKEHI KOMIUIEKCOM (Di3UKO-XIMIYHUX
METO/IIB, TAKUX SIK PEHTTEHIBCbKHM (Pa30BUIl Ta CTPYKTYpHHUH aHaji3, CKaHyH4a

€JIEKTPOHHA  MIKPOCKOIIISl,  €HEproAucHepciiHa  CHEKTPOCKOIis,  KOMILJIEKC



€JIEKTPOXIMIYHUX JOCHIIKEHb, Ta30BE Ta €JIEKTPOXIMIUHE TiAPYyBaHHS Ta BHUBUYEHHS
MarHiTHUX BJIACTUBOCTEH.

B poGoTi mpuBeneHi ekCIiepuMEHTaIbHI Pe3yabTaTh 3 JOCTIIKSHHS B3a€MOII1
KOMITOHEHTIB y moTpiiiaux cucrtemax Mg-{ Mn, Fe, Co, Ni }-{Ga, Al, Ge, Sn} ta
Mg-Li-Cu-Al, kpucramiyHoi Ta €JICKTPOHHOI CTPYKTYPH, EJICKTPOXIMIYHHX,
COpOILIIHNX, MarHITHUX 1 €NEeKTPUYHUX BIACTHUBOCTEH TepHAapHUX (a3 HA OCHOBI
MarHiro.

His cuctemu Mg-Ni-Ga Bmepiie moOymoBaHO i30TEPMIYHHI IMepepi3 mpu
200°C Ta BUABIEHO IiCHYBaHHS ceMH MOTpiHHUX croilyk 71— MgNip+Gagx
(ctpykrypuuit Tunm MgCu,), t,— MgNiGa (ctpykrypuuii T MgZn,), t— Mg,NiGa;
(ctpyktypHuit T MQoMNGag), 7.~ MJoxNigGays.y (cTpykTypHuii TN BracHuii, Fd-
3m, a = 19,8621(6) A), 75— MgNi,Ga, (ctpykrypa HeBimoma), s— MgNi,Gas
(crpykrypuuit Tinm MgCo0,Gas); t— MgNigGas (cTpykTypHuii tun ScFesGag); 75—
MgsNi,Ga (ctpykrypruit Tun MngNi,Si).

Hnsa  cuctemu MQ-Co-Ga Bmepiie moOyaoBaHO 130TEpPMIYHUN — Tepepi3
mgiarpamu  crany mnpu 200 °C. BcraHOBIEHO iCHYBaHHS YOTHPHbOX HOBHUX
IHTepMeTaliliB, sIKi € HOBUMH CTpyKTypHuMH Turnamu: 7;.— MgCo,Gas (mpoctoposa
rpyna Pnnm, a =6,2486, b=6,6652, c=6,0523 A; r:-— MgCoGa, (P2,/c,a=5,1505(2) A,
b=7,2571(2) A, ¢=8,0264(3) A, p=125571(3); 74~ Mg74C0Gays, (Cmcm,
a=4,9868(9), b= 25,959(4), ¢=8,0508(11) A); 75— Mgo 40C0Gag 15 (R-3m, a=4,9296(2),
c=12,0744(7) A).

[TobynoBanuii 13orepMiunuii nepepiz cucremu Mg-Mn-Ga npu 200 °C Ta
BCTAHOBJICHO ICHYBaHHSI IIECTH MOTpidHUX crnonyk: 7.— MgMn,Gayg (BracHumii
CTpYKTypHU# THII), T,— MgMn,Gas (ctpykryphuii Tunm MgCo,Gas), 73 — MgMnGa;
(BmacHuWid CTpyKTYpHHU THI), T/— MQMng;Gass (tum MgzZn,), 75 — Mg,MnsGas
(ctpykrypuuit Tun CusZng), te— Mg.Mn,Ga (ctpykrypuuii tun -Mn). Jlns miei
CHCTEMHU BCTaHOBJICHO CTPYKTYpPYy HOBUX CTPyKTypHHX TumiB Mg,MnGaz; (Cmcm,
a=5,4324(1), b=8,6959(3), c=8,5858(2) A) ra MgMn,Ga;s (P4/mmm, a=8,3116(9),
c=9,944(2) A).



B mocmimkenux cucremax Mg-{Mn, Co, Ni}-Ga BcranoBieHi o6aacri
TOMOTEHHOCTI TepHApHUX ()a3 Ta BH3HAYCHA PO3UYMHHICTH TPETHOTO KOMITOHEHTA Y
6iHapHux (pazax. HaitbinpImn npoTs>KHUME € TBEPAl pO3YMHU Ha OCHOBI (a3 Jlaseca.

Oxpim onmcanux Buile ¢a3zoux piBHoBar y cucremax Mg-{Mn, Co, Ni}-Ga
pemra cuctem Mg-{Mn, Fe, Co, Ni}—{Al, Ge, Sn} ta Mg-{Fe}-Ga BuBuanucs Ha
mpeIMeT YTBOPEHHS TEPHAPHUX CHONYK. B mOCHiKeHNX Ta CIOPiIHEHUX CHCTEMax
METOJaMd MOHOKpHCTaja Ta IMOPOIIKY MiATBEP/PKEHO ICHyBaHHA 14 BigoMux Ta
3HaleHo 38 HOBUX IHTEPMETATIYHUX CIOJYK. [l BCIX CHHTE30BaHMX HOBUX
CTHOJYK BU3HAYEHO KPUCTATIUHI CTPYKTYPH, SIK1 HaJIeKaTh 10 29 CTPYKTYPHHUX THUIIIB,
8 3 SIKUX € HOBUMH.

Binbmricte OCHIKEHUX CHOIYK HAJCKUTHh A0 JABOX POJWH 1HTEpPMETaNiIiB.
Ilepma — moxigui Big ¢a3 JlaBeca, Ta apyra — KIacTepHI I1HTEpMeETaIIH.
Bcranosineno, mo y 6inapuux ¢asax JlaBeca 34aTHICT 3aMIIIATH aTOMU MEPEXiTHUX
metamie (Mn, Co, Ni, Cu Tomo) Ha p-enementu (Al, Ga, Ge, Sn To110) NMpU3BOAUTH
70 3MiHM KOHIeHTpanii BajeHTHHX ejekTpoHiB (VEC) 1 cnpuuuHse yTBOpeHHS
HEBIOPSIKOBaHUX TOTpiHUX (a3 JlaBeca abo ix moximaux. Y cucremi Mg-Ni-Ga
CTpyKTypHi nepexoau ¢a3 Jlaseca 31 3minoto VEC croctepiranucs B po3pisi 33 at.%
Mg. V oinapniii ¢asi Jlabeca MgNIi, (rekcaronansua, P63/mmc, hP24) nocrymoge
saminienHs atromiB Ni Ha Ga npuzBoauth 10 yrBopeHas MgNi; ¢Gag 4 (Trmy MgCus,),
MgNiy 5Gag 75 (tum MgZn,) ta MgNipsGa; s (a6o Mg,NiGaz, pombiuHa moxigHa
tuty MgZn,) notpiitaux ¢asu JlaBeca. Y cucremi Mg-Co-Ga oxepxaHo Tpu HOBI
MgCoGa, Mg 74C0Gags; 1 Mg 49C0Gag 15 siKI TakoXX HallekaTh 10 POoauHU (a3
JlaBeca. Ili crpykTypu moB’si3ani 3 Bimomumu (asamu JlaBeca, ocoOnmBO 3
noasiiiHOI0 M@Zn, i notpiitaumu Mg,MnGas i Mg(Cuy.Aly),. I'ekcaronanbHa ¢asa
MgCoGa kpuctamidyerbcsi SIK HEBIOPSAKOBaHA CTPYKTypa 3 MAaTEPUHCHKUM
cTpykrypHuM THoM MQ@Zn,. PomGiuna ctpyktypa Mgy 74C0Gag s, € nedopmoBannm
BapiaHToM 000x (a3 MgZn, 1 URe, 1 Moxe OyTu oTpuMaHa 3 HUX 3a JONOMOTOIO
CXEM MepeTBOPEHHs rpyna—miarpymna gopmanizmy bepriraysena. ¥ nupomy BUNAAKY,
TaKOXX Ha mepmomy etam pombOiunHa ¢asza URe, (Cmcm) moxe OyTtu oTprmaHa 3
rekcaroHanpHoi  ¢asu  MgZn, (P6s/mmc) muisixoM  3HHJKEHHS — CHMETpIi

translationengleiche 3 inmekcom 3 (t3). Ha apyromy erami Bim opropombiunoi URe,



gyepe3 miarpymy klassengleiche (a, 3b, ¢) orpumyerbecs Momens CTpykTypu ¢asu
Mgo 74C0Gays,. AHaii3 MI>XKATOMHHMX BiJICTaHEW MOKa3ye, 110 aTOMHI BIJCTaHI MiX
aTOMaMH MarHil0 JIMCHO 3MEHIIYIOTHCS TiJ Yac MEPEeXoAy BiJl TEKCarOHAJIBHOI 0
POMOIYHOI Ta TPUTOHAIBLHOT CTPYKTYPH, IO CBITYUTH PO YIIUTBHEHHS CTPYKTYPHUX
noxigHux ¢a3z JlaBeca.

Buxopuctano ta po3mIMpeHO KOHIEMIII0 KOOPAWHALIWHUX KOMIUIEKCIB s
OMKCY CKIATHUX IHTEPMETATIYHUX CTPYKTYp. OKpeMi 13 HOBUX IHTEPMETaTIYHHX
cnonyk (MgoNigGays, MgsNi,Ga, MgeLixCuzAl,, Ta MgMn,Gagg) BimHeceHo 10
KJIACTePHUX CTPYKTYpP. Y cTpykTypi MgyNigGa4 atomu rasito Ta HIiKeIo yTBOPIOIOTh
nopoxHi [NigGag] ikocaenpu, siki iHKarcynboBaHi B gojckaeapu [M(yo], sAki 1ie
iHKarcysiboBaHi B QynepeHonoaioHi ycideni ikocaeapu [NigGasy]. Otxke, ckian
TPHOOOJIOHKOBOTO Kiactepa MokHa 3amucath K [NigGag@Mg,@NigGay,] 1 #ioro
niametp nopisHioe 14,304 A. TloniOHi KnacTepu CHOCTEpIraloThes s TEPHAPHOTO
BITOpsIIKOBaHOTO amoMiHiay MQsLinCuisAlyy, sSkuii Takok MOXHa OIKCATH K
TproOoaoHKOBHI ikocaeapuunuii kinactep [CUAlL@LixCu,@Alg]. YV kmactephiit
ctpyktypi MQsNiGa noposxHiii oktaeap [Mgg] iHKancyI»0BaHUM y FeKCaroHaIbHY
antunpusmy [Ni;,Gag] 3 nmricTbMa 101aTKOBUMH aTOMaMH, IEHTPYIOYMMH OCHOBY Ta
Oiuni rpaHi. I{g aHTHOpU3Ma IIe iHKancysidboBaHa B Kiactep [MQses] a6o [MQz4412]
(mceBmopoMOOKYyOOOKTaeAp), 00’ €THYIOUNCH Ii TP OOOJIOHKH YTBOPIOIOTH KjacTep
[Mgs@Niy,Gag@Mgss]. Y cronyii MgsNi,Ga posmip knactepa ctanosuts 13,571 A.

Knacrepna crpykrypa MgMn,Ga,g Takox ckiIagaeTbest 3 TpbOX 000JOHOK, SIKi
YTBOPEHI1 JHUIIE aToMaMy Taiito. ATOMM Tajil0 MepIioi KOOpAWHAIIMHOI chepu
yTBOPIOIOTh OKTanmekaeaAp [MgGag] HaBkomo artoma Maruito. llei okramekaenp
IHKanCy/IbOBaHUKM y KiacTep ikorekcaeapa [Gas,] i 3HOBY iHKamnCylIbOBaHWH Y
n’stukoHTaoktaeap [Gas). Takum dYMHOM, TPHOOOIIOHKOBHI KJacTep MOKHA
npeacraButy y Burisiai [MgGas@Gaz@Gayg]. JocmimkeHHsS bOro KJIaCTEPHOTO
IHTEpMETaNIly JO3BOJWJIO BIEpIle BCTAHOBUTH JBAa TUIM HOBUX MOJieApiB: 32-
BepmmHHUK  (ikorekcaenp) Ta  40-BepmmHHUK — (MIEHTAaKOHTAOKTAENp),  SIKi
3YCTPIYAIOTHCS y KIACTEPHUX CIOJTYKaX.

HNocmipkenuit HoBuil pombOiuHa crpykTtypHud Ttun MQCo,Gas 13 saxum

i3ocTpyktypHi e MgNi,Gas i MgMn,Gas noxomuts Bin 6inapHoi da3zu CoGas uepes



translationengleiche 3amwxenns cumetpii Bix P4,/mnm mo Pnnm, e npu3BoauTth 10
TOro, IIO aTOMHA MO3HIlisA 4C PO3IICIUTIOEThCS Ha JABI OKpemi mo3mmii 2C 1 2d.
Crpykrypauit tTun MQCo0,Gas iCTOTHO BIAPI3HSIOTHCS BiJ I1HIIKUX BigoMux ¢as
notpiiiaux cuctem Mg—Co/Ni—Ga, takux sk Mgs;Co0,Ga;, MgCoGa,, ¢das JlaBeca
(MgNiy 25Gag 75 Ta MgNiy 6Gag 4), MgoNigGays Ta MgsNi,Ga, 0co6sinBO 3 TOUKH 30py
KoopauHalii atomiB mepeximaux MertamiB (Co Ta Ni). Maibke B ycix panimre
nocaimkenux (azax Mg—Co/Ni—-Ga koopauHalis aTOMIB IMEPEXiAHUX METaliB €
ikocaeapuunoro, Toai sk y MgCo,Gas ta MgNi,Gas koopaunaiiis aromis Co ta Ni
TPUTOHATBHO-TIPU3MATHYHA.

Kpucranoximiunuii aHajgi3 1 TOPIBHSIHHS HOBOTO CTPYKTYPHOTO THILY
MgCoGa, 3 panime BimoMumH (azaMu IMOKa3ylOTh, IO CTPYKTypa MOXe OyTH
OTpHMaHa MOHOKIIIHHOW0 aedopmamiero pomOiuyamx tumiB FesC ta YPd,Si uepes
TpaHCIALINHE 3HIKSHHS CUMETPIi.

CTpyKTypHI DOCIiPKeHHs iHTepMeTaniaiB Maruiio 3 Al, Ge ta Sn moka3yroTb,
10 MOXYTb YTBOPIOBATUCS CHOJYKH OJHAKOBUX CKJIIB, ajie p13HOi CTPpYyKTypH. Tak,
repmani MgMngGeg Ta ctarnin MgMngSng kprucTai3yroThCsl y CTPYKTYpPHOMY THITI
MgFesGeg, HaTroMicTe MgFegGag HamexuTs 10 Tty SCFegGag.

Jlist cunTe30BaHMX (a3 MPOBENCHO OCIHIKEHHS MAarHiTHUX BJIACTHBOCTEH.
HariGinpm 1ikaBumu  BusBWIKCS cnoiayku  Mg,Mn,Al ta MgMn,Gag. dazy
Mg,Mn,Al, sika KpUCTaTi3yIOThCs y CTPYKTYpHOMY TuIi [3-MnN, MOXKHA BiJTHECTH 110
M'sKuX (epoMarHeTukiB. Ha OCHOB1 pe3ysibTaTiB BUBYEHHS 3aJ€KHOCTI MarHiTHOI
COPUMHATIMBOCTI BiJ TeMIEpaTypud 1 KPUBUX HAMarHi4eHHs BUSBIEHO, IO MAJiA
cnosiyku MgMn,Gag criocTepiraeTbcsi B OCHOBHOMY TMO3UTHBHA CIIPUHHSATIUBICTD,
AKa HE 3aJIeXKUTh BiJ TemnepaTypu (mapamarnerusm llayni) B intepBani Bin 6 K 10
300 K. Pi3ke mamiHHs CHpUUHATIMBOCTI HUxkYe 6 K 13 giaMarHiTHOIO MOBEAIHKOIO
BKa3ye Ha iCHYBaHHS HaAMPOBiIHOCTI HIK4e 6 K.

3a 1OMOMOTI0I0 €JIEKTPOXIMIYHUX JOCIIKEHb BUITPOOYBAHO 1HTEPMETAIIHN 13
CTpyKTyporo Tuny ¢a3 JlaBeca B SKOCTI aHOTHUX MaTepialliB sl XIMIYHUX JKEpeE
ctpyMmy. OpmepkaHi pe3yiabTaTH TOKa3ajiv, M0 iM XapaKTepHa BHUCOKAa PO3psIHA
emMHicTh (10 80 MA‘'TOA/T), €JIEKTPOIM JIETKO AaKTUBYIOTHCS, IO JI03BOJISIE

BUKOPUCTOBYBaTH iX B pEaJIbHUX METAIOTIPUAHMX JDKepenax cTpyMmy. l'a3oBe



TiIpYyBaHHS TaKOX MIATBEPIKYE X BUCOKY cOpOLiiiHy eMHicTh A0 2,5 Bar % Hy.
Bcranosneno, mo s ¢a3 JlaBeca 3amimieHHs1 d-MeTany p-eJIeMEHTOM IOKPAIIye

abcopOIiiiHy €EMHICTb.

Knrwuoei cnoea: HeopraHiuHi CHOJYKH, CHHTE3 IHTEPMETATIYHHMX CIOJYK,
CIUTaBH MarHito, 0d-eJIeMEHTH, P-C€JICMCHTH, PEHTTCHIBCHKHI aHali3, PeHTICHIBChKa
CIIEKTPOCKOMis, aiarpamMu (a3oBUX piBHOBAr, KpUCTaJdidyHa CTPYKTypa, €JIEKTPOHHA
CTPYKTypa, XIMIYHHMM 3B'SI30K, HAAMPOBIIHICTH, T1APOreHCOPOIitHI BIACTUBOCTI,

MAar”iTHI BJIACTHUBOCTI.



ABSTRACT

Pavlyuk N.V. Interaction of magnesium with lithium, d-metals (Mn, Fe,
Co, Ni) and p-elements (Al, Ga, Ge, Sn). — Manuscript copyright.

Thesis for the Doctor of Philosophy degree in specialty 102 Chemistry (field of
knowledge 10 Natural Sciences). — Ivan Franko National University of Lviv, Lviv,
2023.

The work is devoted to the study of the physicochemical interaction of
magnesium with lithium, 3d-transition metals (Mn, Fe, Co, Ni) and p-elements of 11l
and IV groups with the aim of creating new materials with high hydrogen sorption
capacity suitable for use in hydrogen storage systems, in metal-hydride batteries and
as promising magnetic materials.

Along with traditional materials, alloys based on light metals such as
magnesium, lithium, aluminum, and others are widely used in modern production.
They are widely used in the aviation, automotive and metallurgical industries.
Magnesium is also used as an alloying admixture in various materials to improve
their mechanical properties, increase corrosion resistance and to create ultra-
lightweight alloys. Recently, chemical current sources based on magnesium
electrodes have been intensively researched in order to use them in metal hydride and
magnesium ion batteries. The peculiarity of magnesium alloys is their high hydrogen
sorption capacity up to 9 wt.%, which makes them promising materials for hydrogen
storage.

The method of synthesis and heat treatment of magnesium alloys has been
developed. The synthesized alloys were investigated by a complex of
physicochemical methods, such as X-ray phase and structural analysis, scanning
electron microscopy, energy dispersive spectroscopy, a complex of electrochemical
studies, gas and electrochemical hydrogenation, and the study of magnetic properties.

The thesis presents experimental results from the study of the interaction of
components in the ternary systems Mg-{ Mn, Fe, Co, Ni}-{Ga, Al, Ge, Sn} and Mg-



Li-Al, crystal and electronic structures, electrochemical, sorption, magnetic and
electrical properties of magnesium-based ternary phases.

For the Mg-Ni-Ga system, an isothermal section at 200 °C was constructed for
the first time and the existence of seven ternary compounds z;— MgNiy.Gay
(structure type MgCu,), 7.— MgNiGa (structure type MgZn,), 7~ Mg,NiGas
(structure type Mg.MnGas ), 7.~ MQoexNigGays, (new structure type, Fd-3m,
a =19.8621(6) A), s— MgNi,Gay, (structure unknown), 7— MgNi,Gas (structure type
MgCo,Gas); -— MgNigGag (structure type ScFesGag); 7s— MgsNi,Ga (structure type
Mn3Ni,Si).

For the Mg-Co-Ga system, for the first time, an isothermal section of diagrams
at 200 °C was constructed. The existence of four new intermetallics, which are new
structure types, was established: z;.— MgCo,Gas (space group Pnnm, a=6.2486,
b=6.6652, ¢=6.0523 A; s~ MgCoGa, (P2,/c, a=5.1505(2) A, b=7.2571(2) A,
c=8.0264(3) A, p=125.571(3); t4— My 74CoGay s, (Cmcm, a=4.9868(9), b=25.959(4),
c=8.0508(11) A); 75— Mg 49C0Gag 15 (R-3m, a=4.9296(2), c=12.0744(7) A).

An isothermal section of the Mg-Mn-Ga system at 200 °C was constructed and
the existence of six ternary compounds was established: z,.— MgMn,Ga;s (new
structure type), r.— MgMn,Gas (structure type MgCo,Gas), 75— Mg,MnGa; (new
structure type), .~ MgMn, ;Ga; 3 (MgZn, type), s— Mg,Mn¢Gas (CusZng structure
type), re— Mg.Mn,Ga (B-Mn structure type). The phases Mg,MnGa; (Cmcm,
a=5.4324(1), b=8.6959(3), ¢=8.5858(2) A) and MgMn,Ga;z (P4/mmm,
a =8.3116(9), c = 9.944(2) A) are new structure types.

In the studied phase diagrams of Mg-{Mn, Co, Ni}-Ga systems, regions of
homogeneity of ternary phases were established and the solubility of the third
component in binary phases was determined. The most extensive are solid solutions
based on Laves phases.

In addition to the above-described phase equilibria in the Mg-{Mn, Co, Ni}-Ga
systems, the rest of the Mg-{Mn, Fe, Co, Ni}-{Al, Ge, Sn} and Mg-{Fe}-Ga
systems were studied for formation of ternary compounds. In the studied and related
systems, the existence of 14 known and 38 new intermetallic compounds was

confirmed by single crystal and powder methods. Crystal structures belonging to 29



structural types, 8 of which are new, have been determined for all synthesized new
compounds.

Most of the studied compounds belong to two families of intermetallics. The
first — derivatives of Laves phases, and the second — cluster intermetallics. It was
established that in binary Laves phases, the ability to replace atoms of transition
metals (Mn, Co, Ni, Cu, etc.) with p-elements (Al, Ga, etc.) leads to a change in the
concentration of valence electrons (VEC) and causes the formation of disordered
ternary Laves phases or their derivatives.

In the Mg-Ni-Ga system, for the Laves phase structural transitions with a
change in VEC were observed in the section of 33 at.% Mg. In the binary Laves
phase MgNi, (hexagonal, P6s/mmc, hP24), gradual replacement of Ni atoms by Ga
leads to the formation of MgNi;¢Gags (MgCu, type), MgNi;sGag 75 (MgZn, type)
and MgNiysGa, s (or Mg,NiGas, a orthorhombic derivative of the MgZn, type) of the
ternary Laves phase. In the Mg-Co-Ga system, three new MgCoGa, Mg, 74C0Gag s,
and Mg 49C0Gag 15, Which also belong to the family of Laves phases, were obtained.
These structures are related to known Laves phases, especially the binary MgZn, and
the ternary Mg,MnGa; and Mg(Cu.,Aly),. The hexagonal MgCoGa phase
crystallizes as a disordered structure with a parent structure type of MgZn,. The
orthorhombic structure of Mg,74CoGags, Is a deformed variant of both MgZn, and
URe, phases and can be obtained from them using the group-subgroup
transformation schemes of the Barnighausen formalism. In this case, also in the first
step, the orthorhombic phase URe, (Cmcm) can be obtained from the hexagonal
phase MgZn, (P6s/mmc) by lowering the translationengleiche symmetry with index 3
(t3). At the second stage, a structure model of the Mg, ,4C0oGays, phase is obtained
from the orthorhombic URe, through the klassengleiche subgroup transformation (a,
3b, ¢). The analysis of interatomic distances shows that the atomic distances between
magnesium atoms do decrease during the transition from hexagonal to orthorhombic
and trigonal structures, which indicates the structural compaction of the derivative
Laves phases.

The concept of coordination complexes was used and expanded to describe

intermetallic complex structures. Some of the new intermetallic compounds



(MgoNigGays, MgsNi,Ga, MgeLinCuysAls, and MgMn,Gayg) are classified as cluster
structures. In the MggNigGay, structure, gallium and nickel atoms form empty
[NigGag] icosahedra, which are encapsulated in [Mg,] dodecahedra, which are
further encapsulated in fullerene-like truncated [Ni;gGay,] icosahedra. Therefore, the
composition of the three-shell cluster can be written as [MgGa; @ Gasz, @ Gayo] and its
diameter is 14.304 A. Similar clusters are observed for the ternary ordered aluminide
MgeLixCuisAlyy, Which can also be described as a three-shell icosahedral cluster
[CuAl,@LiyCu,,@Alg]. In the MgsNi,Ga cluster structure, an empty [Mge]
octahedron is encapsulated in a [Ni;,Gag] hexagonal antiprism with six additional
atoms centering the base and side faces. This antiprism is further encapsulated in a
[Mgss] or [Mg.4+10] cluster (pseudorhombocuboctahedron), combining these three
shells to form a [Mgs@Ni,Gas@Mgss] cluster. In the MgsNi,Ga compound, the
cluster size is 13.571 A.

The cluster structure of MgMn,Gayg also consists of three shells, which are
formed only by gallium atoms. The gallium atoms of the first coordination sphere
form an octadecahedron [MgGas] around the magnesium atom. This octadecahedron
IS encapsulated in an icohexahedron [Gas,] cluster and re-encapsulated in a
pentacontaoctahedron [Ga40]. Thus, the three-shell cluster can be represented as
[MgGa;s@Gasz,@Gasg]. The study of this cluster intermetallic made it possible to
establish for the first time two types of new polyhedra: 32-vertex (icohexahedron)
and 40-vertex (pentacontaoctahedron), which are found in cluster compounds.

The investigated new orthorhombic structure type MgCo,Gas with which
MgNi,Gas and MgMn,Gas are also isostructural can be related from the binary phase
CoGa;z due to the translationengleiche reduction of symmetry from P4,/mnm to
Pnnm, this leads to the fact that the atomic position 4c is split into two separate
positions 2c and 2d. The structure type of MgCo,Gas differs significantly from other
known phases of Mg—Co/Ni—Ga ternary systems, such as Mg;Co,Ga;, MgCoGa,,
Laves phases (MgNi;ysGag7s and MgNiigGags), MgoNisGa, and MgsNiGa,
especially from the point of view of coordination atoms of transition metals (Co and

Ni). In almost all previously studied Mg—Co/Ni—-Ga phases, the coordination of



transition metal atoms is icosahedral, while in MgCo,Gas and MgNi,Gas, the
coordination of Co and Ni atoms is trigonal-prismatic.

Crystallochemical analysis and comparison of the new structure type
MgCoGa, with previously known phases show that the structure can be obtained by
monoclinic deformation of orthorhombic types Fe;C and YPd,Si due to translational
reduction of symmetry.

Structural studies of magnesium intermetallics with Al, Ge and Sn show that
compounds of the same composition, but different structure, can be formed. Thus,
germanide MgMngGegs and stannide MgMn¢Sng crystallize in the structure type
MgFesGes, whereas MgFesGag belongs to the ScFesGag type.

Magnetic properties were studied for the synthesized phases. The most
interesting compounds were Mg,Mn,Al and MgMn,Ga;g. The Mg,Mn,Al phase,
which crystallizes in the B-Mn structure type, can be classified as soft ferromagnets.
Based on the results of studying the dependence of magnetic susceptibility on
temperature and magnetization curves, it was found that for the compound
MgMn,Ga,g there is mainly a positive susceptibility that does not depend on
temperature (Pauli paramagnetism) in the range from 6 K to 300 K. A sharp drop in
susceptibility below 6 K with diamagnetic behavior indicates the existence of
superconductivity below 6 K.

With the help of electrochemical studies, intermetallics with a Laves phase
type of structure were tested as anode materials for batteries. The observed results
showed that they are characterized by a high discharge capacity (up to 80 mAh/g), the
electrodes are easily activated, which allows them to be used in real metal hydride
batteries. Gas hydrogenation also confirms their high sorption capacity up to 2.5 wt
% H,. It was established that for Laves phases, the replacement of d-metal by p-
element improves the absorption capacity.

Keywords: Inorganic compounds, synthesis of intermetallic compounds,
magnesium alloys, d-elements, p-elements, X-ray analysis, X-ray spectroscopy,
diagrams of phase equilibria, crystal structure, electronic structure, chemical bond,

superconductivity, hydrogen sorption properties, magnetic properties.
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