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Anotacija

Promocijas darba izstrades ietvaros tika veikta elektrokimiska raksturoSana Bi»Ses
planam kartinam, Bi,Ses/SWCNT un Bi>Ses/MXene/SWCNT heterostruktaram, lai izpétitu ta
iespgjamo pielietojumu ka anoda materialu litija (LIB) un natrija (SIB) jonu baterijas.
Sintezéto Bi>Ses plano kartinu veiktsp&ja pirmo reizi tika testéta un aprakstita LIB un SIB
sisttmam, izmantojot tidens elektrolitus. Papildus tam, tika izstradati jauna tipa
bez-saistvielas heterostruktiiru anoda elektrodi uz Bi2Ses, SWCNT un MXene komponensu
bazes (Bi2Ses/SWCNT, Bi,Ses/MXene/SWCNT) ar uzlabotam fizikalam un elektrokimiskam
1paSibam. Doto heterostruktiiru elektrokimiska raksturoSana tika veikta LIB un SIB sistemas,
izmantojot netidens elektrolitus. Tika sintezeti vairaki heterostruktiru materiali ar dazadam
materiala komponensu (Bi2Ses, SWCNT, MXene) koncentraciju attiecibam, lai atrastu
optimalo masas koncentracijas attiecibu ar visaugstako veiktsp&ju. legiitie rezultati paradija
Bi>Ses plano kartinu iesp&jamo pielietojumu LIB sistémas, izmantojot litija Gdens elektrolitu,
pateicoties augstai veiktsp&jai baterijas uzlades/izlades laika. Sintez€to heterostruktiru
materialiem piemit ievérojami augstaka veiktsp€ja, kas parsniedz Iidz $im bridim citu zinamu
anoda materialu raksturlielumus, paradot ta potencialo pielietojamibu LIB un SIB sisteémas.

Atslégas vardi: litija jonu baterijas, natrija jonu baterijas, anoda materials, bismuta selenids
(Bi2Sez), viensienu oglekla nanocaurulites (SWCNT), MXene (Ti3C2), nanostrukturésana,
elektrokimiska raksturoSana, bateriju veiktspgja
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Apziméjumu saraksts

CV — cikliska voltamperometrija

CNT — oglekla nanocaurulites

CNF — oglekla nanoskiedras

CPE — konstanas fazes elements

DEC — dietilkarbonats

EC — etilénkarbonats

EDX — energijas dispersijas rentgenstaru spektrometrs
EES — energijas uzkrasanas tehnologija

EIS — elektrokimiskas impedances spektroskopija
FEC — fluoretilénakarbonats

GCD — galvanostatiska uzlade/izlade

LIB - litija jonu baterijas

MWCNT - daudzsienu oglekla nanocaurulites
PC — propilénkarbonats

PVD - tvaiku fizikala nogulsnéSana

SEI — cieta elektrolita starpfazu slanis

SEM — skengjosais elektronu mikroskops

SIB — natrija jonu baterijas

STEM — skengjosa transmisijas elektronu mikroskops
SWCNT - viensienu oglekla nanocaurulites

TEM — transmisijas elektronu mikroskops

XRD - rentgendifraktometrs

XPS — rentgenstaru fotoelektronu spektrometrs



levads

Pedgjo 20 gadu laika efektivu bateriju izstrade ir kluvusi par svarigu mérki visa
pasaulg, jo tiem ir liela nozime ne vien pielietojumiem parnésajamas iericés (mobilie telefoni,
portativie datori, u.c.) un elektroautomobilos, bet gan ari v&ja un saules elektrostacijas, kur ir
svarigi $o energiju uzkrat, uzglabat un transportét talak [1,2].

Jau kops 1991. gada, litija jonu baterijas (LIB) doming pasaules tirgii, ka vienas no
visefektivakam energijas uzkraSanas tehnologiju (EES) veidiem un to pieprasijums arvien
pieaug [3,4]. 2017. gada globalais LIB tirgus bija ~11 miljardi eiro, bet 2023. gada tas ir
palielinajies Iidz pat 65 miljardiem eiro. Galvenas LIB priekSrocibas salidzinajuma ar
svina-skabes un nikela-hidrida baterijam ir augstais Stinas kopgjais spriegums (~3,7 V),
augsta uzlades/izlades veiktsp&ja (>2000 cikli), ka arT to draudzigums apkart&jai videi [5-7].

Ka viens no kandidatiem, kas tuvakaja nakotné varétu aizvietot LIB ir natrija jonu
baterijas (SIB). SIB izstradei ir lielaka perspektiva neka LIB, jo natrija krajumi pasaul€ ir
daudz lielaki par litija, kas var potenciali samazinat izmaksas liela m&roga bateriju razoSana
[8]. Gan natrijam, gan litijam ir lidzigas kimiskas un fizikalas pasibas, tomér natrijam ir
lielaks jonu radiuss, molmasa un standartpotencials, kas noved pie mazaka energijas blivuma,
kalpoSanas laika un sliktakas apgriezeniskas kapacitates [9,10]. Tacu neskatoties uz Siem
trikumiem, SIB ir salidzinosi zema pasizlade neka LIB [9].

LIB un SIB bateriju izveidei tiek izmantoti organiskie elektroliti, kas no riska
viedokla ir ugunsnedrosi un spradzienbistami saskaré ar gaisu [11,12]. Tadgjadi, So risku
mazinasanai, ka alternativa biitu aizstat tos ar adens elektrolitiem. Sads risindjums ir ne tikai
videi draudzigaks un drosaks, bet arT spgj ievérojami samazinat razoSanas izmaksas. Uz doto
bridi $adas baterijas vél nav komercializétas butisku trikumu dgl, t.i. zems sprieguma
diapazons (~1,23 V), zema uzlades/izlades veiktsp€ja un tdens sadalianas [13,14]. Tacu
pedgjo piecu gadu laika, pieaugot plasai interesei par dazadiem EES veidiem, tas ir veicinajis
dazadu anodu materialu p&tijumus natrija un litija Gdens elektrolitos [15-17].

Ka viens no perspektivakiem anoda materialiem LIB un SIB ir bismuta selenids
(BizSes). Sis materials ir ar unikalu slanainu struktiru [18,19], kam piemit augsta jonu
vadamiba un siltumvaditsp&ja [20]. Bi>Ses ir augsta elektrovaditsp&ja [21], liels blivums [22]
un augsta teorétiska kapacitate [21], kas lauj izmantot So materialu mazo izméru elektrisko
ieri€u razoSana. Slanveida BixSes kristaliska strukttira nodro$ina litija un natrija jonu
parvietoSanos interkalacijas/deinterkalacijas procesu laika [18,19,23]. Tacu ka viens no
galvenajiem Bi,Ses trikumiem ir strauja tilpuma izplesanas, ka arT seléna $kisana elektrolita
bateriju darbibas laika, kas var radit elektroda degradaciju un baterijas veiktsp&jas
samazinasanos [21,24,25].

Turklat, ir svarigi piebilst, ka petijumi par Bi:Ses izmantoSanas iesp&jam ka
anodmaterialu LIB un SIB sistemas uz tidens elektrolitu bazes lidz Sim bridim nav veikti, lidz
ar to, tas tiek realizets promocijas darba izstrades ietvaros.

Lai vargtu uzlabot Bi,Sez (aktiva materiala) fizikalas un elektrokimiskas pasibas, to
var modificét izmantojot dazadus oglekla allotropus (graféns [26], oglekla nanocaurulites
(CNT) [27], u.c.). Viena no visplasak pielietotakam nanostrukturéta Bi>Ses (Bi>Ses/graféns



[25], CNTs@C@BiSez [28], u.c.) sagatavoSanas metodém ir mehaniska maisijuma
(suspensijas) sagatavosana un ta uzklasana uz stravas kolektora (piem., vara vai aluminija)
[29]. Tacu ar $adu metodi veidotos anodos ir raksturigi nestabili mehaniskie un elektriskie
kontakti starp elektroda veidojosiem materialiem, kas var ievérojami samazinat ta veiktsp&ju
[29,30].

Ka viena no alternativam $iS problémas risinaSanai promocijas darba ir realizeta tiesa
aktiva materiala nanostrukturéSana ap bez-saistvielas strukttras tiklojumu, kuru veido
viensienu oglekla nanocaurulites (SWCNT) ar labu elektrovadamibu [31]. Lai varétu panakt
Bi2Ses veiktsp&jas uzlabosanu, to var nanostrukturét apkart SWCNT tiklojumam izmantojot
tvaiku fizikalo nogulsnésanas (PVD) metodi. Sadam nanostrukturé$anas panémienam ir
sekojosas prieksrocibas:

1. Veidojas tiess elektriskais un mehaniskais kontakts starp BixSes un SWCNT
tiklojumu, tad€jadi nodrosinot labaku elektrovadamibu, kas ievérojami palielina
elektrokimisko veiktsp€ju;

2. Elastiga un poraina SWCNT “buckypaper” tipa tiklojums nodroSina materiala
noturibu pret izpleSanas un sasaurinasanas procesiem uzlades/izlades laika;

3. Bi>Sez nanostrukturéSana kopa ar SWCNT ftiklojumu ievérojami palielina
uzlades/izlades kapacitati.

Turklat, lai varétu panakt veél augstaku Bi,Ses veiktsp&ju, tad kopa ar SWCNT var
izmantot art MXene (Ti3C>), kas ped&jo gadu laika ir radijis plasu rezonansi energétikas joma
[32,33], pateicoties ta unikalam ipasibam (lielam Tpatn€jam virsmas laukumam, augstai
clastibai un elektrovaditsp&jai [34,35]). Veicot Bi;Ses nanostrukturésanu ap MXene/SWCNT
maisijumu tiek panakta vél augstaka veiktspgja, jo:

1. MXene nodroSina augstu strukturalo stabilitati nanostrukturétam Bi>Ses, ka rezultata
tiek sasniegta augsta kapacitate baterijas uzlades/izlades laika;

2. Porains SWCNT tiklojums novér§ MXene nanoslanu savstarp&jo salipSanu, ka ar1
nodroSina stabilu elektrovadoSo pamatni Bi>Sez augsanai;

3. TieSs mehaniskais un elektriskais kontakts starp nanostrukturéto Bi2Ses un
MXene/SWCNT tiklojumu nodroSina ne tikai iev€rojami augstu kapacitati, bet ari
pasarga MXene no oksidésanas.

Promocijas darba meérkis

Izpétit Bi>Ses plano kartinu elektrokimiskos raksturlielumus Gdens elektrolitos, ka ari
izstradat jauna tipa Bi2Ses/SWCNT, Bi2Ses/MXene/SWCNT heterostruktiiru anodus LIB un
SIB sistemam.



Promocijas darba uzdevumi

1. Sintezet un izpétit Bi>Ses plano kartinu elektrokimiskas 1pasibas litija un natrija tidens

elektrolitos, lai novertétu to izmantoSanas iesp&jas ka anoda materialu LIB un SIB
sisteémas;

Izstradat jauna tipa bez-saistvielas Bi>Ses/SWCNT un Bi2Ses/MXene/SWCNT
heterostrukturu anoda elektrodus ar uzlabotam fizikalam un elektrokimiskam
1pasibam,

Veikt elektrokimiskas veiktspgjas test€Sanu Bi2Ses/SWCNT un
Bi2Ses/MXene/SWCNT heterostruktiram LIB un SIB sistémas, lai novértétu doto
anodu lietoSanas perspektivas.

Zinatniska novitate

1. Pirmo reizi ir paraditas Bi2Ses plano kartinu izmantoSanas iesp&jas litija un natrija

udens elektrolitos;
Izstradati jauna tipa bez-saistvielu Bi2Ses/SWCNT un Bi2Ses/MXene/SWCNT
heterostruktiru elektrodi LIB un SIB sistemam;

. Aprakstiti reakciju mehanismi, kas atspogulo elektrolita un anoda materialu

savstarp&jo mijedaribu (jonu interkalacijas/deinterkalacijas procesi, jonu un elektronu
parnese u.c.).

Praktiska nozime

Tiek piedavati jauna tipa bez-saistvielu Bi.Ses/SWCNT un Bi>Ses/MXene/SWCNT

heterostruktiru elektrodi ar uzlabotam fizikalam un elektrokimiskam 1paSibam. Doto

heterostruktiru veiktsp€ja ievérojami parsniedz Sobrid praks€é zinamu anoda parametrus,

demonstréjot ta potencialo pielietojumu LIB un SIB sistémas, ka ari ta iesp&jamu

komercializaciju.
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1. Literaturas apskats

1.1. Litija un natrija jonu bateriju raksturojums

Litija jonu baterijas (LIB). Jau kops 1991.gada LIB tiek uzskatits ka viens no
efektivakiem energijas uzkrasanas tehnologijas (EES) veidiem [3,4]. Laiku gaita LIB ir
ien@mis verienigu vietu pasaules tirgl, tadejadi klustot par paterétaju galveno izveli,
pateicoties to galvenajam ipasibam: augsts spriegums (~3,7 V), augsts energijas blivums
(>270 Wh kg') un ilgs kalposanas laiks (>2000 uzlades/izlades cikli) [5-7]. LIB tiek
izmantots ne tikai parn€sajamas ieric€s (mobilie telefoni, datori utt) [4,36] un
elektroautomobilos [37], bet ari lielméroga stacionaros akumulatoros, v&ja un saules
elektrostacijas, kur ir svarigi sarazoto energiju uzkrat, uzglabat un transportét [38]. Par anoda
materialu LIB izmanto grafitu, kas ir ekonomiski izdevigs (875 $ par 1 tonnu), ka arT tam
piemit augsta stabilitate un elektrovaditsp&ja (3-10° S mt). Tacu grafitam ir zema teorctiska
kapacitate (372 mAh g), kas nakotné var ievérojami ierobezot LIB pieprastjumu [39,40].
Sadu tendenci var radit strauja augsto tehnologiju attistiba, kas var izraisit plau pieprasijumu
péc arvien jaudigakam EES. Ka perspektivs anoda materials LIB sisttmam ar ievérojami
augstu teorétisko kapacitati varétu kalpot litijs (3860 mAh g?1) [41] vai silicijs
(4200 mAh g1) [42], kas par ~10-11 reizém parsniedz grafita teorgtisko kapacitati. Tacu Siem
anodmaterialiem ir izteikti zema elektrovaditsp&ja, ka ari zema Li* difuzija, kas pasliktina
LIB veiktspgju [41,42]. Turklat, misdienas litija izstrade saskaras vél ar butiskiem
tehnologiskiem sarezgljumiem (razoSanas izmaksas, bistamiba apkartéjai videi, minimalas
utilizacijas iesp&jas u.c.), kas ievérojami kave to attistibu piclietojumam anoda loma [43].
Tadgjadi, ir svarigi izvéleties un izstradat tadu anoda materialu, kas ne tikai sp&tu nodroSinat
augstu uzlades/izlades kapacitati ilgstosa baterijas darbibas laika, bet ar1 biitu mehaniski
stabils un ar labu elektrovaditspeju. So problému risinasanai, pédejo 10 gadu laika tiek plasi
pétiti visdazadakie anoda materiali (TiX2 (X= O, S, Se) [44], SnO2 [45], MnO [46], MoS>
[47] u.c.), kas var€tu ievérojami uzlabot LIB veiktsp&ju [48].

Natrija jonu baterijas (SIB). Neskatoties uz to, ka starp dazadiem bateriju veidiem
(svina-skabes baterijas, sarma akumulatori, u.c.), LIB tiek izmantots visplasak ikdiena, tomér
ta vienmér augoss pieprasijums bitiski sadardzina razo$anas izmaksas [12,49]. Litija rezerves
Zemes garoza tiek krasi izsmeltas, ka rezultata ievérojami palielinas izmaksas par Li2CO3
minerala iegadi (2010.gads — 5 180 $ par 1 tonnu, 2022.gads — 37 000 $ par 1 tonnu) [50].
Tik negativa tendence, galvenokart, ir saistita ar nepiecieSamibu péc alternativiem EES
veidiem. SIB var uzskatit ka potencialu alternativu LIB, pateicoties to savstarp€ji lidzigam
kimiskam un fizikalam 1pasibam [51]. Pie tam, natrija klarks Zemes garoza ir krietni vien
lielaks neka litijam (Na — 2,83 %, Li — 0,01 %), kas padara SIB razo$anu par ekonomiski
izdevigu [8]. Uz doto bridi SIB attistibas Iimenis atpaliek no LIB. Galvenais iemesls tam ir
saistits ar natrija lielu radiusu (1,06 A) un atommasu (23 g mol?), kas ir liclaks neka litijam
(radiuss 0,76 A; atommasa 6,9 g mol™) [9,52]. Na* interkalacijas/deinterkalacijas procesu
laika notiek ievérojamas tilpuma izmainas, ka rezultata pasliktinas elektroda struktiira, kas
ietekmé baterijas veiktsp&ju (piem., samazinas uzlades/izlades kapacitate un kalpoSanas laiks)
[9,10]. SIB veiktsp&jas uzlabosanai tiek veikti vairaki pétijumi, kas ietver elektrodu
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(katodu/anodu), elektrolitu un separatora modific€Sanu vai to aizstasanu ar efektivakiem
analogiem. Uz doto bridi SIB sistémai ir piemekl&ti vairaki potenciali katoda materiali
(NaxVO2, VO2 [53], NaFeO: [54] u.c.) ar augstu veiktsp&ju, kas varétu tikt izmantoti doto
bateriju izstradei. Savukart, dazadu anodu materialu izstrade ar uzlabotam fizikalam un
Kimiskam 1ipasibam ir sastapusies ar bitiskiem sarezgijumiem (zema jauda, zema
uzlades/izlades veiktspgja, tilpuma izplesanas [55]), kas kavé SIB attistibu [56]. Lidzigi ka
LIB gadijuma, metaliskais natrijs varétu kalpot ka potencials anodmaterials SIB sistémai,
pateicoties ta ievérojami augstai teorétiskai kapacitatei (1166 mAh g) [57], tacu bitisku
tehnologisko ierobezojumu dél (bistamiba apkartéjai videi, zema elektrovaditspgja,
minimalas utilizacijas iesp&jas u.c.) tas netiek izmantots [58]. Pieméram, uz doto bridi, ka
viens no potencialakiem anodmaterialiem SIB sistéma tiek uzskatits TiO pateicoties ta
augstai teorctiskai kapacitatei (335 mAh g! [59]) un stabilitatei, tau ta zema
elektrovaditsp&ja un Na* parnese izraisa butisku kapacitates kritumu, pasliktinot baterijas
veiktspgju [60-62].

LIB un SIB sistemas ka elektroliti tiek izmantoti attiecigo elementu neorganiskie sali
(piem., LIB — LiPFs, SIB — NaClOy), izskidinati organiskos $kidinatajos (piem.,
etilenkarbonata/dietilkarbonata  vai  propilénkarbonata/fluoretilénkarbonata  maisijuma)
[11,12]. ST veida elektroliti saskarsmé ar gaisu ir nestabili, jo ir viegli uzliesmojo§i un
spradzienbistami, radot risku apkartgjai videi [63]. Sads riska faktors ir loti augsts bateriju
bojajumu vai defektu gadijumos, kad tiek skarts struktiiras hermétiskums. Pie tam, LIB un
SIB tiek izgatavoti slégtajos boksos inerta (argona) atmosféra, kas ievérojami sadardzina
razoSanas izmaksas [64]. Ka viena no alternativam, lai mazinatu Sos riskus, ir aizstat litija un
natrija organiskos elektrolitus uz tdens elektrolitiem, izmantojot tideni SkistoSu attiecigu
elementu salus: LIB — LiCl, LiNOs [13], SIB — NaCl, NaNOs [65]. So bateriju sistemu
pirmsakumi ir mekl&jami jau 1994. gada, kad kanadieSu zinatnieks Dahn ar savu pétnieku
grupu pirmo reizi demonstréja LIB sistému uz litija Gidens elektrolita bazes (5 M LiNO3),
izstradajot LiMn204/VO2(B) (katods/anods) bateriju $tinu. Sada baterijas sistéma uzradija
~1,5 V lielu spriegumu ar energijas blivumu 75 Wh kg, kas par ~2 reizém parsniedza svina-
skabju baterijas (30 Wh kg') [66]. Tomeér uz ilgu laiku, pétfjumi par tdens elektrolitu
izmanto$anu bateriju izstradg tika partraukti sekojosu iemeslu dél: zems sprieguma diapazons
(~1,23 V), zema uzlades/izlades veiktsp&ja un Gidens sadaliSanas, kas biitiski ierobezoja doto
bateriju komercializaciju [13,14]. Tac¢u péd&jo 5 gadu laika ir pieaugusi ari interese péc
Iétam, droSam un videi draudzigam EES, radot plaSu interesi par udens elektrolitu
izmantoSanas iesp&jam ne tikai LIB, bet ari SIB sistémas [15-17]. Uz doto bridi ir panakts
ievérojams progress katodu materialu izstradé [64] ar uzlabotam kimiskam un fizikalam
IpaSibam, kas ir paredzétas tidens elektrolitu izmantosanas ietvaros: LIB (LiFePO4, LiCoOy,
LiMn204 [13] u.c.), SIB (NazFeP.O7, M0oOs, NaxVTi(POa4)3 [65] u.c.). Tacu ari Seit anodu
materialu izstrades pétijumi fidens elektrolitos ir butiski kavejusi LIB un SIB attistibas [imeni
sekojoSu iemeslu dél: zema uzlades/izlades kapacitate, 1ss kalpoSanas laiks, ka ar1 strauja
kapacitates samazinaSanas [17,64,67]. Lai nodroSinatu Dbaterijas sist€émai stabilu
uzlades/izlades veiktsp€ju ir svarigi izv€l&ties pareizu tidens elektrolitu. Ka vieni no visplasak
izmantojamiem tdens elektrolitiem ir LiNOs (LIB) un Na;SOs (SIB). No stabilitates
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viedokla, LIB sistémai LiNO3 ir elektrokimiski stabilaks neka LiCl un Li2SO4 [68], ka arT tas
ir pagatavojams augstas koncentracijas lidz pat 9 M skidumam, kas sp€&j nodrosSinat augstaku
Li* mobilitati [69,70]. Neskatoties uz to, ka SIB sisttma Na»>SOs ir loti plasi izmantojams,
tatu ta galvenais trikums ir anjonu (SO4%) augsta reagétsp&ja. Izmantojot doto elektrolitu
kopa ar bismuta klases savienojumiem (Bi,Ses, Bi»S3 u.c.), tas var izraisit uz elektroda
virsmas  dazadu  kristalhidratu ~ veidoSanos  (Bi2(SO4)3-:3H20,  Bi2(S04)3-3,5H20,
Bi2(S04)3-7H20) [71], kas var negativi ietekm&t anoda materiala struktiiru, Samazinot
baterijas veiktsp&ju. Tadgjadi, dotas problémas risinasanai, ka alternativs tdens elektrolits
SIB sistémai var kalpot NaNOs .

1.2. Bismuta selenida (Bi2Ses), oglekla nanocaurulisu (CNT)
un MXene kompozitmaterialu raksturojums, to savstarpéja
mijiedarbiba un pielietojums

Bismuta selenids (Bi»Ses) ir bismuta halkogenida (Bi2X3 X = S, Se, Te) klases
savienojums, kas tiek plasi izmantots vairakas jomas (termoelektriskos sensoros,
fotodetektoros, optiskajos filtros, u.c.) [20]. Dotajam materialam piemit augsta teorctiska
kapacitate (491 mAh g*?) [21], augsts blivums (7,47 g cm™) [22] un laba elektrovaditsp&ja
(108 S cm™) [21], padarot Bi,Ses par perspektivu anoda materialu LIB [19,21] un SIB [72]
sistémas. BixSes ir ar unikalu slanveida struktiiru (perpendikulari trigonalai C-asij), kas sastav
no pieckartigiem atomu slaniem veidojot elementarsanu (---Se-Bi-Se?>-Bi-Se---), kur starp
Se! atomiem S§ie slani tiek savstarpgji saistiti ar vajam Van der Valsa saitem (1.1. att.) [18,19].
So pieckartigo atomu slana biezums ir ~1 nm, kas nodrosina pilnvértigu Li* un Na*
interkalacijas/deinterkalacijas procesu norisi [23]. Tacu vél joprojam ievérojama tilpuma
izplesanas un seléna $kiSana paliek par galveno izaicinajumu, kas kavé Bi»Ses praktisko
pielietojumu ka anodu LIB un SIB sistémas, samazinot bateriju veiktsp&ju. Ta rezultata
notiek anoda materiala degradacija un strauja uzlades/izlades kapacitates samazinasanas
[21,24,25]. Turklat, petijumi par Bi>Ses izmantoSanas iesp&jam ka anoda materialu tidens
elektrolitu videé LIB un SIB sistémas lidz $im bridim nav veikti.
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1.1. attels. Bismuta selenida (BizSes) kristalrezga struktiira.

Lai vargtu uzlabot anoda elektrokimisko veiktsp&ju, ka viens no panémieniem ir to
nanostrukturé$ana ar oglekla allotropiem ka pieméram, izmantojot grafénu [26], oglekla
nanocaurulites (CNT) [27] vai oglekla nanogkiedras (CNF) [73]. ST metode ievérojami uzlabo
anoda materiala veiktsp&ju, nodroSinot elektrodam augsti vadosu strukturalu mugurkaulu
[74,75]. Starp vairakiem oglekla allotropu veidiem, tieSi viensienu oglekla nanocaurulites
(SWCNT) ir piesaistijusas lielu interesi ka bez-saistvielas materials, kas paredzéts anodu
nanostrukturéSanai pateicoties to porainibai, augstai virsmas/tilpuma attiecibai, stiepes
izturibai (>60 GPa) [76], ka arT elektrovaditsp&jai (10’ S cm™), kas ir gandriz par divam
pakapem augstaka neka daudzsienu oglekla nanocaurulittm (MWCNT) (10° S cm?) [31,77].
Pec strukturas, SWCNT sastav no vienslana salocitam grafita loksném, veidojot
viendimensionalas (1D) cilindriskas formas caurulites (1.2. att.) [31]. Veicot aktiva materiala
nanostrukturéSanu kopa ar poraino SWCNT tiklojumu, var ievérojami uzlabot ta veiktsp&ju,
paaugstinot mehanisko stabilitati, elektrovaditsp&ju, ka arl nodrosSinat augstu noturibu pret
butiskam tilpuma izmainam [78,79].

Viensienu oglekla Daudzsienu oglekla
nanocaurulites nanocaurulites
(SWCNT) (MWCNT)

1.2. attels. Oglekla nanocaurulisu (CNT) shematiskais attelojums.
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Ka vienu no bez-saistvielas materialiem anoda nanostrukturéSana var izmantot ari
MXene, kas pédgjos gados ir radijis plasSu rezonansi energétikas joma [32,33,80]. MXene ir
divdimensiju (2D) parejas metalu karbida un karbonitrida klases savienojumi ar visparigo
formulu Mn+1XnTx, kur M — parejas metalu grupas elements, X — C un/vai N,
T — funkcionalas grupas (-OH, —F un/vai —O) un n = 1, 2 vai 3 [81,82]. Pateicoties to lielam
Ipatn&jam virsmas laukumam, augstai elastibai un elektrovaditspgjai [34,35], tie ir kluvusi par
perspektivu anoda materialu lietoSanai LIB sistémas [83-85]. Savukart, MXene pielietojums
SIB sistémas ir stipri ierobezots, kas ir saistits ar agregatu veidoSanos, savstarpgjo salipSanu
[86,87] un saméra zemu starpslanu telpu (0,977 nm) [32,88], kas nav pietiekami, lai
nodro$inatu pilnvértigu Na* parnesi [87] liela jonu radiusa dél (1,02 A) [89,90]. Starp
dazadiem MXene klases savienojumiem, tie$i titana karbidam (TisC2) [91,92] ir vislielaka
teorétiska kapacitate (~320 mAh g*) [93], kas var bt Iidz pat divam reizém augstaka, ko
nodro$ina divkar$a litija atomu slanu veido$anas starp MXene plaksnitém [94]. Tacu,
neskatoties uz augstu teorétisko kapacitati, realitaté TisC. var sastavét no visdazadakam
funkcionalam grupam, kas iev€rojami samazina sakotnjo kapacitati (piem.,
TisC2(OH)2 — 130 mAh gt [95], TisCoFs — 67 mAh gt [96] “LIB sistemas”). Tadgjadi, $o
trikumu noveérSanai, ka inovativs panémiens biitu MXene modificéSana kopa ar CNT, kas var
kalpot ka stabils mugurkauls aktivam anoda materialam, nodroSinot augstu kapacitati,
mehanisko stabilitati un elastigumu [82].

Viena no visplaSak pielietotakam nanostrukturéta anoda sagatavoSanas metodém ir
mehaniska maisijuma (suspensijas) sagatavoSana un ta uzklasana uz stravas kolektora (piem.,
var§ vai aluminijs). Mehanisko maisijumu sagatavo sajaucot anoda aktivo vielu kopa ar
bez-saistvielas materialu noteiktas proporcijas. So metodi plasi pielieto gan dazadu elektrodu
pétijumu ietvaros, gan ari industrija [29]. Izmantojot So metodi, LIB sist€ma ir veikti pétijumi
par Bi>Ses nanostrukturésanu kopa ar dazadiem oglekla allotropiem (Bi.Ses/graféns [25],
CNTs@C@Bi2Ses [28], Bi2Ses/CNF [97] u.c.). legitie rezultati paradija, ka salidzinajuma ar
Bi>Ses ka anodmaterialu, nanostrukturésana ar oglekla allotropiem ievérojami palielina
uzlades/izlades kapacitati, ka arT ta darbibas ilgumu [25,28,97]. So pasu nanostrukturéta
anoda sagatavoSanas metodi plasi izmanto ari SIB sistému pétijumos: Sb/Sb,0s3-C [98],
CNT@SnO,@PPy [99] un SeP@HCG [100]. Lai ar mehaniska maisijuma sagatavos$anas
metodi varétu izstradat augstas kvalitates elektrodus ir stingri jakontrol€ un jaoptimize vairaki
procesa parametri (mehaniska maisijuma maisiSanas atrums, stravas kolektora parklaSanas
atrums, zaveSanas temperatiira u.c.). Ja tas netiek ieverots, tad gala rezultata izstradatais
anoda materials ir ar butiskiem defektiem (piem., trauslums, mehaniskas plaisas,
nevienmerigs elektroda biezums), izraisot nestabilu mehanisko un elektrisko kontaktu starp
elektrodu un stravas kolektoru, kas ievérojami Samazina ta veiktsp&ju [29,30]. Tacu
ieveérojamu progresu varétu panakt ar aktiva materiala tieSo nanostrukturéSanu apkart
bez-saistvielas struktiiras tiklojumam, kas var ievérojami uzlabot anoda materiala veiktsp&ju.
Salidzinajuma ar mehaniska maisijuma sagatavoSanas un uzklasanas metodi, §1 metode lauj
panakt ievérojami augstaku anoda materiala veiktsp€ju pateicoties sekojosam prieksrocibam:
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1. TieSs elektriskais un mehaniskais kontakts starp aktivo materialu un

bez-saistvielas materiala tiklojumu, nodro$ina augstu elektronu un ladinu parneses
kingtiku. Turklat, §ada nanostrukturéta anoda materiala konstrukcija nodroSina
augstu jonu parneses efektivitati un jonu migraciju starp elektrolita/elektroda
robezvirsmu baterijas darbibas laika;

Aktiva materiala nanostrukturéSana ap bez-saistvielas materialu sp€ nodroSinat
noturibu pret tilpuma izpleSanas procesiem, noverSot aktiva materiala degradaciju
un ta atdaliSanu no stravas kolektora pamatnes ilgstosa baterijas darbibas laika;
Nanostrukturéto anoda materialu razoSanas izmaksas ir zemakas neka ar
mehanisko maisTjumuma sagatavoSanas un uzklaSanas metodi. Turklat,
nanostrukturétiem anoda elektrodiem ir zema aktivas vielas masa, ka arl tiem
piemit augsta elastiba un lokaniba [101].



2. Eksperimentala dala
2.1. Bi;Ses un to heterostruktiiru sintéeze

Nanostrukturétas BiSes planas kartinas tika sinteztas uz stikla pamatnes
izmantojot tvaiku fizikalo nogulsnésanas (PVD) metodi (2.1. att). Detalizétaks Bi.Ses plano
kartinu sintézes apraksts ir apkopots publikacijas Nr.1 (2-3 .Ipp) un Nr.2 (2-3 .Ipp).

Krasns

Manometrs
( \ Ventilis

‘@ —
1 J\
Rotacijas

Stikla pamatne siiknis
(390-470 °C)

Slapekla
gazes balons

\

Bi,Se,
(585 °C)

2.1. attels. Shematisks attélojums tvaiku fizikalai nogulsné$anas (PVD) iekartai, kas paredz&ts
nanostrukturéto Bi»Ses plano kartinu sintézei.

Bi,Ses/SWCNT heterostruktiiras tika sintez&tas uz vara stravas kolektora pamatnes
izmantojot izsmidzinasanas un PVD metodi (2.2. att) sekojosas Bi.Se::SWCNT masu
attiecibas: LIB — (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB — (1:5), (1:2), (1:1), (2:1), (5:1).
Detalizetaks Bi,Ses/SWCNT heterostruktiiru sintézes apraksts ir apkopots publikacijas Nr.3

(2 .Ipp) un Nr.4 (2 .Ipp).
2. POSMS
Bi,Se, sintéze izmantojot tvaiku

fizikalo nogulsnésanas metodi

Uzptinata SWCNT tiklojuma un
1. POSMS Bi,Se; novietosana kvarca
SWCNT uzputinagana caurulg
Suspensijas pagatavo$ana v
(SWCNT tiek sajaukts ar ) Bi,Se; nogulsnésana uz SWCNT

izopropanolu un homogenizets) fikloiuma

v Sintézes programma:
i) pakapeniskatemperatiras paaugstindsana lidz 585 °C

;= ii) temperatiras uzturésana (585 °C) uz 15 min (2-3 Torr),
G&N Cp;r UZF:l.ﬁ:nasana tUZ) iii) pakapeniska atdzesésana lidz 470 °C
uzkarsietas stikia pamatnes

Sintezéta Bi,Se;/SWCNT
heterostruktiras piestiprinadana uz
vara stravas kolektora pamatnes

2.2. attels. Shematisks attélojums Bi2Ses/SWCNT heterostruktiiru sintézei.

Bi>Ses/MXene/SWCNT heterostruktiiras tika sintezétas uz vara stravas kolektora
pamatnes izmantojot izsmidzinasanas un PVD metodi (2.3. att.). Péc dotas metodes tika
sintezéti  vairaki  Bi;Ses/MXene/SWCNT  heterostruktiru materiali ar sekojosam
Bi>Ses:MXene:SWCNT masu attiecibam: LIB — (1:1:1), (1:1:2), (1:2:2), (1.5:0.5:2), (2:1:1),
(0.5:15:2), SIB - (2:1:1), (1:2:2), (1:2:1). Detalizetaks Bi>Ses/MXene/SWCNT
heterostruktiiru sintézes apraksts ir apkopots publikacijas Nr.4 (2 .Ipp ) un Nr.5 (2-3 .1pp).
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MXene (TisC B>
ene (Ti;C,) ¥ o YN
> D> > ¥
Suspensijas MXene/SWCNT >
pagatavosana 98 % maisijuma
izopropanola uzputinasana uz
uzkarsétas (~150 °C) Bi,Se;
SWCNT stikla pamatnes nogulsnésana
izmantojot PVD
metodi
Aktiva materiala - s _
. Aktiva materiala Nanostrukturéts
(Bi,Se;/MXene/SWCNT) (Bi,Se,/MXene/SWCNT) Bi,Se;

piestiprinasana uz vara stravas

atdaliSana no stikla pamatnes
@ kolektora pamantes@

2.3. attels. Shematisks att€lojums Bi>Ses/MXene/SWCNT heterostruktiiru sintézei.

2.2. Sintezéto anoda materialu elektrokimiska
raksturosana

2.2.1. Elektrokimisko Stinu raksturojums

Nanostrukturétam Bi:Sez planajam kartinam elektrokimisko mérfjjumu veik$anai
litija (5 M LINO3) un natrija (1 M NaNOg) tdens elektrolitos, tika izmantota laboratorija
izstradata triselektrodu elektrokimiska stna (2.4. att.): Ag/AgCl (salidzinasanas elektrods), Pt
stieple (paligelektrods), sintezétas Bi»Ses planas kartinas (darba elektrods). Detalizétaks
triselektrodu elektrokimiskas $tinas apraksts ir apkopots publikacijas Nr.1 (3 .Ipp) un Nr.2

(3 .Ipp).

Salidzinasanas elektrods Paligelektrods

Ag/AgCI (3 M KCI) SN ‘T - +— Platina stieple

.. Elektrolits
Augséja dala 5M LiNO;/ 1 M NaNO, Skrive

(Teflons PTFE) \

Bi,Se; planas kartinas Gumijas
gredzens

Apakséja dala . o
(kompozitmaterials Vara stieple, kas piestiprinata ar
CEM-3) sudraba vaditspéjigu krasu

2.4. attels. Laboratorija izstradata triselektrodu elektrokimiska Siina.

Bi2Ses/SWCNT un Bi>Ses/MXene/SWCNT  heterostruktiiru elektrokimisko
procesu analizei tika izmantotas CR2032 pusStnas (2.5. att.). Sintez&tie heterostruktiru
materiali tika izmantoti ka anods, bet litija (LIB sistémai) un natrija (SIB sist€mai) folijas
kalpoja ka katods. Par separatoru tika izmantots attiecigi polipropiléna “Celgard” pléve (LIB
sisttma) un stikla mikroSkiedras separators (SIB sistéma). Ka elektroliti tika izmantoti
1 M LiPFs skidinats etilénkarbonata/dietilkarbonata (EC/DEC) maisijuma (LIB sistéma) un
1 M NaClO4 skidinats propilénkarbonata/fluoretilénakarbonata (PC/FEC) maisijuma (SIB
sistema). Detalizétaks CR2032 pusStnas apraksts ir apkopots publikacijas Nr.3 (3 .Ipp) Nr.4

(2 .Ipp) un Nr.5 (3 .Ipp).

21



............. Korpuss
(Pozitivs pols)
""""""""""""""""" Atspere
e — Starplika

e Anods
Elektrolits (Bi,Se;/SWCNT; Bi,Se;/MXene/SWCNT)

LIB-1MLPFs | Separators

(EC/DEC 1:1) | LIB - Celgard pléve
SIB -1 M NaCIO, i SIB — Stikla mikroskiedras separators
(PCIFEC 1:1) Lo - Katods
"""""""""""""""" LIB — Li folija
SIB — Na folija

§ % o KoOTpUSS

(Negativs pols)

2.5. attels. CR2023 pussiinas uzbiives sheéma.

2.2.2. Elektrokimisko procesu raksturosanai izmantotas iekartas un
to rezimi

Elektrokimisko procesu raksturosanai tika izmantots potenstiostats “PalmSens 4 un
baterijas testéSanas sist€tma “BioLogic BCS-800” (Kimiskas fizikas institits, Latvijas
Universitate, Latvija) sekojo$os reZimos:

1. Cikliska voltamperometrija (CV) — okdsidésanas/reducésanas reakciju noteikSana un
to apgriezeniskuma novértéSana, kapacitativo un diftzijas-kontroléto procesu
ieguldijuma novertésana, diftizijas koeficientu aprékinasana;

2. Galvanostatiska uzlade/izlade (GCD) — dazadu anoda materialu veiktsp&jas analize
pie dazadiem stravas blivumiem, noteikto uzlades/izlades ciklu garuma;

3. Elektrokimiskas impedances spektroskopija (EIS) — elektrokimisko izmainu
raksturoSana uzlades/izlades veiktsp€jas test€Sanas laika.

2.3. Anodu materiala morfologijas un kimiska sastava
raksturosana

Bi2Ses plano Kkartinu, Bi2Ses/SWCNT un Bi2Ses/MXene/SWCNT heterostruktiiru
morfologijas un kimiska sastava raksturoSanai, pirms un p&c uzlades/izlades veiktspgjas
test€Sanas, tika izmantotas sekojosas analizes metodes:

1. Skengjosais elektronu mikroskops (SEM) “Hitachi FE-SEM S-4800, Marunouchi”
sajugts kopa ar energijas dispersijas rentgenstaru spektrometru (EDX) “Bruker
XFLASH 5010” — Kimiskas fizikas institits, Latvijas Universitate, Latvija,;

2. Rentgendifraktometrs (XRD) “Bruker D8 Discover” — Kimijas fakultate, Latvijas
Universitate, Latvija;

3. Rentgenstaru  fotoelektronu  spektrometrs  (XPS)  “ThermoFisher  Escalab
250Xi*” — Cietvielu fizikas institits, Latvijas Universtitate, Latvija,

4. Ramana mikroskops (Renishaw in Via Qontor, Wotton-under-Edge) — Kimijas un
Materialzinatnes fakultate, Aalto Universitate, Somija,;

5. Augstas izSkirtsp&jas transmisijas elektronu mikroskops (TEM) “HR-TEM FEI Titan
Themis 200 — Fizikas Institiits, Tartu Universitate, Igaunija.
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3. Rezultati un to izvertéjums

3.1. Nanostrukturéto Bi;Se; plano kartinu raksturojums
litija un natrija Gdens elektrolitos

3.1.1. Morfologijas un kimiska sastava izvértéjums

Nanostrukturétas Bi>Ses planas kartinas tika sintezétas uz stikla pamatnes izmantojot
tvaiku fizikalo nogulsnésanas (PVD) metodi. Izvéléta sintézes metode nodroSina BizSes
nanoplaksnu augSanu dazados lenkos attieciba pret stikla pamatni (dal€ji nesakartota
orientacija) [102,103], kas ievérojami palielina elektroda virsmas laukumu, nodroSinot ta
efektivu mijiedarbibu ar elektrolitu. Sintez&€to Bi»Ses nanoplak$nu izméri ir robezas no
1,0-8,0 um (3.1.a att.), tacu pasu plano kartinu biezums ir apm&ram 350 — 500 nm.
Izvértejot iegtito SEM-EDX spektra (3.2.b att.) rezultatus, var novérot sekojosos signalus: Bi,
Se — sintez&tas Bi,Ses planas kartinas, Si, O, C — fona signals, kas nak no stikla pamatnes.
Aprekinata Se/Bi atomara attieciba (1,44+0,03) ir tuva teorétiskai (1,50), kas norada uz
Bi>Ses stehiometriju. Iegiita rentgendifrakcijas aina (3.1.c att.) pulverveida Bi»Ses norada uz
ta romboedrisko (R-3m) kristalisko struktiiru (Kartites Nr. PDF 01-085-9274) ar sekojoSiem
kristalrezga parametriem: a = b = 4,13850 A: ¢ = 28,62400 A. Papildus var novérot ari
kubiskas (123) sistémas (a = b = ¢ = 10,08000 A) y-Bi,O3 (Kartites Nr. PDF 01-074-1375),
kas var€ja izveidoties oksid€joties Bi>Ses, ko iesp&jams vargja veicinat palielinats virsmas
laukums péc ta nokasiSanas no stikla pamatnes, tadgjadi klastot vairak paklautam apkartgjas
vides oksidésanai.

(o
40 000 m Nokasits pulverveida Bi,Se;
m Romboedrisks Bi,Se, (PDF 01-085-9274)
® Kubisks y-Bi,O, (PDF 01-074-1375)
30 000
& ‘
E
2 20 000-
2
I |
800 10000
o ] r
-— ] |
T 600 L LA ' \
D i bl L,_JJ T, uﬂwLMbN,lm
S ] 10 20 30 40 50 60 70
£ 4007 Se 20r°
- ] Bi
2004 ©
1C
O_
0 1 2 3
Energija, eV

3.1. attels. a — SEM atteli BiSes planam kartinam uz stikla pamatnes, b — SEM-EDX spektrs Bi>Ses
planam kartinam uz stikla pamatnes, ¢ — rentgendifrakcijas aina pulverveida Bi,Ses, kas ir nokasits no
stikla pamatnes.
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3.1.2. Elektrokimisko procesu raksturosana litija un natrija Gdens
elektrolitu vide

Cikliskas voltampérliknes BiSes planajam kartinam 5 M LINOs (3.2.a att.) un
1 M NaNOs (3.2.b att.) elektrolitos tika uznemtas potenciala diapazona no -1,0 V Iidz 1,3 V
(pret Ag/AgCI) ar izverses atrumu 0,25 mV s, Ta ka Li* un Na* reage Iidzigi ar BizSes, tad
abu elektrolttu gadijumos, stravas maksimumu izkartojums ir 11dzigs. Kopuma var noveérot
divus katodiskos (I, II) un Cetrus anodiskos (III, IV, V, VI) stravas maksimumus. Maksimumi
I un T norada uz Li* un Na* interkalacijas/deinterkalacijas procesiem, kas norisinas Bi>Ses
starpslanu telpa (3.1) [23,104]. Savukart, maksimumi II un IV norada uz apmainas reakciju
starp Bi>Sez un Li>Se/Na>Se (3.2) [105,106]. Anodiskais stravas maksimums V, iesp&jams,
var noradit uz NOz™ parveidosanos NO2™ forma (3.3) [107], tacu izskidusa O klatbiitng, tas
atri vien oksidg€jas atpakal NOs™ forma [108]. Pec 1. uzlades/izlades cikla (furpmak teksta tiek
izmantots termins ‘“cikls”), var novérot neapgriezenisko stravas maksimumu VI, kas norada
uz cieta elektrolita starpfazes (SEI) slana izveido$anos uz elektroda virsmas [109]. Dotais
slanis veidojas elektrolitam reaggjot ar izSkiduso O2 un CO: veidojot: Li* — Li,O (3.4) un
Li»CO3 (3.5) [110,111]; Na* — Na20 (3.6), Na202 (3.7) un Na,COsz (3.8) [112]. No 1. lidz
3. ciklam var novérot stravas maksimumu nobidi lielaka potenciala virziena, kas iesp&jams ir
saistits ar SEI slana stabilizacijas procesu lidz bridim, kamér visa elektroda virsma netika
parklata ar SEI slani. Péc 3. cikla stravas maksimumu nobide netiek novérota, kas var noradit
uz SEI slana stabilizacijas procesa beigam.

Bi,Se; + xM* + xe~ <> M [Bi,Ses]*~ (M = Li,Na) (3.1)
Bi,Ses + 6M* + 6e~ < 3M,Se + 2Bi (M = Li,Na)  (3.2)
NO; + 2H* + 2e~ - NO5 + H,0 (3.3)

SEI slanis 5 M LiNO3 gadijuma SEI slanis 1 M NaNQO3 gadijuma
4Na* + 0, + 4e~ - 2Na,0 (3.6)
2Na* + 0, + 2e” - Na,0, (3.7)
2Lit + ;02 + C0, + 2e~ - Li,C0O5 (3.5) 4Na* + 3C0, + 4e~ —» 2Na,C0 (3.8)

ALi* + 0, + 4e~ - 2Li,0 (3.4)

24



80 5 M LiNO;, 1M NaN03
I vi

40 v — 1. Cikls
< 0 v — 2. Cikls
= ) — 3. Cikls
— -40 — 4. Cikls

-80 : 5. Cikls

-120

-1,0-0,5 0,0 0,5 1,0
E, V (pret Ag/AgCl)

-1,0-0,5 0,0 0,5 1,0
E, V (pret Ag/AgCl)

3.2. attels. Bi,Ses plano kartinu iegitas cikliskas voltampérliknes potenciala diapazona no -1,0 V lidz
1,3 V (pret Ag/AgCl) ar izvérses atrumu 0,25 mV s izmantojot: a—5 M LiNOs, b — 1 M NaNOsa.

Li*/Na* interkalacijas (I) un deinterkalacijas (I11) procesu mehanismu noteikSanai,
tika uznemtas cikliskas voltampérliknes, mainot izvérses atrumu diapazona no 0,1 lidz
1,0mV st (3.3. att.). Abu elektrolitu lietoSanas gadijumos (5 M LiNO; — 3.3.a att.,
1 M NaNOs — 3.3.b att.), tika izveléts analizét 3. ciklu, kas atbilst stabila SEI slana
izveidoSanai.

A 5MLINO, b 4 M NaNo,
80 I 80 n
40 — 0,1mVs’ 40
< 0 — 025mVs’ 0
=+ -40 — 05mvs! = -40
~ 80 08mvst .80
:1%8 | 1,0mv-s™’ -120 |
-200 -160

-1,0-0,5 0,0 0,5 1,0
E, V (pret Ag/AgCl)

-1,0-0,5 0,0 0,5 1,0
E, V (pret Ag/AgCl)

3.3. attels. Bi>Ses plano kartinu iegitas cikliskas voltampérliknes (no -1,0 V lidz 1,3 V pret Ag/AgCl)
péc 3. uzlades/izlades cikla izvérses ar atrumu diapazona no 0,1 mV s? lidz 1,0 mV s
a—5M LiNOs, b -1 M NaNOs.

Domingjosas stadijas (kapacitativo vai difuzijas-kontroléto procesu) noteikSanai tika
izmantots Semerana kritérija vienadojums (3.9), kur i — stravas maksimuma augstums
noteiktai elektrokimiskai reakcijai (mA), v — izvérses atrums (mV s?), a un b — pielagojamie
mainigie [113,114].

i=a-vP (3.9)
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Konstrugjot vienadojumam (3.9) logaritmisko grafiku log(i)=f(log(v)) (3.4. att.), no
linearas  regresijas  vertibas  noteica  b-koeficientu  vértibas  Li* un  Na*
interkalacijas/deinterkalacijas procesiem. Ja b-koeficienta vértiba ir < 0,5, tad tas norada uz
difuzijas-kontroléto procesu nozimigumu, bet, ja ta ir robezas 0,5 < b < 1,0, tad uz
kapacitativiem procesiem [113,114]. Abu elektrolitu gadijumos, aprékinatas b-koeficientu
vertibas ir robezas no 1,16-1,28 (Li*) un 0,90-0,98 (Na*), kas norada uz bitisku kapacitativo
procesu ieguldijumu (pseido-kapacitate un elektriska dubultslana kapacitate).

a : b
5 M LiNO, .1 MNaNO;
] K ] ®
i ,® L o
2-1,0: o0 2\'1,0: &
£ Y £ K2 .
= -1, 5— e = -1, 5— R 4
= S o " ,.’
o 1 & - o ] L
-2,0—_ ® s -2,0-_ K
¢ (1) 1,16+0,05 .+" (1)0,90+0,06
Il + e i +
_25 ()128008 _25 o ()098004
—12 08 04 00 04 —‘|2 08 04 00 0,4
log(v, mVs™) log(v, mV s™)

3.4. attels. b-koeficientu noteik$ana Bi>Ses planam kartinam interkalacijas (I) un
deinterkalacijas (I11) procesu laika, izmantojot funkcionalu sakaribu log(i)=f(log(v)):
a— Li* (izmantojot 5 M LiNOs3), b — Na* (izmantojot 1 M NaNOs).

Lai novertétu kapacitativo un diftizijas-kontroléto procesu ieguldijumu atkariba no
dazadiem izvéreses atrumiem tika izmantots (3.10) vienadojums, kur i(V) — stravas stiprums
pie noteikta potenciala, k1v — kapacitativo procesu ieguldijums un kov — diftizijas-kontrol&to
procesu ieguldijums [115,116].

i(V) = kyv + k,vt/? (3.10)

Kvantitativa (%) procesu ieguldijuma noteikSana péc (3.10) vienadojuma ar1 norada
uz bitisku kapacitativo procesa ieguldijumu (3.5. att.). Pie viszemaka nomeérita izverses
atruma (0,1 mV s) kapacitativo procesu ieguldijums sastada 51 % (Li*) un 40 % (Na*), kas
var noradit, ka Bi,Ses planas kartinas ir paklautas abu mehanismu norisei gan Li* un Na*
difuzijai starp elektrolita/elektroda robezvirsmu, gan ladina parneses procesiem. Savukart,
pakapeniski palielinot izvérses atrumu Iidz pat 1,0 mV s, kapacitativo procesu ieguldijums
kltist arvien nozimigaks sasniedzot lidz pat 78 % (Li*) un 69 % (Na*), noradot uz atru ladina
parneses procesu norisi, kas ir saistits ar ievérojami samazinatu Li* un Na* difuzijas barjeru
interkalacijas/deinterkalacijas procesu laika.
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3.5. attels. Kapacitativo un diftizijas-kontrol&to procesu ieguldijums (%) Bi>Ses planam kartinam
atkariba no potenciala izv@rses atruma, izmantojot ka elektrolitus: a—5 M LiNOs, b — 1 M NaNOs.

Li*/Na* difuizijas koeficientu (cm? s?) vértibas, interkalacijas un deinterkalacijas
procesu laika tika aprekinatas péc (3.11) vienadojuma, kur D — difuizijas koeficients (cm? s1),
slipums — slipuma vertiba, ko nosaka no linearas regresijas vienadojuma, n — elektronu skaits,
kas piedalas elektrokimiskaja reakcija, F — Faradeja konstante (C mol?), A — elektroda
laukums (cm?), C — elektrolita koncentracija (mol cm™), R — universala gazes konstante
(J Kt mol?), T - temperatiira (K) [113].

slipums 2 RT
D = (Gasenraz) () @1

Izmantojot linearas regresijas slipuma vértibas (3.6. att.), tika noteikts, ka Li*
gadijuma difuzijas koeficientu vértibas ir vienas pakapes robezas: interkalacija
(38,3102 cm?s?), deinterkalacija (2,2-10? cm? s?). Savukart, Na* gadijuma diflizijas
koeficientu vertibas starp interkalacijas un deinterkalacijas procesiem atskiras par vienu
pakapi: interkalacija (1,4-101t cm? s1), deinterkalacija (1,1-10%2 cm? s1). Sadu difuzijas
koeficientu vértibu dazadibu interkalacijas/deinterkalacijas procesu laika izmantojot
1 M NaNO:s elektrolttu vargtu izskaidrot ar sekojosu reakcijas mehanismu norisi:

1. Interkalacijas procesu norisi natrija tidens elektrolitu vidé galvenokart nosaka ladina
parnese, ka rezultata tiek nodrosinata efektiva elektronu un Na* parnese uzlades laika.
Savukart, deinterkalacijas process ir atkarigs no elektroda materiala struktiiras
(nehomogenitate, porainiba u.c.), ietekmé&jot Na* difuzijas sp&ju [117];

2. Udens elektrolita notick Na* solvatacija, kas ietekmé interkalacijas/deinterkalacijas
procesu difuziju. Elektroda virsmas tuvuma, solvatétie Na* dal&ji desolvatgjas, kas
nodro$ina to interkalaciju Bi»Ses starpslanu telpa. Ta ka interkalétie Na* ir dal&ji
hidratéti, koordingjoties ar idens molekulam, tad attiecigi ta pozitivs ladins tiek dalgji
ekranéts, kas izraisa 1énaku Na* deinterkalaciju [118].
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3.6. attels. Grafiks 1=f(v¥?) slipuma koeficientu noteik3anai diftizijas koeficientu (cm? st) aprekiniem
prieks interkalacijas (I) un deinterkalacijas (I11) procesiem: a — Li* (izmantojot 5 M LiNO3),
b — Na* (izmantojot 1 M NaNOs).

Lai izvertetu Bi,Ses plano kartinu iespg&jamo pielietojumu ka anoda materialu LIB un
SIB sisttmu udens elektrolitu vide, tika veikti galvanostatiskas uzlades/izlades (GCD)
mérfjumi pie 1 C* (~0,2 A g) 100 ciklu garuma.

Izmantojot 5 M LiINOs elektrolitu (3.7.a att.). Pec 1. cikla Bi>Ses planas kartinas
uzrada saméra augstu sakotngjo kapacitati (uzlade — 985 mAh g%; izlade — 404 mAh g?).
Pirmo 30 ciklu laika var novérot pakapenisko uzlades/izlades kapacitasu samazinajumu,
sasniedzot 30. cikla 226 mAh g (uzlade) un 151 mAh g?! (izlade). Sads pakapenisks
kapacitates samazinajums var biit saistits ar iesp&jamo elektrokimisko un mehanisko SEI
slana degradaciju, ka rezultata dotais slanis klust porainaks, veidojot plaisas uz elektroda
virsmas [119,120]. Tik ievérojamu SEI slana degradaciju galvenokart var izraisit Li2O un
LioCOs (galveno SEI slana komponentu) augsta Skidiba tdens vidé, turklat, ta atkartota
izveidoSanas tiek aprgitinata zema izSkidusa O, un CO; satura dél, kas jau pirms tam tika
patéréts uz SEI slana izveidi 1. cikla laika. No 31. lidz 100. ciklam var novérot, ka
uzlades/izlades kapacitates turpina samazinaties, bet jau ne tik strauji, sasniedzot 100. cikla
108 mAh g (uzlade) un 79 mAh g? (izlade). Kuloniskas efektivitates Iikne parada, ka no
1. Iidz 30. ciklam dotas veértibas pakapeniski palielinas no 41 % lidz 67 %, noradot uz SEI
slana pakapenisko degradacijas mazinasanos, ka rezultata palielinas uzlades/izlades
kapacitates apgriezeniskums. Savukart, talakas uzlades/izlades veiktsp&jas test€Sanas laika,
Kuloniska efektivitate paliek praktiski nemainiga sasniedzot 1idz pat 73 % (100. cikls).

Izmantojot 1 M NaNOgz elektrolitu (3.7.b att.). Salidzinajuma ar veiktspé&jas
test€Sanas rezultatiem, izmantojot 5 M LINOz (3.7.a att), 1 M NaNOs gadijuma
uzlades/izlades kapacitasu vértibas 100 ciklu garuma ir par ~60-104 reizém zemakas. Tik
ievérojami zema veiktspéja var bit saistita ar lielaku Na* radiusu (1,02 A) [89,90],
salidzindjuma ar Li* (0,76 A) [121], ka rezultata, interkalacijas/deinterkalacijas procesu laika
var notikt bitiskas elektroda tilpuma izmainas, izraisot anoda materiala degradaciju

" Atrums, kura baterija tiek uzladéta vai izladeta vienas stundas laika.
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[122,123]. Sis faktors bitiski ietekmé uzlades/izlades veiktsp&ju, kas noved pie pazeminatam
kapacitasu veértibam [124]. Kopuma, uzlades/izlades veiktsp&ja 100 ciklu garuma uzrada
lidzigu uzvedibu ka 5 M LiNOgs elektrolita lietoSanas gadijuma. Péc 1. cikla sakotngjo
kapacitasu vertibas sastada 16 mAh g (uzlade) un 6 mAh g (izlade), ta¢u pec 40. cikla to
vértibas ir samazinajusas par ~5-8 reizém: 1,9 mAh g (uzlade), 1,3 mAh g (izlade). Lidzigi
ka 5 M LiNOs gadijuma, tik strauj§ kapacitates kritums ir saisits ar pakapenisko SEI slana
degradaciju, kur to galvenie komponenti (Na2O, Na202, Na.COzs) ir arT viegli $kistosi Gdens
vide. Péc 40. cikla uzlades/izlades kapacitasu vertibas praktiski paliek nemainigas lidz pat
100. ciklam, sasniedzot 1,7 mAh g (uzlade) un 1,2 mAh g (izlade). No 1. Iidz 40. ciklam
Kuloniska efektivitate palielinas no 37 % lidz 67 %, tacu talakas veiktsp€jas test€Sanas ta
paliek nemainiga un 100. cikla sasniedz 69 %.
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3.7. attéls. GCD mérfjumi BizSes planam kartinam 100 ciklu garuma pie 1 C stravas (~0,2 A g?)
izmantojot: a — 5 M LiNOjs elektrolitu, b — 1 M NaNOs elektrolitu.

Lai izpétitu BirSez plano kartinu elektrokimisko ipaSibu izmainas veiktspgjas
testéSanas laika (3.7. att.), papildus abu elektrolitu (5 M LINOz — 3.8.a att. un
1M NaNO3—3.8.b att) gadijjumos tika veikti ari elektrokimiskas impedances
spektroskopijas (EIS) mérfjumi. Iegiito impedancu hodogrammu raksturo$anai tika izmantota
standarta sléguma shéma (Rendla shéma), kas atspogulo elektrokimiskas ipasibas uz
elektrolita/elektroda robezvirsmas. Papildus tam, dota sléguma shéma tika modificéta
aizstajot kondensatora (C) elementu ar konstantas fazes elementu (CPE), kas raksturo darba
elektroda dubultslana kapacitati un ta virsmas neviendabigumu. Abu elektrolitu (5 M LiNOsg,
1 M NaNOgz) gadijumos, iegiito impedan¢u hodogrammas tika aprakstitas pec vienadam
ekvivalentam sléguma shémam (3.8.c,d att.), kas norada uz lidzigam elektrokimiskam
Ipasibam uz elektrolita/elektroda robezvirsmas.

Krustpunkts ar Z’ asi raksturo elektrolita pretestibu (Rel) (3.8.C att.). Vidgjo frekvencu
diapazona var noverot pusapli, kas raksturo Bi»Ses plano kartinu ladina parneses pretestibu
(Ret). Sléguma kédes papildus esosais elements (CPEc) norada uz BixSes plano kartinu
virsmas neviendabigumu vai ta dubultslana kapacitati. Zemo frekvencu diapazona linearitates
apgabals norada uz Varburga elementu (W), kas raksturo jonu un/vai molekulu difuziju uz
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elektroda robezvirsmas. Izveidojoties SEI slanim uz elektroda virsmas, péc 1. cikla augsto
frekvencu diapazona var novérot papildus pusapli, kas raksturo dota slana pretestibu (Rsgi),
ka arf ta virsmas neviendabigumu un dubultslana kapacitati (CPEsg) (3.8.d att.).

a b

5 M LiNO,4 _ L 1 M NaNQO,
1500 -o- Pirms veiktspéjas 60 1
] < 1. Cikls ]
~ ] . ~ ] 4
c ] 10. Cikls o : 5
= ] 20. Cikls <
N 2007 * 30. Cikls N 207 0
] -+ 50. Cikls _ 0 2 4
0T 100. Cikls 0 —
0 500 1000 1500 60
Z', kQ cm?
(o] Rct d
RF—'l ReI
] ¢ ] ¢ | ¢
1 < 1 < 1 <
CPE,, CPEgg CPE,

3.8. attels. Elektrokimiskas impedances spektroskopijas (EIS) rezultati Bi»Ses planam kartinam tidens
elektrolitu lietoSanas gadijuma: a — Nikvista diagramma izmantojot 5 M LiNOgs, b — Nikvista
diagramma izmantojot 1 M NaNOs, ¢ — ekvivalenta sléguma shéma pirms veiktsp&jas uzsaksanas,

d — ekvivalenta sléguma shéma elektrokimisko mérfjumu laika.

Bi.Ses plano kartinu pretestibu vértibas (Rel, Ret, Rser) tika aprékinatas, izmantojot
Levenberga-Markvada algoritmu, pirms un GCD mérjjumu laika (3.1. tabula):
5MLINO3-1., 5,10, 25, 50., 100. cikls, 1 M NaNOs - 1., 5., 10., 20., 30. cikls.

Abu elektrolitu lietoSanas gadijumos var novérot, ka aprékinatas Re vertibas ir
praktiski nemainigas un atrodas vienas kartas robezas, noradot uz augstu elektrolita stabilitati:
0,058+0,007 kQ cm? (5 M LiNOs 100 ciklu garuma) un 0,041+0,002 kQ cm? (1 M NaNOs
30 ciklu garuma). Veiktsp&jas test€Sanas laika, abu elektrolitu lietoSanas gadijumos, var
novérot pakapenisko Ret vertibu palielinasanos, kas iesp&jams norada uz darba elektroda
strukturalam un teksturalam izmainam. Tacu 5 M LiNO3z gadijuma, p&c 100. cikla Ret vertibas
ir samazinajusas par ~4 reiz€m, kas var bit saistits ar Bi.Ses plano kartinu elektrokimiskam
un mehaniskam izmainam. Aprékinatas Rsgl pretestibu vértibas 100 (5 M LiNOs) un 30
(1 M NaNO:s) ciklu garuma pakapeniski samazinas, noradot uz SEI slana degradaciju (piem.,
plaisu veidosanas).

Savstarpg€ji salidzinot pretestibu veértibas var novérot, ka izmantojot 1 M NaNOs3
elektrolitu, Rsgi un Rt vertibas ir aptuveni par divam kartam zemakas neka 5 M LiNO3
gadijuma, kas iesp€jams var noradit uz butisku SEI slana un Bi>Ses plano kartinu degradaciju
natrija idens elektrolitu vide, tadejadi negativi ietekmejot uzlades/izlades veiktspgju. So faktu
apstiprina ari ieguto GCD veiktsp&jas rezultatu zemas kapacitasu vértibas (3.7.b att.).
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3.1. tabula. Ekvivalentas shémas pretestibu vértibas (kQ cm?) Bi,Ses planam kartinam 5 M LiNO; un
1 M NaNQ;s; elektrolitos atkariba no ciklu skaita.

- - N Cikls

Elektrolits Pretestiba Pirms 1 5 10 20 o5 30 50 100
5 M Rel, 0,032 0,045 0,054 0,057 - 0,061 - 0,063 0,065

LiNOs Rsei, - 812 467 386 - 282 - 103 91
Ret, 892 323 420 306 - 467 - 603 264

1M Rel, 0,036 0,041 0,041 0,039 0,043 - 0,041 - -

NaNOs Rsel, - 0,273 0,157 0,096 0,058 - 0,071 - -

Ret, 1586 0,900 1,010 1,155 1,178 - 1,221 - -

aPretestibu vertibas pirms veiktspéjas testeSanas uzsaksanas

3.1.3. BiSe; plano kartinu izmainu raksturosana péc
elektrokimiskas izpétes

Péc 5 ciklu ciklisko voltampérliknu uznemsanas (3.2. att.), darba elektroda virsma
tika uzmanigi noskalota no 3 Iidz 5 reizém ar dejonizéto tideni (0,055 puS cm™) un izzavéta
istabas temperatiira (25 °C). Lai novérotu morfologiskas izmainas uz Bi»Ses plano kartinu
virsmas, tika veikta SEM analize. Savukart, kimiska sastava izveért€Sanai attiecigi tika
izmantotas XPS (5 M LiNO3 gadijuma) un SEM-EDX (5 M LiNOs un 1 M NaNOs gadijuma)
analizes metodes.

Abu elektrolitu izmantos$anas gadijumos var noveérot, ka Bi>Ses plano kartinu virsma
ir parklata ar neviendabigu amorfo slani, kas iesp&jams ir SEI slanis (5 M LiNOsz — 3.9.a att.;
1 M NaNOgz — 3.9.b att.).

3.9. attels. Bi>Ses plano kartinu morfologiskas izmainas péc ciklisko voltampérliknu uznemsanas
5 ciklu garuma: a — SEM attéls izmantojot 5 M LiNOs elektrolitu, b — SEM att&ls izmantojot
1 M NaNGQO3 elektrolitu.

5 M LiNOg3 elektrolita gadijuma no iegiitiem XPS spektra datiem var novérot manamu
Li 1s maksimumu (3.10.a att.), kas iesp&jams norada uz SEI slana galveno savienojumu
klatbatni (Li2O, Li2COs3). Papildus var novérot arT Bi 4fs» maksimumus (3.10.b att.), kas
attiecas uz oksidéto Bi formu, noradot uz Bi,Os klatbiitni. Iespgjams, ka Bi,Os vargja
izveidoties uz elektroda virsmas 1. cikla laika, reaggjot Bi>Ses ar izSkiduSo skabekli, tacu
izveidojoties SEI slanim, ta turpmaka izveidoSanas varétu tikt kavéta. P&c ciklisko
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voltampérliknu uznemsanas 5 ciklu garuma vél joprojam var noveérot Bi»Ses klatbiitni, uz ko

norada attiecigie Se (Se 3dsp2, Se 3ds2 — 3.10.a att.) un Bi (Bi 4fs, Bi 4f72 — 3.10.b att.)
maksimumi.
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] . Bi 4f;;, Bi 4f7;,
1,0-104 _: Se 3d;;, 1,2-105 N Bi,Se; Bi,Se,
Q ] o ]
i 8,0-10% - i :
‘@ ] W 80-104 - Bidfy, [ Biaf,,
T . 5 1 Oksidéts|| \ oksidéts
O . ] i 4
£ 6010° Hls S ] & Bi
] 4,0-10%
4,010° 5 ]
2,010 +———T———T—TT——7— 0,0 111111
57 56 55 54 53 52 168 166 164 162 160 158 156 154
Saites energija, eV Saites energija, eV

3.10. attels. Rentgenstaru fotoelektronu spektrometra (XPS) spektrs Bi>Ses planam kartinam 5 M
LiNOs elektrolita péc ciklisko voltampérliknu uznemsanas 5 ciklu garuma: a — Se 3d un Li 1s spektrs,
b — Bi 4f spektrs.

legita SEM-EDX spektra atomaras masas (%) kimiska sastava izvert€jums
(3.2. tabula) norada uz nebutisku Se S$kisanu tdens elektrolita pirmo 5 ciklu laika,
demonstrgjot augstu Bi>Ses plano kartinu stabilitati tidens elektrolitu vide. Savukart,
1 M NaNOs elektrolita gadijuma, péc 5. cikla var novérot Na satura piecaugumu par
~7 reizém, tadgjadi apstiprinot SEI slana (Na:0, NaOz, Na:COs) klatbiitni uz elektroda
virsmas.

3.2. tabula. SEM-EDX spektra atomaras masas (%) saturs Bi>Ses planam kartinam 5 M LiNOz un
1 M NaNO:s elektrolitu gadijumos pirms elektrokimiskiem mérfjumiem un péc 5. cikla.

Elerments Pirms elektrokimiskiem mérijumiem Péc 5. cikla
5 M LiNO; 1 M NaNO3 5 M LiNO3 1 M NaNO3
Bi 41,0+1,0 27+2 46 £ 2 102+£1,2
Se 59,2+11 41 +2 54 +2 94 +£1.2
Na - 2,7 £13 - 183+1,4

3.2. Bi,Se3/SWCNT heterostruktiru raksturosana
pielietojumam LIB un SIB sistémas
3.2.1. Morfologijas un kimiska sastava izvértéjums

Sintez&to Bi.Ses/SWCNT heterostruktiiru virsma sastav no nanostrukturétam Bi>Ses
nanoplaksném izméra 0,2-2,0 pm, kas tieSi aug uz individualiem SWCNT saisku
tiklojumiem, kuru diametrs ir robezas 20-80 nm (3.11.a att.). Turklat, var novérot, ka
vairakums no Bi»Ses nanoplaksném aug perpendikulari SWCNT saisku tiklojuma virsmai un
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ir orientéti Ilidzas SWCNT. Doto faktu apstiprina ari TEM/STEM analize (3.11.b att.), kur var
noverot, ka brivi stavosa Bi,Ses nanoplaksne ir ar vienu malu ciesi saistita (perpendikulari
c-asij) ar SWCNT saiska virmsu. Savukart, skérsgriezuma SEM attéli (3.11.c att.) norada uz
relativi augstu Bi»Ses nanoplak$nu daudzumu tiesi uz elektroda virsmas, kas pakapeniski
samazinas elektroda struktiiras iekSieng.

3.11. attéls. Sintez&to BioSes/SWCNT heterostruktiru morfologija: a — skengjosa elektrona
mikroskopa (SEM) attéls Bi.Ses/SWCNT virsmai, b — transmisijas elektronu mikroskopa (TEM)
attels uzaudzetam Bi>Ses nanostruktiiram uz SWCNT saiskiem (ielikuma — skengjosa transmisijas

strarojuma elektrora mikroskopa (STEM) attéls), ¢ — Skersgriezuma SEM att&ls.

SEM-EDX spektra (3.12.a att.) un rentgendifrakcijas ainas (3.12.b att.) iegitie dati
apstiprina  sintezéto Bi>Ses/SWCNT heterostruktiru  kimisko sastavu. Par Bi»Sez
autentiskumu norada sekojoSie analizu rezultati:

1. No SEM-EDX spektra datiem noteikta Se/Bi atomara attieciba norada uz pareizo
Bi>Ses stehiometriju (aprékinata — 1,43; teorctiska — 1,50);

2. Rentgendifrakcijas ainas signali norada uz Bi>Sesz romboedrisko (R-3m) kristalisko
struktiiru (Kartites Nr. PDF 00-033-0213) ar sckojoSiem kristalrezga parametriem:
a=b=4,13960 A; ¢ = 28,63600 A.

Abu analizu dati (SEM-EDX, XRD) liecina arT par vara klatbiitni, noradot uz stravas
kolektora pamatni. Turklat, SEM-EDX spektra var novérot papildus intensivu oglekla
signalu, kas apstiprina SWCNT klatbiitni parauga.

Sintezéta BiSes/SWCNT heterostruktiiru materiala kimisko sastavu apstiprina ari
iegitic XPS spektra rezultati. Bi 4f spektra (3.12.c att.) var novérot maksimumus pie
158,0 eV (4f72) un 163,3 eV (4fs2), kas norada uz BizSes fazi. Maksimumi pie 158,9 eV
(4f712) un 164,2 eV (4fs;2) var bit saistiti ar loti planu Bi>O3 klatbiitni uz elektroda virsmas
[125]. Savukart, Se 3d spektra (3.12.d att.) maksimumi (3ds2 — 53,3 eV, 3ds. — 54,2 eV),
norada uz seléna klatbiitni Bi,Ses faze.
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3.12. attels. Sintez&to Bi»Ses/SWCNT heterostruktiiru kimiska sastava izveértejums: a — rentgenstaru
energijas dispersijas spektrometra (SEM-EDX) spektrs, b — rentgendifrakcijas (XRD) aina,
¢ — rentgenstaru fotoelektronu spektrometra (XPS) Bi 4f spektrs, d — XPS Se 3d spekirs.

3.2.2. Elektrokimisko procesu raksturosana LIB un SIB sistémas

Elektrokimisko procesu raksturoSanai tika uznemtas cikliskas voltamperliknes
potenciala diapazona 0,01-2,50 V (LIB — pret Li*/Li; SIB — pret Na*/Na), ar izvérses atrumu
0,1 mV s%, 10 ciklu garuma. Doto elektrokimisko mérfjumu veik$anai, tika izvélets analiz&t
Bi2Ses/SWCNT heterostruktiiru ar BipSes:SWCNT masas attiecibu (1:1), kas uzradija
vislabako veiktsp&ju LIB un SIB sistémas (3.18. att.). No iegiitam cikliskam voltamp&rlikném
var noveérot sekojosus stravas maksimumus:

1. LIB sistema (3.13.a att.): 5 katodiskie (I, I, 111, 1V, V), 4 anodiskie (VI, IX, X, XII)
maksimumi;
2. SIB sistema (3.13.b att.): 4 katodiskie (I, 11, 111, V), 5 anodiskie (VII, VIII, X, XI,

XI11) maksimumi.

Analogiski ka litija (5 M LiNO3) un natrija (1 M NaNO3) tidens elektrolitu gadijumos
(3.2. att.), ari LIB un SIB sistémas stravas maksimumu izkartojums ir aptuveni vienads,
noradot uz lidzigu Li* un Na* mijedarbibu ar Bi2Ses/SWCNT heterostruktiiru.

Uz Li*/Na* interkalacijas un deinterkalacijas procesiem Bi>Ses starpslanu telpa norada
attiecigie stravas maksimumi [ un XII (3.1) [28,104]. Maksimumi Il un X norada uz
apmainas reakciju starp BioSes un Li>Se/NaySe (3.2) [28,106,126]. SIB sistémas gadijuma var
novérot vel papildus stravas maksimumu XI, kas norada uz NaBiSe; veidosanos, Na* reaggjot
ar NaxSe (3.11) [126,127]. P&c 1. cikla LIB sisttma var novérot neapgriezenisko stravas
maksimumu III, kas norada uz SEI slana izveidoSanos uz elektroda virsmas [128,129]. Tacu
péc 2. cikla dotais stravas maksimums netiek noverots, kas norada uz SEI slana izveido$anos
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[129]. Svarigi ir piebilst, ka stravas maksimums III parklajas ar intermetalisko reakciju
veidosanas maksimumiem IV un V, noradot uz doto savienojumu (LiBi, Li3Bi) iespg&jamo
klatbiitni SEI slana sastava [28,129,130]. SIB sistémas gadijuma, stravas maksimums III
netiek noverots, tacu ta vieta par SEI slana klatbiitni liecina maksimuma II potenciala nobide
par ~0,2 V, kas ir novérojams no 1. lidz 2. ciklam. Tik dazads stravas maksimumu
izkartojums SEI slana izveidoSanas procesam galvenokart var but saistits ar ta dazadu
kimisko sastavu, kas ir atkarigs no ta, kads elektrolits tiek izmantots [131,132]. Abu bateriju
sisttmu gadijumos, katodiskie stravas maksimumi IV un V norada uz intermetalisko
savienojumu veidoSanas reakciju norisi, kas attiecigi notiek divos posmos, Vveidojot
LiBi/NaBi (3.12) un LisBi/NasBi (3.13) [28,133,134]. Turklat, dotas reakcijas notiek ari
apgriezeniski, tau katra bateriju sistéma to mehanisms ir dazads:

1. LIB sistema: anodiskais stravas maksimums VI norada uz LisBi parvérSanos atpakal
par metalisko Bi un Li* (3.14) [23,135];

2. SIB sistema: apgriezeniska intermetalisko savienojumu izveidosanas notiek divos
posmos, uz ko norada attiecigie stravas maksimumi VII (3.13) un VIII (3.12)
[106,134].

LIB sistema var novérot vel vienu papildus anodisko maksimumu IX, kas iesp&jams ir
saistits ar blakusreakciju, kur Li* reagé ar SWCNT virsmas eso$am -COOH funkcionalam
grupam (3.15) [136]. Savukart, SIB sistéma $ads stravas maksimums netiek novérots, kas
iesp&jams ir saistits ar vajaku Na* mijedarbibu ar -COOH grupam. Sis faktors galvenokart var
bt saistits ar to, ka salidzinajuma ar Li* joniem, Na* jonam ir lielaks jonu radiuss un zemaks
ladina blivums, kas noved pie vajakas elektrostatiskas pievilksanas pie -COOH grupas
elektronu makona [137].

Abu bateriju sist€tmu gadijumos var noveérot stravas maksimumu nobidi lielaku
potencialu virziena, kas iesp&jams norada uz polarizacijas efektu [138], ka ar1 uz strukturalam
un teksturalam anoda materiala izmainam [139].

2Na,Se + Bi —» NaBiSe, + 3Na* + 3e~ (3.11)
Bi+ M*+e~ < MBi(M=LiNa)  (3.12)
MBi + 2M* + 2e~ < M;Bi (M = Li,Na) (3.13)
LisBi - Bi + 3Li* + 3e~ (3.14)
xLi* + nRCOOH - nLi,(COOR) + nH* + xe~ (3.15)
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3.13. attels. Cikliskas voltampérliknes BioSes/SWCNT (1:1) heterostruktiiram pirmo 10
uzlades/izlades ciklu laika ar izvérses atrumu 0,1 mV s: a — LIB sistémas gadijuma (0,01 — 2,50 V
pret Li*/Li), b — SIB sistémas gadijuma (0,01 — 2,50 V pret Na*/Na).

legiitie uzlades/izlades profili pirmajiem 10 cikliem (3.14. att) saskan ar iegiitiem CV
rezultatiem (3.13. att.). Abu bateriju sisttmu gadijumos, 1. cikla var novérot izstieptu plato
pie 0,80 V (LIB) un 1,25 V (SIB), kas norada uz SEI slana izveidosanos. Uzlades un izlades
plato liknes pie 2,10 V (LIB), 2,01 (SIB) un 2,30 V (LIB), 2,20 V (SIB), norada attiecigi uz
Li*/Na* interkalacijas un deinterkalacijas procesiem. Uz apmainas reakciju norisi starp Bi»Ses
un Li>Se/Na,Se (3.2) norada attiecigas plato liknes: uzlade — 1,60 V (LIB), 1,15 V (SIB);
izlade — 2,00 V (LIB), 1,65 V (SIB). Savukart, SIB sistémas gadijuma tiek papildus novérota
neliela izlades plato likne pie 1,90 V, kas norada uz NaBiSe, veidosanos (3.11). Par
intermetalisko savienojumu veidoSanas reakcijas norisi LIB un SIB sistému gadijumos var
noverot nelielas plato Iiknes pie sekojoSiem potencialiem:

1. LIB sistema (3.12, 3.13, 3,14): uzlade (0,75/0,80 V), izlade (0,90 V);
2. SIB sistema (3.12, 3.13): uzlade (0,63 V/0,83 V), izlade (0,55 V/0,36 V).

Péc 5. cikla starp iegiitam uzlades/izlades profilu likném vairs nenovéro biitiskas
atSkiribas, kas norada uz augstu anoda materiala struktdralo stabilitati [138] un augstu
Li*/Na* apgriezeniskumu [128,140]. Turklat,
parklasanas var arl noradit uz SEI slana stabilizacijas procesa beigam, kas talako ciklu

uzglabasanas uzlades/izlades profilu
garuma nodroSina augstu stabilitati un uzlabotu veiktsp&ju uzlades/izlades procesu laika
[141]. Batiski ir atzimét ari to, ka no uzlades/izlades profilu datiem nav novérojamas plato
liknes, kas biitu attiecinamas uz SWCNT saistitiem elektrokimiskiem procesiem, noradot uz

faradisko procesu neesamibu.
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3.14. attels. Uzlades/izlades profili BioSes/SWCNT (1:1) heterostruktiram pirmo 10 ciklu laika ar
stravas blivumu 0,1 A g*: a — LIB sistémas gadijuma (0,01 — 2,50 V pret Li*/Li), b — SIB sistémas
gadijuma (0,01 — 2,50 V pret Na*/Na).

Elektrokimisko procesu un mehanismu noteikSanai BiSes/SWCNT  (1:1)
heterostruktiiram tika uznemtas vairakas cikliskas voltampgrliknes izvérses atruma diapazona
no 0,1 Iidz 1,0 mV s (3.15. att.).

— 0,1mVs
— 02mVs™’
— 04mVs
— 06mVs’
0,8mVs
1,0mVvs™

0,005101,52025
E, V (pret Li*/Li) E, V (pret Na*/Na)

3.15. atteéls. Bi>Ses/SWCNT (1:1) heterostruktiiru cikliskas voltampérliknes izvérses atruma
diapazona 0,1 — 1,0 mV s a — LIB sistémas gadijuma (0,01 — 2,50 V pret Li*/Li), b — SIB sisteémas
gadijuma (0,01 — 2,50 V pret Na*/Na).

Pé&c vienadojuma (3.9) tika noteikta BioSes/SWCNT (1:1) heterostruktiiru domingjosa
stadija nemot véra sekojosus elektrokimiskos procesus, kas ir saistiti ar Li*/Na* mijedarbibu
ar BixSes:
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1. LIB sistéma: apmainas (II, X) un intermetalisko savienojumu veidosanas (I1V, V, VI)
reakcijas;
2. SIB sistema: apmainas (II, X, XI) un intermetalisko savienojumu veidosanas (1V, V,

VII, VIII) reakcijas.

Apréekinatas b-koeficientu vértibas (3.16. att) norada uz butisku kapacitativo un
difuzijas-kontrol&to procesu ieguldijumu abu bateriju sisttmu gadijumos (LIB: 0,63 — 0,80;
SIB: 0,65 — 0,98). Visaugstaka b-koeficienta veértiba LIB (b = 0,80) un SIB (b = 0,98)
sisttmas norada uz nozimigu kapacitivo procesu ieguldijumu. Tik nozimigs kapacitativo
procesu ieguldijums (pseido-kapacitate un elektriska dubultslana kapacitate) galvenokart var
bt saistits ar paSa anoda slanainu un nanostrukturétu strukturu (Bi2Ses), ka ar1 ar ogklekla
saturo$u aktivo materialu klatbtitni (SWCNT) [142], kas nodrosina augstu reakcijas atrumu.
Turklat, LIB sisttmas gadijuma, ar SWCNT saistitiem elektrokimiskiem procesiem,
maksimuma X b-koeficenta vértiba ir ari saméra augsta (0,89), apstiprinot bitisku
kapacitativo procesa ieguldijumu.
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log(v, mV s

(110,76 +0,02 (V1) 0,63 + 0,04 (I1) 0,797 + 0,013 (VI1) 0,970 + 0,018
(IV) 0,708 + 0,013 (IV) 0,67 + 0,02
(V) 0,758 + 0,012 (X) 0,80 + 0,03 (V) 0,74+ 0,04  (X) 0,57 + 0,02
(X1) 0,67 + 0,03

3.16. attels. b-koeficientu noteikSana Bi»Ses/SWCNT (1:1) heterostruktiram izmantojot funkcionalu
sakaribu log(i)=f(log(v)): a — LIB sistéma, b — SIB sistéma.

Procesu (kapacitivo un diflizijas-kontrol€to) ieguldijuma noteikSana p&c vienadojuma
(3.10) apstiprina bitisku kapacitativo procesu nozimigumu LIB un SIB sistému gadijumos
(3.17. att.). Pie viszemaka nomerita izvérses atruma (0,1 mV s*?), kapacitativo procesu
ieguldijums sastada 44 % (LIB) un 69 % (SIB). Savukart, pakapeniski palielinot izverses
atrumu Iidz 1,0 mV s%, kapacitativo procesu ieguldijums klust arvien nozimigaks sasniedzot
74 % (L1B) un 88 % (SIB).
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3.17. attels. Kapacitativo un difiizijas-kontrol&to procesu ieguldijums (%) Bi,Ses/SWCNT (1:1)
heterostruktaram: a — LIB sistéma, b — SIB sistéma.

Lai izvertétu dazadu BiSes/SWCNT heterostruktiiru masas attiecibu ietekmi uz
elektrokimisko veiktsp&ju LIB un SIB sisteémas, tika veikti Tstermina GCD mérfjumi
100 ciklu garuma ar stravas blivumu 0,1 A g* sekojoSiem Bi>Se3:SWCNT paraugu masu
attiecibam: LIB — (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB — (1:5), (1:2), (1:1), (2:1), (5:1).

LIB sistema (3.18.a att) paraugs ar masas attiecibu (1:1) uzrada visaugstako
sakotngjo izlades kapacitati (879 mAh g), kas ievérojami parsniedz BizSes (491 mAh g1)
[21] un SWCNT (~300 mAh g?) [143] teorétisko kapacitasu vértibas. Tik ievérojami augsta
sakotngja izlades kapacitate var bt saistita ar izteiktiem kapacitativiem procesiem, kas
norisinas uz elektroda virsmas un tiek nodro$inats pateicoties liclakam elektrolita/elektroda
robezvirsmas laukumam [142]. No 1. lidz 5. ciklam paraugiem ar masu attiecibam (1:5), (1:2)
un (1:1) var novérot pakapenisku izlades kapacitates samazinasanos (1:5 — no 331 mAh g*
Ilidz 301 mAh g'; 1:2 — no 412 mAh g*! Iidz 364 mAh g?; 1:1 — no 879 mAh g Iidz
419 mAh g1), kas iespgjams ir saistits ar SEI slana izveido$anos un ta talako stabilizaciju
[28]. Paraugiem ar masu attiecibam (2:1), (3:1) un (5:1) izlades kapacitates kritums tiek
novérots lidz pat 10. — 15. ciklam, kas iesp&jams ir saistits ar papildus Bi>Sesz tilpuma
izplesanas procesu [97], ko galvenokart izraisa relativi zems SWCNT saturs. Turpmakas
veiktsp€jas testeéSanas laika no 6. lidz 100. ciklam visu masu attiecibu paraugiem (iznemot
5:1) var noverot pakapenisku izlades kapacitates pieaugumu, kas var biit saistits ar elektroda
aktivacijas vai elektrolita sadaliSanas procesiem [144]. Elektroda aktivacijas process
galvenokart ietver Se-C saiSu veidoSanas starp SWCNT un Se, kas novér§ Se SkiSanu
elektrolita, nodrosinot labaku elektrovadamibu [145], ka ari ievérojami palielina kapacitativo
procesu ieguldijumu. Paraugam ar masas attiecibu (5:1) $ads izlades kapacitates pieaugums
100 ciklu garuma netiek novérots, kas var bt saistits ar zemu SWCNT saturu, ka rezultata
Se-C saiSu veidosanas nav tik efektiva. P&c 100. cikla starp visiem izanaliz€tiem anoda

39



materialiem, paraugs ar masas attiecibu (1:1) uzrada visaugstako izlades Kkapacitati
(523 mAh g, kas ir ievérojami lielaka neka ta teorctiska vértiba, ko galvenokart nodrosina
izteikti kapacitativie procesi uzlades/izlades laika [146,147].

SIB sistemas (3.18.b att.) veiktspgjas testeSanas rezultati starp paraugiem ar dazadam
masu attiecibam uzrada lidzigu tendeci ka LIB gadijuma (3.18.a att.). Paraugam ar masas
attiectbu (1:1) ir ~2-3 reizes augstaka sakotngja izlades kapacitate (354 mAh g*) neka citu
masu attiectbu kombinacijam: (1:5) — 114 mAh g1, (1:2) — 200 mAh g%, (2:1) — 112 mAh g'!
un (5:1) — 188 mAh g?'. Turpmakas veiktsp&jas testéSanas laikda visu masu attiecibu
paraugiem tiek noverots pakapenisks izlades kapacitates samazinajums 100 ciklu garuma, kas
var bt saistits ar elektrolita sadaliSanos un/vai SEI slana degradaciju. P&c 100. cikla paraugs
(1:1) uzrada ~2-4 reizes augstaku izlades kapacitati (247 mAh g*) neka citu masu attiecibu
paraugi. Batiski ir atzimét, ka SIB sisttma netick novérota pakapeniska kapacitates
palielina$anas, kas biitu saistita ar elektroda aktivaciju (Se-C saisu izveidosanos). Sis faktors
var biit saistits ar abu bateriju sistému dazadiem reakciju mehanismiem [148]. Iesp&jams, ka
SIB sistémas gadijuma, katra cikla laika neapgriezeniski veidojoties NaBiSe; (ko apstiprina
iegtitie CV dati — 3.13.b .att), tas varétu mazinat briva Se daudzumu, un Iidz ar to traucgjot
Se-C saisu izveidoSanos uz SWCNT virsmas.
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3.18. attels. Galvanostatiskas uzlades/izlades (GCD) istermina veiktsp&jas merijumi BixSes/SWCNT
heterostruktiiram ar dazadam Bi,Ses:SWCNT masu attiecibam 100 ciklu garuma ar stravas blivumu
0,1 A g’ a— LIB sistéma, b — SIB sistema.

Tik ieverojami augsta veiktsp&ja paraugam (1:1) LIB un SIB sistému gadijumos
(3.14. att.) galvenokart var but saistita ar izteiktiem kapacitativiem procesiem, kas tiek
nodro$inats pateicoties efektivai BiSez nanostrukturésanai ap SWCNT saisku tiklojumu,
veidojot sinergisku mijedarbibu. Porains Bi2Ses/SWCNT tiklojums nodrosina lielaku virsmas
laukumu starp elektroda materialu un elektrolitu, vairak vietas priek$ materiala izpleSanas
uzlades/izlades laika, augstaku elektrovaditsp&ju ka arT papildus vietu Li*/Na* kapacitativai
uzglabasanai [146,147]. Palielinot Bi>Ses relativo masu attiecigiem LIB (2:1, 3:1, 5:1) un SIB
(2:1, 5:1) sistemu paraugiem, tick noverota veiktsp&jas pasliktinasanas, kas var bt saistita ar
parak augstu Bi>Ses saturu anoda, izraisot BiSes nepilnigu iespieSanos SWCNT tilpuma, ka
rezultata nanostrukturéts BirSez parmérigi uzkrajas uz elektroda virspuses [149]. Tadgjadi
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elektrodiem ar augstu BizSes saturu netiek nodroSinats tiess BioSes/SWCNT elektriskais un
mehaniskais kontakts, ka rezultata tas noved pie zemakas elektrovaditspgjas. Pie tam parak
zems SWCNT saturs elektroda materiala var izraisit butiskas tilpuma izmainas [25], kas
negativi ietekmé elektroda struktiiru, padarot to trauslu. LIB un SIB sisteémas izanaliz&tiem
paraugiem ar relativu augstu SWCNT saturu (1:2, 1:5), var ari novérot vajaku veiktsp&ju
uzlades/izlades laika. Sis faktors var bit saistits ar to, ka, palielinot SWCNT masu elektroda,
tas ievérojami samazina kapacitati, kas ir saistits ar relativi zemu aktiva materiala (Bi2Ses)
masu parauga.

Lai izvertétu BioSes/SWCNT (1:1) heterostruktiiru izlades kapacitasu vertibu atkaribu
no pielikta stravas blivuma, tika veikta atrumspgjas analize diapazona no 0,1 Iidz 5,0 A ¢!
(3.19. att.). Pie sekojosam stavas blivuma vértibam (0,1, 0,2, 0,5, 1,0, 2,0 un 5,0 A g%),
paraugs ar masas attiecibu (1:1) uzradija attiecigas izlades kapacitasu vertibas:

1. LIB sistema (3.19.a att.): 650, 479, 402, 397, 400 un 420 mAh g%;
2. SIB sistema (3.19.b att.): 534, 361, 306, 267, 247 un 231 mAh g,

Neskatoties uz to, ka palielinoties stravas blivumam izlades kapacitate pakapeniski
samazinas, tomér pie Vvislielaka lietota stravas blivuma (5,0 A g'!), paraugs ar masas attiecibu
(1:1) vel joprojam uzrada saméra augstu izlades kapacitati, noradot uz augstu anoda materiala
stabilitati un ta apgriezeniskumu. Turklat, LIB sistémas gadijuma var noveérot, ka atgrieZoties
atpaka] pie 0,1 A g?! (61. — 70. cikls), izlades kapacitate ir ievérojami palielindjusies
salidzinajuma ar sakotn&jam kapacitates vértibam (1. — 10. cikls). Sis faktors galvenokart var
biit saistits ar ievérojami atraku elektroda aktivaciju, kas norisinas pie lielaka stravas blivuma.
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3.19. attels. Atrumspéjas mérfjumi Bi,Ses/SWCNT (1:1) heterostruktiiram stravas blivuma diapazona
no 0,1 1idz 5,0 A g*: a — LIB sistéma (70 cikli), b — SIB sistema (35 cikli).

Lai izvertetu BizSes/SWCNT (1:1) heterostruktiru veiktsp&ju ilgaka laika perioda un
pie intensivakiem uzlades/izlades apstakliem, tika veikti ilgtermina GCD mérijumi.

LIB sisttma (3.20.a att.) pie augstakam stravas blivuma vérttbam (2 un 5 A gl),
paraugs ar masu attiecibu (1:1) uzrada augstu veiktsp&ju 500 ciklu garuma. Abos gadijumos
(pie 2 un 5 A g') var novérot, ka sakotngji kapacitate samazinas Iidz 20. ciklam, kas
iespejams ir saistits ar SEI slana izveidoSanos un ta talako stabilizacijas procesu. Svarigi ir
piebilst ari to, ka dota tendence tiek novérota arT istermina veiktsp&jas testésana (3.18.a att.).
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Pie 2 A g%, var noverot, ka uzlades/izlades kapacitates vertibas pakapeniski pieaug Iidz pat
480. ciklam, sasniedzot ta maksimali pielaujamo vértibu (1085 mAh g?), kas norada uz
talaku elektroda aktivacijas procesu. Ari turpinot Veiktsp&jas testéSanu, uzlades/izlades
kapacitate paliek praktiski nemainiga (~1080 mAh g?) Iidz pat 500. ciklam, noradot, ka
turmpak elektroda aktivacijas process nenotiek. Veicot veiktsp&jas test€Sanu pie vél
augstakas stravas blivuma vértibas (5 A g'), tiek novérots, ka kapacitate turpina pieaugt Iidz
pat 500. ciklam sasniedzot 809 mAh g Butiski ir atzimét, ka pirmajos 100 ciklos
sasniedzamas uzlades/izlades kapacitates vértibas pie 2 A g ir ievérojami augstakas neka
istermina veiktspgjas testé3anas laika pie 0,1 A g* (3.18.a att.). Sis faktors var biit saistits ar
to, ka veicot mérfjumus pie lielakiem stravas blivumiem, tas palielina temperataru baterijas
§tna, nodroSinot augstaku jonu mobilitati un labaku elektroda procesa kingtiku [25].
Savukart, veiktspéjas mérfjumi pie 5 A g?, uzrada zemakas kapacitates véertibas, kas
galvenokart var bt saistits ar paaugstinatu mehanisko stresu, ka rezultata anoda materials
tiek paklauts intensivakai degradacijai uzlades/izlades laika. Turklat, salidzino$i augsts
stravas blivums var veicinat elektrolita sadaliSanos, ka ari palielina Li* patérinu
uzlades/izlades procesu laika, kas izraisa kapacitates samazinaSanos [150]. Kuloniska
efektivitate pie 2 un 5 A gt ir tuva 100 %, kas norada uz augstu anoda materiala stabilitati un
uzlades/izlades apgriezeniskumu.

SIB sistémas (3.20.b att.) gadijuma ilgtermina veiktspgjas test€Sana tika veikta
400 ciklu garuma pie stravas blivuma 5 A g, Pirmajos 140 ciklos uzlades/izlades kapacitate
ir samazinajusies par ~3 reizém (no 449 mAh g uz 139 mAh g?), kas $aja gadijuma var but
saistits gan ar SEI slana degradaciju, gan ar iespgjamam strukturalam anoda materiala
izmainam. Talakas veiktsp&jas test€Sanas laika uzlades/izlades kapacitasu vertibas paliek
praktiski nemainigas, un péc 400. cikla tas sasniedz 120 mAh g, noradot uz stabilu anoda
materiala veiktsp&ju. Lidzigi ka LIB sistémas gadijuma, ari Seit Kuloniska efektivitate ir tuva
100 %, noradot uz augstu stabilitati un izcilu uzlades/izlades apgriezeniskumu.
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3.20. attels. Galvanostatiskas uzlades/izlades (GCD) ilgtermina mérijumi Bi,Ses/SWCNT (1:1)
heterostruktiiram: a — LIB sistéma 500 ciklu garuma pie 2 un 5 A g, b — SIB sistéma 400 ciklu
garuma pie 5 A g™.

Bi>2Ses/SWCNT (1:1) heterostruktiiru elektrokimisko izmainu noteikSanai tika
uznemti EIS spektri pirms Tstermina veiktsp&jas testéSanas uzsakSanas un ta laika pie
sekojosiem cikliem:
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1. LIBsistema: 1., 5., 20., 40., 100. cikls (3.21.a att.);

2. SIBsistema: 1., 5., 10., 25,, 80., 100. cikls (3.21.b att.).

Iegutas EIS hodografu liknes tika aprakstitas péc lidzigam ekvivalentam sléguma
shéemam (3.21.c,d att.), ka tas tika aprakstits Bi2Ses planam kartindm izmantojot litija un
natrija tdens elektrolitus (3.1.3. nodala). Svarigi ir atzimét, ka Bi»Ses/SWCNT (1:1)
heterostruktiiru veiktsp&jas testéSana tika veikta divelektrodu puss$iina, kas péc struktiiras
atSkiras no triselektrodu sisteémas. Tadgjadi, Sis faktors var izraisit sekojoSas izmainas
sléguma shému elementos:

1. krustpunkts ar Z’ asi raksturo elektrolita tilpuma “bulk” pretestibu (Rp), kas ietver
elektrolita, separatora un katodmateriala (LIB — litija folija, SIB — natrija folija)
pretestibu;

2. linearais apgabals, kas ir nov€rojams no Nikvista diagrammas zemo frekvencu
diapazona, norada uz atvérto Varburga elementa (Wo) klatbutni, kas raksturo jonu
un/vai molekulu difuziju starp elektrolita/elektroda robezvirmsu.
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3.21. attels. Elektrokimiskas impedances spektroskopijas (EIS) rezultati BioSes/SWCNT (1:1)
heterostruktiiram pirms istermina veiktspé&jas testé$anas un tas laika: a — Nikvista diagramma LI1B
sistémai, b — Nikvista diagramma SIB sisteémal, ¢ — ekvivalenta sléguma shéma pirms istermina
veiktsp&jas uzsaksanas, d — ekvivalenta sléguma shéma Tstermina veiktspé&jas testésanas laika.

Ekvivalentas k&des pretestibu (Rb, Rsei, Rct) vertibas tika aprékinatas izmantojot
Simpleksa algoritmu (3.3. tabula).

Abu bateriju sisttmu gadijumos var noveérot, ka 100 ciklu garuma Ry vértibas ir
savstarpgji lidzigas un vienas kartas robezas, noradot uz augstu elektrolita stabilitati:
(3,4%0,4 Qcm?), SIB (6,5 + 1,7 Q cm?). LIB sisteémas gadijuma var novérot, ka Ret vértibas
samazinas no 173 Q cm? (1. cikls) Iidz 24 Q ¢m? (100. cikls), kas iesp&jams ir saistits ar
elektroda aktivacijas procesu (piem., Se-C saiSu veidosanas uz SWCNT virsmas), palielinot
uzlades/izlades kapacitati. So faktu apstiprina ari istermina uzlades/izlades veiktspéjas
testéSanas rezultati (3.18.a att.). Tacu SIB sist€émas gadijuma tiek novérota pakapeniska Rct
veértibu palielinasanas no 678 Q cm? (1. cikls) Iidz 1204 Q cm? (100. cikls), kas var noradit uz
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Bi>Ses/SWCNT degradaciju un/vai nehomogéna SEI slana ietekmi. LIB sistéma Rsg vértibas
pakapeniski samazinas no 350 Q cm? (1. cikls) lidz 56 Q cm? (100. cikls), noradot uz
nebiitisku SEI slana degradaciju. Savukart, SIB gadijuma SEI slanis paliek stabils Iidz pat
10. ciklam, tacu talakas veiktsp€jas test€Sanas laika tas sabrik uz ko norada Rsg vértibu
pakapeniskais kritums.

Savstarpgji salidzinot Rsgi un Rt pretestibu veértibas, var noverot, ka SIB gadijuma tas
ir aptuveni par kartu augstakas neka LIB sistémai. Iesp&jams, ka SIB gadijuma ievérojami
augstas Rsgi vertibas norada uz biezaka un izol&josaka SEI slana izveidoSanos uz elektroda
virmsas. Turklat, stabila SEI slana izveidoSanos vargja nodrosinat FEC $kidinataja klatbiitne
elektrolita [151]. Savukart, augstas Ret vertibas uzlades/izlades laika var noradit uz 1énaku

ladina parnesi, ko galvenokart ietekmé lielais Na* radiuss, kas ir raksturigs SIB sistemam
[152,153].

3.3. tabula. Ekvivalentas shémas pretestibu vértibas (Q cm?) Bi,Ses/SWCNT (1:1) heterostruktiiram
LIB un SIB sisteémas atkariba no ciklu skaita.

. - - N Cikls

Sistema Pretestiba Pirms 1 5 10 20 25 20 30 100
Rp 3,1 3,2 3,2 - 3,3 - 3,4 - 4,1

LIB Rsei - 350 76 - 70 - 68 - 56

Ret 190 173 50 - 23 - 28 - 24

Ry 11,1 9,5 6,3 49 - 49 - 6,4 6,8

SIB Rsei - 2787 3510 2280 - 1442 - 553 353
Ret 348 678 359 524 - 646 - 1158 1204

8Pretestibu vertibas pirms veiktspéjas testésanas uzsaksanas

3.2.3. Heterostruktiru izmainu raksturoSsana péc veiktspéjas
testésanas

Péc Tstermina veiktspgjas testeSanas (100 cikli, 0,1 A g?'), CR2032 pussiuna tika
izjaukta, lai iznemtu Bi2Ses/SWCNT (1:1) anoda materialu. Lai atbrivotos no elektrolita
parpalikumiem, elektroda virsma, tika ~3-4 reizém izskalota ar izopropanolu un izzavéta
istabas temperatiira (25 °C).

LIB sistéemas gadijuma var noverot, ka anoda materiala virsma ir parklata ar amorfu
plévi, kas var liecinat par SEI slana klatbuitni (3.22.a att.). Turklat, skérsgriezuma SEM attéls
(3.22.b att.) norada, ka SEI slanis ir izveidojies ne tikai uz elektroda virsmas, bet gan visa ta
materiala tilpuma, kas ir loti raksturigs nanostrukturétiem elektroda materialiem [154]. legtta
rentgendifrakcijas aina pulverveida Bi>Ses/SWCNT (1:1) paraugam, vél joprojam norada uz
romboedriskas Bi,Ses formas (Kartites Nr. PDF 00-033-0213) klatbiitni (3.22.c att.). Papildus
var noverot intensivus Li2COz (Kartites Nr. PDF 00-009-0359) un LiOH (Kartites
Nr. PDF 00-032-0564) signalus, kas pierada SEI slana klatbutni. SEM-EDX spektra dati
(3.22.d att.), liecina, ka p&c 100 ciklu garas veiktspgjas testéSanas, Se/Bi atomara attieciba
(eksperimentala — 1,57) vél joprojam ir tuva teorétiskai (1,50), noradot uz labu Bi>Ses
stabilitati. Savstarp&ji salidzinot iegiitos Ramana spektroskopijas (3.22.e att.) datus (pirms
istermina veiktsp&jas test€Sanas un p&c 100. cikla) var novérot, ka spektra diapazona no
100 Iidz 170 cm'!, izteiktu Bi>Ses un Bi>O3 smailu vietas, péc 100. cikla var novérot vairaku
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smailu parklasanos. Diapazona no 130 cm™ lidz 170 cm™, var novérot plato apgabalu, kas var
noradit uz iesp&jamo kristaliska Bi2Ses un BiOz joslu parklasanos. Savukart, smaile pie
120 cm™, norada uz LiF klatbiitni, kas ir vél viens no SEI slana galveniem komponentiem.
Analogiski var novérot arT Li2CO3 smaili pie 193 cm™, kas Iidzvertigi tika pieradits arT ar
XRD analizi (3.22.c att.). Papildus smailes pie ~240 cm™ un ~251 cm™ attiecigi norada uz Se
un Se-C klatbiitni, tadgjadi pieradot Se-C saiSu veidosanos elektroda uzlades/izlades laika.
Doto Se-C saiSu veidoSanas kavé seléna SkiSanu elektrolita un nodroSina labaku
elektrovadamibu, ka rezultata tiek palielinata uzlades/izlades kapacitate (3.18.a att.) un ari
kapacitativais ieguldijums (3.17.a att.). Papildus abu Ramana spektru gadijumos var novérot
arT Cu20 klatbiitni pie ~214 cm™, noradot Uz vara stravas kolektora pamatni.

Intensitate ©

10 30 50 70
20/°
m Pulverveida Bi,Se;/SWCNT (1:1)
m Romboedrisks Bi,Se; (PDF 00-033-0213)

= Li,CO; (PDF 00-009-0359)
= LiOH (PDF 00-032-0564)

1 R — Pirms veiktspéjas testéSanas
o o 2 — Péc 100. cikla
— -— g o
e T ] g o1 LiF
7] D ] K Bi,Se;
QC, < ] @-Bi,0,
= 2 7 Li,CO
= £ ] 214 Cu,0
Se
Se-C

0 1 2 3 4 100 200 300 400 500 600
Energija, eV Ramana nobide, cm™
3.22. attels. Bi»Ses/SWCNT (1:1) heterostruktras morfologijas un kimiska sastava izvertéjums péc
Tstermina veiktspgjas testesanas (0,1 A g2, 100 cikli) LIB sistéma: a — SEM attéls (ielikuma — SEM
attels lielaka palielinajuma), b — Skérsgriezuma SEM attéls, ¢ — rentgendifrakcijas aina,
d — SEM-EDX spektrs, e — Ramana spektrs.

SIB sistéma. Analogiski ka LIB sistémas gadijuma, ari $eit péc veiktspgjas testéSanas
gan uz elektroda virsmas (3.23.a att.), gan visa ta tilpuma (3.23.b att.) var novérot amorfo SEI
slani. Turklat, uz elektroda virsmas var novérot parslveida dalinas izmera ~20-120 pm, Kkas ir
separatora mikroskiedras parpalikumi. SEM-EDX spektra (3.23.c att.) Iidz ar Bi>Ses klatbuitni

(Bi, Se signali), var novérot ari intensivus Na un O signalus, tadgjadi apstiprinot SEI slana
klatbiitni (Na20).
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3.23. attéls. Bi,Ses/SWCNT (1:1) heterostruktiras morfologijas un kimiska sastava izvert&jums péc
Tstermina veiktspgjas testesanas (0,1 A g, 100 cikli) SIB sistéma: a — SEM attéls (ielikuma — SEM
attéls lielaka palielinajuma), b — sk&rsgriezuma SEM attéls, c — SEM-EDX spektrs.

3.3. Bi;Se3i/MXene/SWCNT heterostruktiru raksturosana
pielietojumam LIB un SIB sistémas

3.3.1. Morfologijas un kimiska sastava izvértéjums

Bi2Ses/MXene/SWCNT heterostrukturu sintézei, tika izmantotas SWCNT ar diametru
no 20 Iidz 80 nm, kuru garums sastadija lidz pat vairakiem mikrometriem. No iegiitiem SEM
att€liem (3.24.a att.) var novérot, ka uz stikla pamatnes uzputinatai SWCNT/MXene (1:1)
suspensijai netieck novérota MXene nanoplaksnu aglomeracija, bet gan to izkliede visa
SWCNT saisku tiklojuma, kas sp&j nodro$inat lielaku elektroda virsmas laukumu, ka ar1
labaku elektrovadamibu. Ta ka SWCNT saiskiem ir lielaks ipatngjais elektroda virsmas
laukums (1315 m? g [155]) neka MXene (~200 m? g [156]), tad visticamak, palielinats
SWCNT saturs elektroda sp&j nodros§inat vél lielaku Tpatnéjo elektroda virsmas laukumu.

Péc BizSes sintézes uz SWCNT/MXene tiklojuma var novérot, ka elektroda virsgja
karta ir parklata ar nejausi orientétam Bi>Ses nanoplaksnitém, kuru izmérs sastada no 100 lidz
500 nm (3.24.b att.). Turklat, nanostrukturéts Bi>Ses neparklaj vienmerigi SWCNT virsmu,
bet gan to augsana notiek starp SWCNT saiskiem (3.24.c-e att.). Sads aug$anas mehanisms
nodro$ina nehomogeénu Bi>Ses nanoplaksnisu veidoSanos, kas ar vienu malu ir ciesi saistits ar
SWCNT saiskiem (3.24.f att.).
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20 nm

100 nm

3.24. attéls. Sintezéto heterostruktiiru morfologija: a — SEM attéls SWCNT/MXene (1:1) suspensijas
maisijumam uz stikla pamatnes, b — SEM attéls BioSes/MXene/SWCNT (1:1:2) heterostruktirai,
¢ — e — skengjosa transmisijas elektrona mikroskopa (STEM) attéli, kas illustré adatomu aglomeracijas
sakumstadiju un Bi>Ses nukleaciju uz SWCNT saiska Bi,Ses/MXene/SWCNT (1:1:2)
heterostruktiirai, f — transmisijas elektrona mikroskopa (TEM) attéls vienai Bi»Ses nanoplaksnei uz
SWCNT saiska Bi,Ses/MXene/SWCNT (1:1:2) heterostruktarai.

Iegiitie SEM-EDX spektra dati norada uz Bi un Se signaliem, ka ari papildus var
novérot Ti un C, Kkas ir attiecinami uz MXene (Ti3C2) un SWCNT Kklatbttni (3.25.a att.).
Iegita rentgendifrakcijas aina  apstiprina romboedrisko Bi;Ses fazi (Kartites

Nr. PDF 00-033-0214), ka ar1 norada uz vara stravas kolektora un MXene klatbuni
Bi>Ses/MXene/SWCNT heterostruktiira (3.25.b att.).

a Jc b 3

® | Cu o 3

e i 3 M Sintezéts Bi,Ses/MXene/SWCNT

-*a‘ ) *ﬁ - M Sintezéts Mxene (Ti,Cs)

c ] T S 3 W Var§ (PDF 00-004-0836)

g = B Romboedrisks Bi,Se; (PDF 00-033-0214)

ilolseS & —
ARAAA RALES RS LELLE LARLE RLLE

Energija, eV 20/°

3.25. attels. Sintezetas Bi,Ses/MXene/SWCNT heterostruktiiras kimiska sastava izvertejums:
a — SEM-EDX spekitrs, b — rentgendifrakcijas aina.
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3.3.2. Elektrokimisko procesu raksturosana LIB un SIB sistémas

CV Iliknes (0,01 — 2,50 V / 0,1 mV s?) tika uznemtas paraugiem ar vislabako
veiktsp&ju (3.31. att.), kam ir sekojosas BixSes:MXene:SWCNT masas attiecibas: LIB —1:1:2
(3.26.a att.), SIB — 2:1:1 (3.26.b att.). Abu bateriju sisttmu gadijumos var novérot, ka
katodiskie (I, II, IV, V) un anodiskie (VI, VII, VIII, IX, X, XI, XII) stravas maksimumi ir
analogiski ar BixSes/SWCNT heterostruktiru, noradot uz vienadiem elektrokimiskiem
procesiem (3.2.2. nodala). Tomér lidz ar augstakmin&tiem stravas maksimumiem, var noverot
ari sekojosi jaunus maksimums: LIB (M-I, M-11, M-I11, M-1V), SIB (M-V).

LIB sistémas (3.26.a att.) gadijuma nelielas intensitates stravas maksimumi M-I un
M-IV, norada uz iesp&jamo Li* reakciju (interkalacija/deinterkalacija) ar MXene (TisC2)
(3.16) [157]. Sis reakcijas klatbitne, iesp&jams, var liecinat par to, ka neskatoties uz MXene
nanoplaksnu parklasanu ar biezu Bi»Ses slani, Li* interkalacijas process MXene materiala vel
joprojam tiek nodro$inats. Savukart, stravas maksimumi M-Il un M-I11, iesp&jams, norada uz
Li* interkalacijas/deinterkalacijas procesiem SWCNT materiala (3.17) [158-160].

SIB sistema (3.26.b att.) papildus var novérot tikai vienu neapgriezenisko stravas
maksimumu M-V, kas iespéjams norada Na* iespriSanu [161,162] starp MXene
nanoplaksném [163]. Dota eletrokimiska reakcija ir nelabvéliga, jo ta var izraisit butisku
MXene agregaciju, ietekm&jot Na* parnesi, ka rezultata var iev&jorami pasliktinaties baterijas
veiktspé&ja [86].

Lidzigi ka Bi2Ses/SWCNT heterostruktiiras gadijuma, (3.13. att.) arT Seit var novérot
stravas maksimumu nobidi (1. — 5. cikls) lielaka potenciala virziena, noradot uz iesp&jamo
polarizacijas efektu [138] un strukturalam/teksturalam elektroda materiala izmainam [139].

TisC, + xLi* + xe~ © TisC,Li,  (3.16)
C+ xLi* + xe™ & Li,,C (3.17)

b SIB

VI MV x X
“a XII

000510152025 , 000510152025
E, V (pret Li*/Li) E, V (pret Na*/Na)
— i — 3. Cikls
1. C?kls ! _ 5 Cikls
— 2. Cikls — 4. Cikls

3.26. attels. Cikliskas voltampeérliknes Bi>Ses/MXene/SWCNT heterostruktiiram pirmo 5

uzlades/izlades ciklu laika ar izvérses atrumu 0,1 mV s: a — LIB sistémas gadijuma (1:1:2) paraugam
(0,01 —2,50 V pret Li*/Li, b — SIB sistemas gadijuma (2:1:1) paraugam (0,01 — 2,50 V pret Na*/Na).
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Uznemto uzlades/izlades profilu (3.27. att.) liknu plato potenciali LIB un SIB
sisttmam ir analogiski ar BioSes/SWCNT heterostruktiram (3.14. att.), kas attiecigi saskan
ari ar iegltiem BixSes/MXene/SWCNT CV liknu datiem (3.26. att.). Tomér ka galveno
atSkiribu var noradit uz LIB sistémas izlades (~2,30 V) un uzlades (~2,00 V) plato liknu
rajoniem, kas vienlaicigi norada uz Li* interkalacijas/deinterkalacijas procesiem ar Bi»Ses
(3.1) un MXene (3.16) materialiem.

(=2

a LIB SIB
2,5 25
_— ©
= 2,05 <20
= o
g 1,53 Z15
1,03 5 1,0
> o
>
Lu' 0,5_ Lu“ 0,5
0,0 TTTT[TT I T[T TTT [T irr[re 0,0|- LN LA LI B
0 200 400 600 80 0 100 200 300
Kapacitate, mAh g’ Kapacitate, mAh g’
—_ i — 3. Cikls .
1. Cikls _ 5 Cikls

— 2. Cikls — 4. Cikls

3.27. attels. Uzlades/izlades profili BiSes/MXene/SWCNT heterostruktaram pirmo 5 ciklu laika pie
stravas blivuma 0,1 A g a — LIB sistémas gadijuma (1:1:2) paraugam (0,01 — 2,50 V pret Li*/Li),
b — SIB sisteémas gadijuma (2:1:1) paraugam (0,01 — 2,50 V pret Na*/Na).

No uznemtam CV Iikném izvérses atruma diapazona 0,1 — 1,0 mV s (3.28. att.), tika
noteikta Bi.Ses/MXene/SWCNT heterostruktiiru  procesu domingjosa stadija péc
vienadojuma (3.9), sekojosam elektrokimiskam reakcijam:

1. LIB sistema: apmainas reakcija (ll, X), intermetalisko savienojumu veidoSanas
reakcija (IV, V, VI), Li* saistiSanas ar -COOH (IX), Li* interkalacija un
deinterkalacija ar SWCNT (M-I1, M-I11);

2. SIB sistema: apmainas reakcija (I, X, XI), intermetalisko savienojumu veidoSanas
reakcija (1V, V, VII, VIII), Na* iespriisanu starp MXene (M-V).
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3.28. attels. Bi>Ses/MXene/SWCNT heterostruktiiru iegatas cikliskas voltampérliknes izverses
atruma diapazona 0,1 — 1,0 mV s*: a — LIB sistémas gadijuma (0,01 — 2,50 V pret Li*/Li),
b — SIB sistémas gadijuma (0,01 — 2,50 V pret Na*/Na).

Li*/Na* saistoSiem procesiem ar Bi>Ses (II, 1V, V, VI, VII, VIII, X, XI) norada uz
butisku kapacitativo procesu (pseido-kapacitate un elektriska dubultslana kapacitate)
ieguldijumu abu bateriju sisttmu gadijumos (3.29. att.): LIB (b = 0,70 — 0,87), SIB
(b =0,65-0,96). Lidziga tendence tiek novérota ari LIB sisttma ar SWCNT saistitiem
procesiem (IX, M-II, M-111), noradot uz kapacitativo procesu klatbtutni uz SWCNT virsmas
(b = 0,60 — 0,99) [142]. Savukart, ar MXene saistitiem procesiem (LIB sistéma) doming&josa
stadija netika aprékinata, jo to stravas smaile maksimuma ir nenozimiga. Sis fakts, iesp&jams,
var noradit, ka MXene salidzinajuma ar SWCNT darbojas ka tirs kondensators, kas spgj
nodro§inat visa anoda materiala strukturalo stabilitati. Tacu SIB sistéma Na* iespriiSana starp
MXene nanoplaksném (M-V) arl norada uz bitisku kapacitativo procesu ieguldijumu

(b = 0,99).
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3.29. attels. b-koeficientu noteikSana Bi>Ses/MXene/SWCNT heterostruktiiram izmantojot
funkcionalu sakaribu log(i)=f(log(v)): a — LIB sistéma paraugam (1:1:2), b — SIB sistéma paraugam
(2:1:2).

Procentuali aprékinatais difuzijas-kontroléto/kapacitativo procesu ieguldijums péc
(3.10) vienadojuma, apstiprina kapacitativa procesa dominanci abu bateriju sistému
gadijumos (3.30. att.). Gan LIB, gan SIB sistéma var novérot sekojosu kapacitativo procesu
ieguldijuma pieaugumu atkariba no potenciala izverses atruma:
1. LIB sistéma: no 38 % (0,1 mV s1) Iidz 70 % (1,0 mV s2);
2. SIB sistema: no 64 % (0,1 mV s!) Iidz 86 % (1,0 mV s1).

a LIB b SIB

1001 100+

‘6;“ 80—5 e E:‘U; 80—%_?255586
S 403l s S 40
(@) J 138 (@) ]
S 20 g 201

O : 1 1 1 1 1 1 O : 1 1 1 1 1 1

N N
Qo Q?’Q?‘Q(E)Q?)r\g Q- Qil’g?‘giog?)r\g
v, (mVs™ v, (mVs™)

[0 Kapacitativais process [ Diflizijas-kontrolétais process

3.30. attels. Kapacitativo un difuzijas-kontroléto procesu ieguldijums (%) Bi,Ses/MXene/SWCNT
heterostruktiiram: a — LIB sisteéma paraugam (1:1:2), b — SIB sistéma paraugam (2:1:1).
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Istermina GCD veiktspgjas testeSana (100 cikli, 0,1 A g?) tika veikta sekojoSiem
Bi2Ses/MXene/SWCNT heterostruktiru BiSes:MXene:SWCNT masas attiecibu paraugiem:
LIB - (1:1:1,1:2:2,0,5:1,5:2, 1:1:2, 2:1:1, 1,5:0,5:2), SIB — (2:1:1, 1:2:2, 1:2:1).

LIB sistema (3.31.a att.). BioSes/MXene/SWCNT (1:1:2) uzrada ~2-5 reizém lielaku
sakotngju izlades kapacitati (806 mAh g*) neka citu masu attiecibu paraugi. Turklat, (1:1:2)
parauga sakotn&ja izlades kapacitate ievérojami parsniedz (~1,7-2,7 reizes) ari Bi»Ses
(491 mAh g1) [22], SWCNT (~300 mAh g1) [143] un MXene (TisC2) (=320 mAh g?) [94]
teorétisko kapacitasu vertibas. Tik ievérojami augsta sakotnéja izlades kapacitate, iesp&jams,
tieck nodrosinata, pateicoties izteiktiem kapacitativiem procesiem, lidzigi ka Bi2Ses/SWCNT
(1:1) heterostruktiras gadijuma (3.18.a att.). No 1. Iidz 10. ciklam paraugam ar masas
attiecibu (1:1:2) var novérot pakapenisku izlades kapacitates samazinasanos no 806 uz
651 mAh g, noradot uz SEI slana izveidoSanos [28] un ta talako stabilizacijas procesa
ietekmi [141]. Lidzigs kapacitates kritums tiek novérots ari citu masu attiecibu paraugiem.
No 11. Iidz 100. ciklam (1:1:2) paraugam pakapeniski palielinas izlades kapacitate, kas
norada uz elektroda aktivacijas procesu (Se-C saiSu izveidoSanas), kas nover§ Se SkiSanu
elektrolita, nodrosinot labaku elektrovadamibu, ka ari ieverojami palielina kapacitativo
procesu ieguldijumu [145]. Visstraujakais izlades kapacitates pieaugums tiek noveérots tiesi
(1:1:2) paraugam, kas iesp&jams ir saistits ar relativi augstu SWCNT saturu parauga. Turklat,
citu masu attiecibu paraugiem izlades kapacitates pieaugums ir nebitisks. Peéc 100. cikla
(1:1:2) paraugam novéro visaugstako izlades kapacitati (738 mAh g), kas ir ~2-7 reizém
liclaka neka citu masu attiectbu paraugiem: 371 mAh g* (1:1:1), 217 mAh g?! (1:2:2),
172 mAh g (2:1:1), 329 mAh g* (0,5:2:1,5), 338 mAh g (1,5:2:0,5). Savstarpéji salidzinot
pargjo masu attiecibu kombinacijas, var secinat, ka parmeérigs Bi,Ses saturs elektroda
materiala var izraisit bitiskas tilpuma izmainas, ka rezultata ievérojami samazinas kapacitate
un izmainas elektroda struktiira. Savukart, palielinot MXene un/vai MXene/SWCNT saturu,
tas var izraisit savstarp&ju salipSanu, ka arT ievérojami samazina aktiva materiala (Bi2Ses)
saturu, negativi ietekmgjot LIB sistémas veiktspgju. Sie augstakminétie faktori tiek
apstiprinati, savstarpgji salidzinot dazadu masas attiecibu paraugus.

SIB sistemas gadijuma (3.31.b att.), paraugs ar masas attiecibu (2:1:1) uzrada
visaugstako veiktsp&ju neka paréjas izanalizétas masas attiecibas. Turklat, svarigi ir piebilst,
ka LIB sisttma paraugs (2:1:1) uzrada viszemako veiktsp&ju, starp par€jo masas attiecibu
paraugiem. Salidzinot sakotngjas izlades kapacitates veértibas, (2:1:1) paraugam ta ir ~1,5-3,0
reizém augstaka (254 mAh g1). Turpmakas veiktsp&jas testeSanas laika var novérot, ka visu
masu attiecibu paraugiem izlades kapacitate samazinas 100 ciklu garuma, kas iesp&jams ir
saistits gan ar elektrolita sadaliSanos, gan ar SEI slana degradaciju. P&c 100. cikla paraugs
(2:1:1) sasniedz 188 mAh g* augstu kapacitati, kas ir ~15-70 % lielaka neka par&jam masas
attiecibu paraugiem. Salidzinajuma ar Bi>Ses/SWCNT (1:1), Bi>Ses/MXene/SWCNT (2:1:1)
heterostrukttira uzrada zemaku veiktsp&ju. Galvenokart, tas var bat saistits ar Na* iespriisanas
procesu starp MXene nanoplaksném, kas izraisa MXene agregaciju, ierobezojot jonu parnesi
elektroda [86]. To labi pierada paraugs (1:2:1), kam ir visaugstakais MXene saturs, ka ari
viszemaka veiktspéja 100 ciklu garuma.
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3.31. attéls. Galvanostatiskas uzlades/izlades (GCD) istermina veiktsp&jas meérjjumi
Bi2Ses/MXene/SWCNT heterostruktiiram ar dazadam Bi2Sez:MXene:SWCNT masu attiectbam 100
ciklu garuma ar stravas blivumu 0,1 A g: a — LIB sistéma, b — SIB sistéma.

Ta ka LIB sisttmas gadijuma Bi,Ses/MXene/SWCNT heterostruktiira ar masas
attiectbu (1:1:2) uzradija vislabako veiktsp&ju, tad attiecigi tika veikta papildus ilgtermina
GCD veiktspgjas test€Sana un atrumspéjas analize. Paraugam ar masas attiecibu (1:1:2) var
novérot augstu un stabilu izlades kapacitati (3066 mAh g?) stravas blivuma diapazona
0,1-10,0 Ag?! (3.32.a att.). Ilgtermina veiktsp&jas testeSanas rezultati (1:1:2) paraugam
(3.32.b att.) uzrada augstu veiktsp&ju 900 ciklu garuma pie augsta stravas blivuma
(10,0 A gY). Acimredzami, ka §T veiktsp&ja ir ievérojami augstaka neka istermina veiktspgjas
test€Sanas laika, kas var biit saistits ar butisku kapacitativo procesu pieaugumu tiesi pie
liclakam stravas blivuma vértibam. No 1. lidz 3. ciklam var novérot pakapenisku kapacitates
kritumu no 252 mAh g* uz 185 mAh g*'. Tac¢u talakas veiktspgjas testeSanas laika seko
strauj§ kapacitates pieaugums Iidz pat 465. ciklam sasniedzot 460 mAh g*. Lidzigi ka
Istermina veiktsp€jas testésanas laika, strauj$ kapacitates picaugums ir saistits ar elektroda
aktivacijas procesu (Se-C saiSu veidoSanas uz SWCNT virsmas). No 465. lidz 690. ciklam
var novérot kapacitates kritumu no 433 mAh g?! uz 330 mAh g, noradot uz elektroda
aktivacijas beigdm un uz iespgjamo anoda materiala degradaciju. Pec 690. cikla
uzlades/izlades kapacitates vertibas paliek praktiski nemainigas, ka rezultata tas sasniedz
320 mAh g pec 900. cikla. Kuloniska efektivitate ir tuva 100 %, noradot uz augstu anoda
materiala stabilitati un uzlades/izlades procesu apgriezeniskumu.
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3.32. attels. Bi»Ses/MXene/SWCNT (1:1:2) heterostruktiiras veiktsp&jas testéSana LIB sistéma:
a — atrumspéjas analize stravas blivuma diapazona 0,1 — 10,0 A g (40 cikli), b — ilgtermina GCD
veiktspEjas testéSana pie stravas blivuma 10 A g™ (900 cikli).

Iegiito EIS hodografu liknes (1:1:2) paraugam LIB sistéma (3.33.a att.) pirms un
Istermina veiktsp&jas test€Sanas laika (1., 5., 10., 25., 50. un 100. cikls.) var tikt aprakstitas
péc 3.33.b,c att€la redzamajam ekvivalentam sléguma shémam, kas ir analogiskas ar
Bi>2Ses/SWCNT (1:1) heterostruktiiras gadijumu. (3.21.c,d att.).
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3.33. attéls. Elektrokimiskas impedances spektroskopijas rezultati Bi.Ses/MXene/SWCNT (1:1:2)
heterostrukttiram LIB sistéma pirms Tstermina veiktsp&jas test€$anas un ta laika: a — Nikvista
diagramma, b — ekvivalenta sléguma shéma pirms istermina veiktsp&jas uzsaksanas, ¢ — ekvivalenta
sleguma shéma 1stermina veiktspg&jas test€Sanas laika.

Pretestibu (Rb, Rsei, Ret) vertibas tika aprékinatas péc Simpleksa algoritma
(3.4. tabula). Visu 100 ciklu garuma var novérot, ka Ry pretestibu vértibas ir vienas kartas
robezas (10,7+1,8 Q ¢cm?), noradot uz augstu elektrolita stabilitati. Lidzigi ka Bi»Ses/SWCNT
(1:1) heterostruktiiru gadijuma (3.3. tabula), arT Seit 100 ciklu garuma tiek novérota Ret
vertibu samazinaSanas no 465 Q cm? (1. cikls) Iidz 92 Q cm? (100. cikls), kas var but saistits
ar elektroda aktivacijas procesu (piem., Se-C saiSu veidoSanas uz SWCNT virsmas).
Savukart, Rsg vértibas 100 ciklu garuma samazinas no 291 Q cm? (1. cikls) Iidz 152 Q cm?
(100. cikls), noradot uz nebutisku SEI slana degradaciju.
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3.4. tabula. Ekvivalentas shémas pretestibu vértibas (Q cm?) Bi,Ses/MXene/SWCNT (1:1:2)
heterostruktaram LIB sistéma atkariba no ciklu skaita.

- S Cikls
Pretestiba Pirms 1 5 10 25 50 100
Ry 15,5 13,7 11,3 11,2 10,1 9,6 8,3
Rsei - 291 231 199 158 160 152
Rt 135 465 317 263 116 97 92

8Pretestibu vértibas pirms elektrokimisko mérijumu uzsaksanas

3.4, Petito anodmaterialu veiktspéjas savstarpéjs
salidzinajums

LIB sistema. Bi;Se; planam kartinam veiktsp&jas testeSanas rezultati (~0,2 A g?),
izmantojot Gidens elektrolitu (5 M LiNQO3), uzrada par ~85-90 % zemaku izlades kapacitati
neka BipSes/SWCNT (1:1) un BixSes/MXene/SWCNT (1:1:2) heterostruktiram (3.5.tabula).
Tas galvenokart var bt saistits ar tdens elektrolita izmantoSanas ierobezojumiem (idens
sadalisanas potenciala diapazons u.c.) [13,14]. Salidzinot ar citiem pétijjumiem par anoda
materialiem organiskajos elektrolitos (Bi>Ses ar mikrostienisu un ziedveida struktaru), var
secinat, ka Bi>Ses planam kartinam pie salidzinosi lielaka stravas blivuma ir gandriz lidziga
izlades kapacitate. Turklat, BiSes organiskajos elektrolitos zema veiktsp&ja galvenokart var
biit saistita ar seléna $kidibu, kas negativi ietekmé materiala struktiiras stabilitati. Savukart,
litija tidens elektrolita, netick noverota biitiska seléna skidiba (3.1.3. nodala), tad&jadi uzradot
augstu Bi>Ses plano kartinu strukturalo stabilitati. Kopuma salidzinot un izveértéjot BiSes
plano kartinu veiktsp&ju var secinat, ka dotais materials var buit perspektivs anoda elektrods
LIB sistema litija iidens elektrolita.

Istermina  veiktspéjas testéSanas laika (0,1 A g?') 100 ciklu garuma,
Bi>Ses/MXene/SWCNT (1:1:2) heterostruktirai var novérot par ~30 % augstaku izlades
kapacitati (738 mAh g?') neka Bi,Ses/SWCNT (1:1) (523 mAh g?). Tik salidzinosi augsta
veiktsp&ja galvenokart ir sasniedzama, pateicoties MXene (TizC) klatbiitnei parauga, kas
nodroSina gan materiala augsto strukturalo stabilitati, gan ievérojami palielina kapacitativo
procesu ietekmi, kas veicina atraku BixSes/MXene/SWCNT elektroda aktivaciju
uzlades/izlades laika. Savstarpgji salidzinot ar citu zinatnieku pétito anodu materialu
istermina veiktsp&ju var novérot, ka Bi,Ses uz oglekla allotropa bazes modifikacijas
(Bi2Ses/grafens, CNTs@C@Bi2Ses) ir par ~62-88 % augstaka izlades kapacitate neka Bi>Ses
(mikrostieniSu un ziedveida struktdrai). Turklat, svarigi ir piebilst, ka Bi>Ses/graféna un
CNTs@C@Bi2Ses elektrodi ir pagatavoti mehaniska maisijuma forma. Savukart,
Bi>Ses/SWCNT (1:1) un Bi>Ses/MXene/SWCNT (1:1:2) heterostruktiiru veiktsp&ja Tstermina
testéSanas laika ir par ~18-73 % augstaka neka Bi>Ses/grafenam un CNTs@C@Bi2Ses.
llgtermina veiktsp&jas test€Sana pie lielakam stravas blivuma veérttbam un ilgaka
uzlades/izlades laika, abu pétito heterostruktiiru materiali uzrada par ~24-78 % augstaku
izlades kapacitati neka CNTs@C@Bi2Ses. Turklat, BiSes/MXene/SWCNT (1:1:2) pie
ievérojami augstas stravas blivuma vértibas (10 A g1), 900 ciklu garuma uzrada augstu un
stabilu veiktsp&ju, demonstréjot doto anoda materialu stabilu darbibu LIB sistéma pie
intensivaka  uzlades/izlades  reZima. Salidzinot ~ BiSes/SWCNT  (1:1) un
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Bi>Ses/MXene/SWCNT (1:1:2) heterostruktiiru veiktsp&ju ar citu autoru pétitiem anoda
materialiem var secinat, ka dotie anoda materiali var but perspektivi pielietojumam LIB

sistemas.

3.5. tabula. Izlades kapacitasu vértibu salidzinajums ar literatira aprakstitiem anoda materialiem LIB

sistémas.

Istermina veiktspgja

Ilgtermina veiktspéja

Anods Stravas Izlades Stravas Izlades Atsauce
blivums kapacitate blivums kapacitate
Bi.Se; ~0,2A¢g? 79 mAh gt . .
planas kartinas® (10) (100 cikli) Netika veikts
-1 -1
Bi,Ses/SWCNT oiagi ~ 528mangt  ZAG 8 mAAhh 9" Dotais
(1:1) A (100 cikli) g MAN O™ etijums
' (500 cikli)
Bi,Ses/MXene/SWCNT 4 738 mAh gt 4 320 mAh g
(1:1:2) 0.1Ag (100 cikli)  0A9 (900 cikli)
: . L 1 55 mAh g o
Bi,Se; mikrostienisi 0,05A¢g (50 cikli) Nav noradits [20,164]
. . 205 mAh gt e
1
Bi,Ses/grafens 0,06Ag (100 cikli) Nav noradits [20,25]
. 1 431 mAh gt 1 243 mAh gt
CNTs@C@BISe; 01Ag (100cikly A9 @oocikiy 28
Bi,Se; ziedveida 1 77 mAh g .
struktiira 0.1Ag (100 cikli) Nav noradits [28]

@Veiktspeja merita izmantojot litija izdens elektrolitu (5 M LiNO3)

SIB sistema. Bi>Ses planas kartinas natrija Gdens elektrolita (1 M NaNOs3) uzrada
ievérojami zemaku izlades kapacitati salidzinajuma ar pétitam heterostruktiram un citiem
anoda materialiem SIB sistéma. Tik zema veiktsp&ja galvenokart ir saistita ar biitisku anoda
materiala degradaciju, ko izraisa lielais Na* radiuss interkalacijas/deinterkalacijas procesu
laika (3.1.2. nodala) [89,90].

Bi>Ses/SWCNT (1:1) heterostruktiira istermina veiktsp&jas testéSanas laika uzrada par
~24 % augstaku izlades kapacitati neka BixSes/MXene/SWCNT (2:1:1). Salidzinajuma ar
LIB sisttmu (3.3. tabula), SIB gadijjuma MXene klatbutne anoda materiala pasliktina
uzlades/izlades veiktsp&ju, kas ir saistits ar Na* iesprusanu starp MXene nanoplaksném,
izraisot to agregaciju [86]. Savstarp&ji salidzinot Bi,Ses/SWCNT (1:1) heterostruktiras
stermina veiktsp&ju ar citiem zinatnieku pétitiem anoda materialiem, tad ta izlades kapacitate
ir par ~11-82 % augstaka neka BixSes, Bi»Ss un Bi>Ses/MXene gadijumos. Turklat, var
novérot, ka istermina veiktsp&jas test€Sanas laika Bi>Ses/Bi»Osz izlades kapacitate ir par
~20 % augstaka neka Bi,Ses/SWCNT (1:1). Tacu ir svarigi piebilst, ka salidzinajuma ar
ilgtermina veiktsp&jas test€Sanas rezultatiem, Bi>Ses/SWCNT (1:1) heterostruktirai ir
neabSaubami labaka veiktspgja, jo pie ievérojami augstaka stravas blivuma (5 A g') spgj
nodro$inat Iidz pat 120 mAh g? (400. cikls) augstu izlades kapacitati neka Bi,Os/Bi,Ses
gadijuma (310 mAh g, 100 cikli, 1 A g?). Tadejadi savstarpgji salidzinot pétito anodu
veiktsp&ju var secinat, ka BioSes/SWCNT (1:1) heterostruktiras materials var but perspektivs
ka anods SIB sisteéma.
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3.6. tabula. Izlades kapacitasu vertibu salidzinajums ar literatiira aprakstitiem anoda materialiem SI1B

sistéma.

Istermina veiktspéja

Ilgtermina veiktspéja

Anods Stravas Izlades Stravas Izlades Atsauce
blivums kapacitate blivums kapacitate
Bi,Ses ~0,2Ag? 1,2 mAh g* . .
planas kartinas® (10) (100 cikli) Netika veikts
BizSez/SV;/CNT 01Ag" 2217 mAElg)‘l 5Ag 1(20 mAEIg)'l pl??t%tjrlrsls
1.1 ’ 100 cikli 400 cikli
Bi,Ses/MXene/SWCNT 1 188 mAh gt . .
(2:1:1) 0,1Ag (100 cikli) Netika veikts
. . ] 310 mAh g* ] 243 mAh g*
1 1
Bi2Ses/Bi20s 01Ag (100 cikli) 1Ag (100 cikli) [72]
-1
Bi,Ses 0,1Ag?! ﬁorgAcihkﬁ) Nav noradits [72]
-1
Bi2Ss3 05AQ? 1(1:?03]?;{:'% Nav noradits [165]
-1
Bi,Ss/MXene 05Ag? Z(Zfog‘?iﬂl% Nav noradits [165]

@Veiktspeja merita izmantojot natrija udens elektrolitu (1 M NaNOs)
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Secinajumi
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1. Bi»Sez planas kartinas litija Gdens elektrolita (5 M LiNO3) demonstré augstaku

elektroktmisko veiktsp&ju salidzinajuma ar natrija Gdens elektrolitu (1 M NaNO3), ko
nodrosina pirmo 5 ciklu laika izvedojies stabils SEI slanis, kas nodroSina atru Li*
transportu interkalacijas/deinterkalacijas procesu laika. Litija tdens -elektrolita
gadijuma, pec 100. cikla pie 1 C (~0,2 A g') Bi.Ses planas kartinas uzrada augstu
kapacitati (79 mAh g*) ar 73 % Kulonisko efektivitati salidzinajuma ar natrija tidens
elektrolitu (kapacitate — 1,2 mAh g%, Kuloniska efektivitate — 69 %). Sie rezultati
parada, ka Bi»Sez planas kartinas var but ka potencials anoda materials litija jonu
bateriju (LIB) sistéma tidens elektrolita.

Bi2Ses/SWCNT heterostruktiiras ar masas attiecibu (1:1) uzrada lidz pat 523 mAh ¢!
un 247 mAh g* augstu izlades kapacitati (100 cikli, 0,1 A g*) attiecigi LIB un natrija
jonu bateriju (SIB) sistemas. Turklat, LIB sistéma izlades kapacitate ievérojami
parsniedz atseviSku kompontentu (Bi2Ses, SWCNT) teorétisko kapacitasu vertibas.
Pie lielakiem stravas blivumiem BiSes/SWCNT (1:1) heterostruktiira uzrada augstu
un stabilu veiktsp&ju (LIB — 1080 mAh g%, 2 A gt / 809 mAh g1, 5 A g (500 cikli);
SIB — 243 mAh g%, 5 A g (400 cikli)), sasniedzot Kulonisko efektivitati lidz pat
~100 %.

. LIB sistema Bi2Se3/MXene/SWCNT heterostruktiira ar masas attiecibu (1:1:2) uzrada

par ~30 % augstaku veiktsp&ju neka BiSes/SWCNT (1:1), nodro$inot lidz pat
739 mAh g (0,1 A g2, 100 cikli) augstu izlades kapacitati. Pie ievérojami augstakas
stravas blivuma (10 A g?), Bi,Ses/MXene/SWCNT (1:1:2) heterostruktiira spgj
sasniegt 1idz pat 320 mAh g?! (900 cikli) augstu izlades kapacitati ar ~100 %
Kulonisko efektivitati. Tik ievérojami augsta veiktp&ja norada uz to, ka MXene
(TisCz) klatbuitne heterostruktiiras materiala bitiski paliclina kapacitativo procesa
ieguldijumu, ka arT nodro$ina papildus ladina vietas uzlades/izlades laika. Savukart,
SIB sisttma MXene klatbiitne heterostruktiira uzrada par ~24 % zemaku veiktsp&ju
neka Bi2Ses/SWCNT (1:1) gadijuma, kam galvenais faktors var biit saistits ar Na*
iesprisanu starp MXene nanoplaksném, tadgjadi izraisot to agregaciju.
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Abstract

In the framework of the Doctoral thesis, the electrochemical characterization of
Bi>Ses thin films, Bi>Ses/SWCNT, and BiSes/MXene/SWCNT heterostructures were carried
out to investigate their potential use as anode materials for lithium (LIB) and sodium (SIB)
ion batteries. For the first time, electrochemical characterization of synthesized Bi.Ses thin
films was tested for LIB and SIB systems using aqueous electrolytes. In addition, a new type
of binder-free heterostructure anode materials was developed based on Bi>Ses, SWCNT, and
MXene components (Bi2Ses/SWCNT, Bi>Ses/MXene/SWCNT), exhibiting improved
physical and electrochemical properties. The electrochemical characterization of synthesized
heterostructures was carried out in LIB and SIB systems using non-agqueous electrolytes.
Multiple heterostructures were synthesized with different material component mass ratios
(Bi>Se3, SWCNT, MXene) to find the best anode material with the highest performance. The
results of this work demonstrated the perspective use of BizSes thin films in the LIB system
(aqueous electrolyte media) exhibiting high performance during battery charge/discharge
processes. Currently, synthesized heterostructure materials showed significantly higher
performance than well-known anode materials, demonstrating their potential use in LIB and
SIB systems.

Keywords: lithium-ion batteries, sodium-ion batteries, anode materials, bismuth selenide

(Bi2Ses), single-walled carbon nanotubes (SWCNT), MXene (TizCz), nanostructuring,
electrochemical characterization, battery performance
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Abbreviations

CV - cycling voltammetry

CNT — carbon nanotube

CNF — carbon nanofiber

CPE — constant phase element

DEC — diethyl carbonate

EC — ethylene carbonate

EDX — energy-dispersive X-ray spectroscopy
EES — efficient energy system

EIS — electrochemical impedance spectroscopy
FEC — fluoroethylene carbonate

GCD - galvanostatic charge/discharge

LIB — lithium-ion battery

MWCNT — multi-walled carbon nanotube
PC — propylene carbonate

PVD - physical vapour deposition

SEI — solid electrolyte interphase

SEM - scanning electron microscope

SIB — sodium-ion battery

STEM - scanning transmission electron microscope
SWCNT - single-walled carbon nanotube
TEM — transmission electron microscope
XRD - X-ray diffraction

XPS — X-ray photoelectron spectroscopy
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Introduction

In the last 20 years, the development of different battery systems used in portable
devices (mobile phones, laptops, etc.), electric vehicles, and large-scale stationary batteries
has become a critically important task [1,2].

Since 1991, lithium-ion batteries (L1Bs) have dominated the worldwide market as one
of the most advanced forms of efficient energy system (EES) technologies and their demand
still increases [3,4]. In 2017, the LIB global market was worth ~11 billion euros, but in 2023,
it increased up to 65 billion euros. The main LIB advantages over lead-acid and nickel-hybrid
batteries are high nominal voltage (~3.7 V), high cycling lifespan (>2000 cycles), and
environmental friendliness [5-7].

Sodium-ion batteries (SIBs) have gained significant attention as potential
replacements for LIBs. The development of SIBs has more perspectives as the abundance of
sodium in the Earth’s crust is higher than lithium, which can reduce the cost of manufacturing
large-scale energy storage systems [8]. Both sodium and lithium share similar chemical and
physical properties, but the larger mass, ionic radius, and standard potential of Na* can cause
lower reversible capacity, energy density, and shorter lifespan [9,10]. However, despite these
drawbacks, SIBs have relatively lower self-discharge than LIBs [9].

LIB and SIB systems consist of non-aqueous electrolytes, which are highly flammable
and explosive in contact with air [11,12]. An alternative way to minimize these risks would
be a replacement of non-aqueous electrolytes with aqueous electrolytes. This option is more
environmentally friendly, safer, and cheaper. The commercialization of these batteries is
hindered due to the serious limitations: low potential window (~1.23 V), low
charge/discharge performance, and decomposition of the water [13,14]. However, in the last
5 years, the demand for different forms of EES has increased, leading to a huge interest in the
development of different anode materials that would be suitable for use in lithium and sodium
aqueous electrolytes [15-17].

Bismuth selenide (Bi.Sez) is one of the most promising anode materials for LIBs and
SIBs. This material has a unique layer structure [18,19] providing high ionic and thermal
conductivity [20]. In addition, Bi>Ses has high electrical conductivity [21], high density [22],
and theoretical capacity [21], allowing to production of small electrical devices. The layered
crystalline structure of BixSes ensures the efficient transport of lithium and sodium ions
during the intercalation/deintercalation processes [18,19,23]. However, a significant volume
expansion and dissolution of selenium remains the main drawback of Bi.Ses, leading to
electrode degradation and deterioration of battery performance [21,24,25].

In addition, studies that could be aimed at the investigation of the potential use of
Bi>Ses in LIB and SIB systems (aqueous electrolyte media) have not been carried out until
now and are realized in the framework of the doctoral thesis.

The modification of Bi.Sez (active material) with carbon allotropes (graphene [26],
carbon nanotubes (CNTSs) [27], etc.) can significantly improve physical and electrochemical
properties. The most reported technique for the preparation of nanostructured Bi.Ses
(Biz2Ses/graphene [25], CNTs@C@Bi2Ses [28], etc.) is a slurry-coating method, which
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involves the preparation of mechanical solvent (mixture) and its deposition on the current
collector (e.g., copper or aluminium) [29]. However, anodes formed by this method usually
have significant defects such as unstable mechanical and electrical contact between main
electrode components, causing deterioration of its performance [29,30].

To solve these issues, in the framework of the doctoral thesis is developed a new
technique of direct nanostructuring of BizSes (active material) around the SWCNT bundle
network (binder-free material) using the physical vapour deposition (PVD) method. This
nanostructuring technique has the following advantages:

1. A formation of direct electrical and mechanical contact between Bi>Ses and the
SWCNT network provides good electrical contact [31], leading to a significant
increase in the electrochemical performance;

2. The flexible and porous buckypaper-type SWCNT bundle network ensures resilience
against material expansion and contraction during the charge/discharge processes;

3. BixSesz nanostructuring in combination with the SWCNT network ensures a significant
increment of charge/discharge capacity.

To achieve even higher performance of Bi.Ses, MXene (TizC2) can be used along
with the SWCNT bundle. In recent years, MXene has gained high interest in the energy field
[32,33] due to its unique properties (large specific surface area, high flexibility, and good
electrical conductivity [34,35]). The nanostructuring of BixSez around porous the
MXene/SWCNT network can help to achieve the following aspects:

1. MXene provides high structural stability for nanostructured Bi.Ses, resulting in
capacity increment during the charge/discharge processes;

2. The porous SWCNT network prevents MXenes from self-stacking and ensures the
conductive backbone for the Bi,Ses growth;

3. A direct mechanical and electrical contact between Bi>Ses and MXene/SWCNT
network protects the MXenes from oxidation.

The aim of the doctoral thesis

Investigate the electrochemical characteristics of BizSes thin films in the aqueous
electrolytes and develop a new type of BixSes/SWCNT, BixSes/MXene/SWCNT
heterostructure anodes for LIB and SIB systems.

The tasks of the doctoral thesis

1. Synthesize and investigate the electrochemical properties of Bi.Ses thin films in
lithium and sodium aqueous electrolytes to show the possibilities of their use as anode
material in LIB and SIB systems;

2. Develop a new type of binder-free Bi>Ses/SWCNT and Bi>Ses/MXene/SWCNT
heterostructure anode electrodes with improved physical and electrochemical
properties;

3. Perform electrochemical characterization of BiSes/SWCNT and
Bi>Ses/MXene/SWCNT heterostructures to estimate the prospective use as anodes in
LIB and SIB systems.
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Scientific novelty

1.

2.

The possibilities of using Bi>Sez thin films in lithium and sodium aqueous electrolytes
are presented for the first time;

A new type of binder-free Bi.Ses/SWCNT and BiSes/MXene/SWCNT
heterostructure anode electrodes has been developed for LIB and SIB systems;
Reaction mechanisms that represent the interaction between electrolyte and electrode
(ion intercalation/deintercalation processes, electron transfer, etc.) have been
described.

Practical significance

A new type of binder-free Bi:Ses/SWCNT and Bi>Ses/MXene/SWCNT

heterostructure electrodes with improved physical and electrochemical properties are
proposed. The performance of developed heterostructures significantly exceeds well-known
anode material parameters, demonstrating their potential use in LIB and SIB systems and
commercialization.
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1. Research background

1.1. The characterization of lithium and sodium ion
batteries

Lithium-ion batteries (LIBs). Since 1991, LIBs have been considered the most
capable forms of efficient energy system (EES) technologies [3,4]. Over time, LIBs have
gained a huge presence in the global market by becoming the main choice of consumers due
to their unique characteristics: high nominal voltage (~3.7 V), high energy density
(>270 Wh kg), and long cycling lifespan (>2000 cycles) [5-7]. LIBs are widely used in
portable devices (mobile phones, computers, etc) [4,36], electric vehicles [37], and
large-scale stationary batteries (wind and solar power plants), where the produced electrical
energy is stored and transported [38]. Graphite is used as an anode material for LIB, as it has
a low cost (875 $ per 1 t), high stability, and electrical conductivity (3-10° S m™1). However,
the low theoretical capacity (372 mAh g) of graphite material remains the main drawback,
which could significantly limit LIB demand in the future [39,40]. This scenario can be
triggered by the rapid development of high-tech, causing even higher demand after more
powerful EES. On the other hand, lithium (3860 mAh g1) [41] or silicon (4200 mAh g!) [42]
could serve as promising anode materials for the LIB system as it has ~10-11 times higher
theoretical capacity than graphite. Still, distinctly low electrical conductivity and low Li*
diffusion can lead to LIB performance deterioration [41,42]. Moreover, lithium’s
development faces several technological complications (production cost, environmental
hazard risks, limited possibilities of disposal, etc.), which significantly hinders its
development as an anode for the LIB system [43]. The main goal is to select and develop
anodes that could provide high charge/discharge capacities over a long battery lifetime and
ensure high mechanical stability, and good electrical conductivity. As a result, to improve the
performance of LIBs, a wide variety of different anode materials (TiX2 (X= O, S, Se) [44],
SnO; [45], MnO [46], MoS; [47], etc.) have been extensively investigated in the last 10 years
[48].

Sodium-ion batteries (SIBs). The ever-increasing demand for LIBs in everyday life
causes a significant increment in production cost [12,49]. Lithium abundance in the Earth’s
crust is depleted leading to an increment of Lio.COs mineral price (2010 — $5 180 per 1 t,
2022 — $37 000 per 1 t) [50]. Such a negative tendency promotes the interest in investigating
alternative forms of EES. SIBs can be considered a potential alternative to LIBs due to their
similar physical and chemical properties [51]. Moreover, the deposits of sodium in the
Earth’s crust are higher than lithium (Na — 2.83 %, Li — 0.01 %), making the production of
SIBs much cheaper [8]. At this moment, the development of SIBs is hindered due to serious
shortcomings. The main drawback is a large atomic mass (1.06 A) and radius (23 g mol?) of
sodium (lithium — radius 0.76 A; atomic mass 6.9 g mol) [9,52], which can cause a
significant volume change during the Na* intercalation/deintercalation processes leading to
the deterioration of electrode structure. This factor negatively affects the battery performance
by causing a decrement in charge/discharge capacity and reducing the lifespan [9,10].
Multiple studies have been carried out to improve the performance of SIB with the
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modification of electrodes (cathode/anode), electrolytes, and separators or even the
replacement with more efficient analogous. Until now, several potential cathode materials
(NaxVO2, VO3 [53], NaFeO: [54], etc.) with high performance have been selected for SIB
development. In turn, the anode material development with improved physical and chemical
properties has encountered a significant limitation (low cycling performance, electrode
volume expansions [55], etc.) that hinders the overall progress of SIBs [56]. Analogously to
the LIBs, metallic sodium could be a potential anode material for SIBs due to its significantly
high theoretical capacity (1166 mAh g*) [57], but it has multiple technological limitations
(environmental hazard risks, limited possibilities of disposal, low electrical conductivity, etc.)
hindering its practical application [58]. For example, TiO2 is currently considered one of the
potential anode materials for SIB due to its high theoretical capacity (335 mAh g*) [59] and
stability. However, TiO> has low electrical conductivity and slow Na* diffusion which causes
a significant drop of charge/discharge capacity leading to the deterioration of battery
performance [60-62].

LIB and SIB systems use non-aqueous electrolytes, which pose a high hazard risk in
contact with the ambient environment due to their high flammability and explosiveness. This
risk factor is extremely high in the case of battery damage (e.g., defect in the structural
hermeticity) [63]. The non-aqueous electrolytes consist of inorganic salt (e.g., LIB — LiPFes,
SIB — NaClO4) dissolved in the mixture of organic solvents (e.g., carbonate/diethyl
carbonate, propylene carbonate/fluoroethylene carbonate) [11,12]. Moreover, the
manufacturing of LIB and SIB with non-aqueous electrolytes takes place in the gloveboxes
under an inert (argon) atmosphere, which significantly increases the production cost [64]. The
alternative solution to mitigate these risks is to replace lithium and sodium non-agueous
electrolytes with aqueous electrolytes using water-soluble salt compounds (LIB — LiCl,
LiNOs [13], SIB — NaCl, NaNOs [65]). Back in 1994, the Canadian scientist Dahn and his
research group, for the first time, demonstrated a LIB system based on the lithium aqueous
electrolyte (5 M LiNO3) by developing a cell system that consisted of LiMn20. (cathode) and
VO2(B) (anode). This battery system exhibited an average voltage of 1.5 V with an energy
density of 75 Wh kg, which was ~2 times higher than the Pb-acid battery system
(30 Wh kg) [66]. For a long time, investigations on the development of aqua-based batteries
were suspended due to serious limitations such as low voltage window (~1.23 V), poor
cycling performance, and decomposition of water, making these batteries commercially
unviable [13,14]. Over the last 5 vyears, the requirement for a cheap, safe, and
environmentally friendly EES has extensively gained huge interest for both LIB and SIB
system development [15-17]. To this moment, significant progress has been made in the
development of cathode materials [64] with improved chemical and physical properties that
are suitable for aqueous electrolytes: LIB (LiFePOs, LiC0O2, LiMn2Os [13], etc.), SIB
(NazFeP207, Mo0Os3, NaxVTi(PO4)s [65], etc). On the other hand, the research on anode
materials has hindered the progress of LIB and SIB system development in aqueous
electrolyte media for the following reasons: low charge/discharge capacity, short lifetime,
and rapid capacity fade [17,64,67]. A correct choice of the aqueous electrolyte plays a crucial
role in battery performance. The most common aqueous electrolytes for LIB and SIB systems
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are LINO3z and Na,SOs respectively. Among different lithium aqueous electrolytes, LiNO3
exhibits higher electrochemical stability than LiCl and Li.SO4 [68] and can be prepared in
high concentrations (up to 9 M) which provides even higher mobility of Li* [69,70]. Na;SO4
is a commonly used aqueous electrolyte in the SIB system, but its high anion reactivity
(S0O4%) can cause significant limitations. The combination of Bi»Ses with Na2SO4 can cause
the formation of various crystalline hydrates (Bi2(SO4)3-3H20, Bi2(SO4)3-3.5H20,
Bi2(SO4)3-7H20) on the electrode surface [71], resulting the deterioration of anode
performance. To overcome this issue, the alternative approach for the SIB system is to
replace Na>SO4 with a NaNOs electrolyte.

1.2. The characterization, interaction, and application of
bismuth selenide (Bi.Ses), carbon nanotubes (CNT), and
MXene composites

Bismuth selenide (Bi>Se3) is a bismuth chalcogenide class compound (Bi>X3 X = S,
Se, Te) that has been widely used in several fields (thermoelectric sensors, photodetectors,
optical filters, etc.) [20]. Among other chalcogenides, Bi>Ses has a high theoretical capacity
(491 mAh g?) [21], high density (7.47 g cm?) [22], and good electrical conductivity
(108 S cm™?) [21], which makes it a promising anode material for LIB [19,21] and SIB [72]
systems. Bi»Ses has a unique layered arrangement (perpendicular to the trigonal C-axis)
consisting of five atomic planes of Bi:Ses forming a quintuple layer
(---Sel-Bi-Se?>-Bi-Se!---), where between Se! atoms are located Wan der Waals gaps
(Fig. 1.1) [18,19]. The quintuple layer thickness is ~1 nm, which is sufficient to ensure the
large-scale transportation of Li* and Na* during the intercalation/deintercalation processes
[23]. However, a significant volume expansion and dissolution of selenium remain the main
drawbacks, hindering the application of Bi.Ses as an anode for LIB and SIB systems, causing
anode material degradation and rapid decrement of charge/discharge capacity [21,24,25]. On
the other hand, no studies have been carried out to this date on the potential use of Bi.Ses as
an anode material for LIB and SIB systems using aqueous electrolytes.
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Figure 1.1. Crystal lattice structure of bismuth selenide (Bi,Ses).

The most common method to improve the electrochemical performance of anode
materials involves nanostructuring with carbon allotropes such as graphene [26], carbon
nanotubes (CNT) [27], or carbon nanofibers (CNF) [73]. This method can significantly
improve the performance of anode material by providing a highly conductive structural
backbone to the electrode [74,75]. Among several types of carbon allotropes, single-walled
carbon nanotubes (SWCNTS) have attracted considerable interest as a binder-free material for
anode nanostructuring due to their porosity, high surface-to-volume ratio, tensile strength
(>60 GPa) [76], and high conductivity (10" S cm™), which is almost for two orders higher
than for multi-walled carbon nanotubes (MWCNTS) (10° S cm?) [31,77]. SWCNTSs consist
of single-layer folded graphite sheets forming one-dimensional (1D) cylindrical tubes
(Fig. 1.2) [31]. The nanostructuring of an active material along with a porous SWCNT
network can significantly improve the performance by increasing mechanical stability, and
electrical conductivity as well as providing high resilience against significant volume changes
[78,79].

Single-walled carbon Multi-walled carbon
nanotube nanotube
(SWCNT) (MWCNT)

Figure 1.2. Schematic illustration of carbon nanotubes (CNTSs).
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MXene can also be used as a binder-free material for anode nanostructuring, which
has created a high resonance in the energy field [32,33,80]. MXene is a two-dimensional
(2D) transition metal carbide and carbonitride class compound with the general formula
Mn+1XnTx, Where M is a transition metal group element, X is C and/or N, T represents
functional groups (—OH, —F and/or —0O), and n = 1, 2 or 3 [81,82]. Due to the high specific
surface area, high flexibility, and electrical conductivity [34,35], MXene has become a
promising anode material for use in LIB systems [83-85]. However, the application of
MXene in SIB system has been hindered by the formation of aggregates, self-stacking
[86,87], and relatively low interlayer space (0.977 nm) [32,88], which is not sufficient to
ensure large-scale transportation of Na* [87] due to its high ionic radius (1.02 A) [89,90].
Among the different MXenes, titanium carbide (TizCz) [91,92] has the highest theoretical
capacity (~320 mAh g?) [93], which can increase twice via the formation of a double-layer of
Li* between the MXene sheets [94]. Despite the high theoretical capacity, in real-life
scenarios, the surface of TisC, can consist of different functional groups, which can lead to
the significant decrement of initial capacity (LIB system: TizsC2(OH)2 — 130 mAh g [95],
TisCoF3 — 67 mAh g [96]). To overcome these issues an innovative technique could be a
modification of MXene along with CNTs, which can serve as a stable backbone for active
anode material, providing high charge/discharge capacity, high mechanical stability, and
flexibility [82].

The most reported technique to prepare nanostructured anodes is a slurry-coating
method. This method involves the preparation of mechanical solvent (mixture) by mixing
both anode components (binder-free and active material) and coating them on the current
collector (e.g., copper or aluminium). This technique is widely used for research purposes
and in the industry [29]. For the LIB system, a slurry-coating method was also applied to
prepare nanostructured Bi.Sez together with different carbon allotropes (Bi.Ses/graphene
[25], CNTs@C@Bi.Ses [28], Bi.Ses/CNF [97], etc.). The results of these works
demonstrated that in comparison to pristine Bi>Ses, a modification along with carbon
allotropes significantly increased the charge/discharge capacity and its lifespan [25,28,97].
The same technique was also applied to investigate different anode materials in the SIB
system: Sh/Sb203-C [98], CNT@SnO.@PPy [99] and SeP@HCG [100]. To develop a
high-quality anode, multiple synthesis parameters must be strictly controlled (mechanical
solvent mixing speed, current collector coating speed, drying temperature, etc.). If the
parameters are not controlled, the resulting anode material will present critical defects (e.g.,
fragility, mechanical cracks, non-uniform electrode thickness), leading to unstable
mechanical and electrical contact between the electrode and current collector, causing
deterioration of its performance [29,30]. A significant progress could be achieved by a direct
nanostructuring of the active material around the binder-free structural network, which could
improve the overall performance of anode material. In comparison with a slurry-coating
method, this method allows for increase even higher performance of anode material due to
the following advantages:
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1. A direct electrical and mechanical contact between the active material and binder-free

network provides high electron and charge transfer kinetics. In addition, this
nanostructured anode material design ensures high ion transport efficiency and ion
migration between electrolyte/electrode interface during the charge/discharge
processes;

The nanostructuring of active material around the binder-free network provides
robustness against volume expansion processes, preventing degradation of the active
material and its separation from the current collector substrate during the long battery
operation;

The production cost of nanostructured anode materials is lower than with the
slurry-coating method. Moreover, the nanostructured anodes have low active material
mass and exhibit high flexibility and bendability [101].



2. Experimental section
2.1. The synthesis of Bi,Se; and their heterostructures

Nanostructured Bi>Ses thin films were synthesized on a glass substrate using the
physical vapour deposition (PVD) method (Fig. 2.1). A detailed description of the synthesis
of Bi>Ses thin films is summarized in publications No.1 (pp. 2-3) and No.2 (pp. 2-3).

Furnace
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( \ Valve
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i » —
Nitrogen gas k )
cylinder T \
Rotary
Glass substrate pump
. (390-470 °C)
Bi,Se;
(585 °C)

Figure 2.1. Schematic illustration of the physical vapour deposition (PVD) equipment for the
synthesis of nanostructured Bi,Ses thin films.

Bi,Ses/SWCNT heterostructures were synthesized on a copper current collector
substrate using the spray-coating and PVD methods (Fig. 2.2) in the following
Bi2Ses:SWCNT mass ratios LIB — (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB — (1:5), (1:2),
(1:1), (2:1), (5:1). A detailed description of the synthesis of BioSes/SWCNT heterostructures
is summarized in publications No.3 (p. 2) and No.4 (p. 2).

STEP 2
Synthesis of Bi,Se; using physical

vapour deposition method

The placement of raw Bi,Se;
material and synthesis of SWCNT

network inside the quartz tube

STEP 1
Spray-coating of SWCNT

Preparation of suspension
(SWCNTs were mixed with
isopropanol and homogemzed)

eposition of SWCNT on the
hot glass substrate

Deposition of the Bi ZSe3 on the
SWCNT network

Synthesis protocol:
i) linear heating of the quartz tube until 585 °C
ii) maintaining the 585 °C for 15 min at 2-3 Torr
iii) gradual cooling of the temperature down to 470 °C,

The attachment of synthesized
Bi;Se;/SWCNT heterostructure on

the copper substrate

Figure 2.2. Schematic illustration of the Bi.Ses/SWCNT heterostructure synthesis procedure.

Bi>Ses/MXene/SWCNT heterostructures were synthesized on a copper current
collector using the spray-coating and PVD methods (Fig. 2.3) in the following
Bi>Ses:MXene:SWCNT mass ratios: LIB — (1:1:1), (1:1:2), (1:2:2), (1.5:0.5:2), (2:1:1),
(0.5:1.5:2), SIB — (2:1:1), (1:2:2), (1:2:1). A detailed description of the synthesis of
Bi>Ses/MXene/SWCNT heterostructures is summarized in publications No.4 (p. 2) and No.5

(pp. 2-3).
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Figure 2.3. Schematic illustration of the Bi,Ses/MXene/SWCNT heterostructure synthesis procedure.

2.2. The electrochemical characterization of synthesized
anode materials

2.2.1. The characterization of electrochemical cell

Nanostructured Bi>Sez thin films. The electrochemical measurements were carried
out using lithium (5 M LiNO3z) and sodium (1 M NaNOs3) aqueous electrolytes. A 3-electrode
electrochemical cell, developed in the laboratory, was used (Fig. 2.4) with Ag/AgCI
(reference electrode), Pt wire (counter electrode), and synthesized Bi»Ses thin films (working
electrode). A detailed description of a 3-electrode electrochemical cell is summarized in
publications No.1 (p. 3) and No.2 (p. 3).

RE - CE

Ag/AgCI v i

U IC) o N — Ptwire
Electrolyte

Upper part 5M LiNO3/ 1 M NaNO;, Screw

(Teflon PTFE) \&7 -
\./'

WE -
Bi,Sej; thin films Rubber ring A
Lower part
(composite epoxy
material CEM-3)

Copper wire
attached with silver
conductive paint

Figure 2.4. Laboratory-made 3-electrode electrochemical cell system.

Bi>Ses/SWCNT and Bi>Ses/MXene/SWCNT heterostructures. The electrochemical
performance was investigated using CR2032 half-cells (Fig. 2.5). Synthesized
heterostructures were applied as an anode, while lithium (LIB) and sodium (SIB) foil served
as a cathode. Polypropylene “Celgard” film (LIB) and glass microfiber (SIB) were used as a
separator. As electrolytes were used following non-aqueous solutions: LIB — 1 M LiPFe
dissolved in the mixture of ethylene carbonate/diethyl carbonate (EC/DEC),
SIB — 1 M NaClO; dissolved in the mixture of propylene carbonate/fluoroethylene carbonate
(PC/FEC). A detailed description of a CR2032 half-cell is summarized in publications No.3
(p. 3), No.4 (p. 2) and No.5 (p. 3).
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Figure 2.5. Schematic illustration of CR2032 half-cell.

2.2.2. The description of electrochemical equipment

For the characterization of electrochemical processes, the potentiostat “PalmSens 4”

and electrochemical workstation “BioLogic BCS-800” (Institute of Chemical Physics,
University of Latvia) were used in the following modes:

1.

2.3.

Cyclic voltammetry (CV) - determination of oxidation/reduction reaction,
investigation of electrochemical reaction reversibility, the contribution analysis of
capacitive and diffusion-controlled processes, calculation of diffusion coefficients;
Galvanostatic charge/discharge (GCD) — investigation of anode material cycling
performance at different current densities for a certain amount of cycles;
Electrochemical impedance spectroscopy (EIS) — investigation of electrochemical
property changes during the cycling performance.

The characterization of the morphology and chemical

composition of anode materials.

The morphology and chemical composition of synthesized anodes before and after

cycling performance were investigated using the following analysis techniques:

1.
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Scanning electron microscope (SEM) “Hitachi FE-SEM S-4800, Marunouchi”
equipped with energy-dispersive X-ray (EDX) detector “Bruker XFLASH 5010” —
Institute of Chemical Physics, University of Latvia, Latvia;

X-ray diffractometer (XRD) “Bruker D8 Discover” — Faculty of Chemistry,
University of Latvia, Latvia;

X-ray photoelectron spectroscopy (XPS) “ThermoFisher Escalab 250Xi*” — Institute
of Solid State Physics, University of Latvia, Latvia;

Raman microscope (Renishaw in Via Qontor, Wotton-under-Edge) — Department of
Chemistry and Materials Science, Aalto University, Finland,;

High-resolution transmission electron microscope (TEM) “HR-TEM FEI Titan
Themis 200 — Institute of Physics, University of Tartu, Estonia.



3. Results and discussion

3.1. The characterization of nanostructured Bi;Se; thin
films in lithium and sodium aqueous electrolytes

3.1.1. The analysis of morphology and chemical composition

Nanostructured BizSes thin films were synthesized on a glass substrate using the
physical vapour deposition (PVD) method. The selected synthesis method provides the
growth of Bi,Ses nanoplates at different angles to the glass substrate (partly disordered
orientation) [102,103], which significantly increases the surface area of the electrode,
ensuring efficient interaction with the electrolyte. The size of synthesized Bi.Ses nanoplates
varies from 1.0 — 8.0 um (Fig. 3.1a), and its thickness varies between 350 — 500 nm. The
SEM-EDX spectra (Fig. 3.2b) showed the following peaks: Bi, Se — synthesized Bi,Ses thin
films, Si, O, C — background signal from a glass substrate. The calculated Se/Bi atomic ratio
(1.44+0.03) is close to the theoretical (1.50) indicating a uniform stoichiometric composition
of Bi»Ses. The XRD pattern (Fig 3.1c) of the scratched-off Bi>Ses powder showed diffraction
peaks of Bi>Ses, which refer to rhombohedral (R-3m) crystal system (Ref. card.
No. PDF 01-085-9274): a = b = 4.13850 A; ¢ = 28.62400 A. In addition, diffraction peaks
from the cubic (I23) system y-Bi2O3 (a = b = ¢ = 10.08000 A) were observed as well (Ref.
card No. PDF 01-074-1375). The formation of Bi>Os could be explained by the oxidation of
Bi>Ses powder, which was probably promoted by increased surface area after being scratched
off the substrate, making it more prone to oxidation in an ambient environment.

® Scratched-off Bi,Se; powder
® Rhombohedral Bi,Se; (PDF 01-085-9274)
® Cubsic y-Bi,O, (PDF 01-074-1375)

| |

I g J‘.u'liw|wt’wlu
30 40 50 60 70
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Intensity, a.u.

0 1 2 3
Energy, eV

Figure 3.1. a — SEM image of synthesized Bi,Ses thin films on the glass substrate, b — SEM-EDX
spectra of synthesized Bi,Ses thin films on the glass substrate, ¢ — XRD pattern of Bi,Ses powder
obtained by scratching the as-grown thin film off the substrate.
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3.1.2. The characterization of electrochemical processes in the
lithium and sodium aqueous electrolytes

Cyclic voltammetry (CV) curves of Bi>Ses thin films in 5 M LiNOs (Fig. 3.2a) and
1 M NaNOg (Fig. 3.2b) electrolytes were obtained in the potential range from -1.0 V to 1.3 V
(vs. Ag/AgCl) at the scan rate of 0.25 mV s*. For both electrolytes, the arrangement of
current peaks is analogous, indicating a similar interaction of Li* and Na* with Bi.Ses. The
obtained CV curves of the first five cycles show two cathodic (1, 11) and four anodic (11, 1V,
V, VI) peaks. Peaks | and Il are attributed to the Li* and Na* intercalation/deintercalation
processes occurring in the interlayer space of Bi>Sez (Eq. 3.1) [23,104]. On the other hand,
peaks Il and IV are attributed to the conversion reaction between Bi.Sesz and Li>Se/Na>Se
(Eq. 3.2) [105,106]. Anodic peak V might be related to a formation of NO2" from NOs
(Eg. 3.3) [107], which can rapidly oxidize back to NO3™ due to the presence of the dissolved
O2 in the electrolyte [108]. After the 1%t cycle, an irreversible anodic peak VI can be
observed, which might correspond to the formation of the solid electrolyte interphase (SEI)
layer on the electrode surface [109]. The SEI layer formation occurs as the electrolyte reacts
with dissolved O, and CO; to form: Li* — Li.O (Eq. 3.4), Li.COz (Eq. 3.5) [110,111];
Na* — Na2O (Eq. 3.6), Na02 (Eqg. 3.7), Na2COs (Eq. 3.8) [112]. From the 1% to 3" cycle, all
determined peaks shifted towards the higher potential side, which might be related to the pre-
treatment process, indicating the stabilization of the SEI layer until the entire electrode
surface is covered. After the 3" cycle, no further peak shifts were observed, indicating the
end of the SEI layer pre-treatment process.

Bi,Se; + xM* + xe™ <> M;[Bi,Ses]*~ (M = Li,Na) (3.1)
Bi,Ses + 6M* + 6e~ <> 3M,Se + 2Bi (M = Li,Na)  (3.2)
NO3 + 2H* + 2e~ - NO; + H,0 (3.3)

SEI layer (5 M LiNO3) SEI layer (1 M NaNOs)

4Na* 4+ 0, + 4e~ - 2Na,0 (3.6)
2Na* + 0, + 2e~ - Na,0, (3.7)
2Lit + %02 +CO, + 2e~ - Li,CO5 (3.5) 4Na* +3C0, + 4e~ - 2Na,C05 (3.8)

ALY 4+ 0, + 4e~ - 2Li,0 (3.4)
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Figure 3.2. Cyclic voltammograms of Bi,Ses thin films in the potential range from -1.0 V to 1.3 VV vs.
(Ag/AgCI) at the scan rate 0.25 mV s using: a— 5 M LiNOs, b — 1 M NaNOs.

To investigate the mechanisms of Li*/Na* intercalation (I) and deintercalation (111)
processes, the CV curves (Fig. 3.3) were obtained at different scan rates (0.1 — 1.0 mV s?).
For both electrolytes (5 M LiNOsz — Fig. 3.3a, 1 M NaNO3 — Fig. 3.3b), the mechanisms were
investigated after the 3" cycle, as it represents the formation of the stable SEI layer.
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Figure 3.3. Cyclic voltammograms of Bi,Ses thin films (from -1.0 V to 1.3 V vs. Ag/AgCl) after the
3 cycle in the scan rate range from 0.1 mV s*to 1.0 mV s*: a—5 M LiNOs, b — 1 M NaNOs.

To determine the dominant stage (capacitive or diffusion-controlled processes), the
Semeran criterion equation (3.9) was used, where i — the current height of the specific
electrochemical reaction (mA), v — scan rate (mV s?), a and b — adjustable fitting values
[113,114].

i=a-v? (3.9)
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By constructing log-scale plots log(i)=f(log(v)) for (Eq. 3.9), the b-values for Li* and
Na* intercalation/deintercalation processes were determined from the linear regression slope.
If b < 0.5, it indicates the significance of diffusion-controlled processes, while 0.5 <b < 1.0
demonstrates capacitive processes [113,114]. For both electrolytes (Fig. 3.4), the calculated
b-values range from 1.16-1.28 (Li*) and 0.90-0.98 (Na*), indicating a significant contribution
of capacitive processes (pseudo and electrical-double layer capacitance).
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Figure. 3.4. Log-scale plots log(i)=f(log(v)) of Bi,Ses thin films during the intercalation (1)
and deintercalation (111) processes of: a — Li* (using 5 M LiNO3), b — Na* (usingl M NaNOs).

The quantitative contribution of capacitive and diffusion-controlled processes at the
different scan rates was calculated using equation (3.10), where i(V) — current at the certain

voltage, kiv — contribution of capacitive processes, and kv — contribution of
diffusion-controlled processes [115,116].
i(V) = kyv + k,vt/? (3.10)

The calculated contribution (%) demonstrates the notable impact of capacitive
processes for both electrolytes (Fig. 3.5). At the lowest scan rate (0.1 mV s7), the
contribution of capacitive processes is 51 % (Li*) and 40 % (Na*), demonstrating that the
BiSes thin films are affected by both processes (Li*/Na* diffusion between
electrolyte/electrode interphase and charge transfer). With the increase of the scan rate up to
1.0 mV s%, the contribution of capacitive processes becomes more pronounced reaching up to
78 % (Li*) and 69 % (Na*). Such a high contribution of capacitive processes might indicate a
promoted charge transfer processes and diminished diffusion barrier of Li* and Na* during
intercalation/deintercalation processes.
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Figure 3.5. The contribution (%) of capacitive and diffusion-controlled processes for Bi,Ses thin
films depending on the scan rate: a—5 M LiNOs, b — 1 M NaNOs.

The diffusion coefficients (cm? s?) for Li* and Na* intercalation/deintercalation
processes were calculated using equation (3.11), where D — diffusion coefficient (cm? s1),
slope — linear fitted slope value, n — number of electrons involved in the electrochemical
reaction, F — Faraday constant (C mol), A — electrode surface area (cm?), C — electrolyte
concentration (mol cm™3), R — universal gas constant (J K'* mol?), T — temperature (K) [113].

2
b= (0.411212:;AC) (%) (3.11)

To calculate diffusion coefficients, linear slope values were determined from the
I=f(v”?) graph (Fig. 3.6). In the case of Li*, diffusion coefficients are similar for both
intercalation (3.3-10*2 cm? s) and deintercalation (2.2-10"*? cm? st) processes. Meanwhile,
for Na*, diffusion coefficient values for the intercalation (1.4-10' cm? s?) and
deintercalation (1.1-10"*? cm? s1) processes differ by an order of magnitude which could be
explained by the following reaction mechanisms:

1. The intercalation process in the aqueous sodium electrolyte media is dominated by
charge transfer which ensures efficient transportation of electrons and Na* during the
charge state. In addition, the deintercalation process is affected by the structure of the
electrode material (inhomogeneity, porosity, etc.), influencing the diffusivity of Na*
[117].

2. In the aqueous sodium electrolytes, the solvation of Na* affects the diffusivity of
intercalation/deintercalation processes. At the electrode surface, the solvated Na*
partially desolvates, which enables its intercalation into the interlayer space of Bi>Ses.
Since the intercalated Na* is partially hydrated by coordination with the water
molecules, its positive charge is consequently protected, leading to slower Na*
deintercalation [118].
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Figure 3.6. Dependence of v2 vs. | for Bi,Ses thin films for intercalation () and deintercalation (111)
processes with fitted slope values for: a — Li* (using 5 M LiNOs), b — Na* (using 1 M NaNOs).

To investigate the possibility of using Bi.Sesz thin films as anodes in LIB and SIB
systems (aqueous electrolyte media), galvanostatic charge/discharge (GCD) measurements
were performed at 1 C? (~0.2 A g™") for 100 cycles.

Cycling performance using 5 M LiNOs electrolyte (Fig. 3.7a). After the 1%t cycle,
BiSes thin films exhibit relatively high initial capacity (charge — 985 mAh g%
discharge — 404 mAh g?). During the first 30 cycles, a gradual drop in charge/discharge
capacity can be observed, reaching 226 mAh g (charge) and 151 mAh g (discharge), which
could be attributed to the electrochemical and mechanical degradation of the SEI layer (the
formation of mechanical cracks and cavities) [119,120]. Such significant degradation of the
SEI layer might be caused by the high solubility of Li-O and Li.COz (the main components
of the SEI layer) in aqueous electrolyte media. Moreover, the re-formation of this layer is
hindered by the low concentration of dissolved Oz and CO», which was already consumed in
the 1t cycle. With further cycling (31t — 100" cycle), the charge/discharge capacities
continue to decline but not as rapidly, reaching 108 mAh g (charge) un 79 mAh g*
(discharge) at the 100™ cycle. The Coulombic efficiency demonstrates a gradual increment
from 41 % (1% cycle) to 67 % (30" cycle), indicating a decrease in the SEI layer degradation
process and an improvement in charge/discharge reversibility. In the subsequent cycling, the
Coulombic efficiency remains almost unchanged, reaching up to 73 % at the 100" cycle.

Cycling performance using 1 M NaNOgz electrolyte (Fig. 3.7b). Over the
100 cycles, Bi»Sez thin films in 1 M NaNOg electrolyte demonstrated ~60-104 times lower
charge/discharge capacities than in the 5 M LiNO3 electrolyte (Fig. 3.7a). Such a low
performance may be due to the larger Na* radius (1.02 A) [89,90] in comparison to Li*
(0.76 A) [121-123], causing significant volume changes and degradation of the anode
material which leads to the low charge/discharge capacities [124]. Over 100 cycles, cycling
performance demonstrates similar behaviour as in the 5 M LiNO3 electrolyte. From the 1% to
40™ cycle, charge/discharge capacities decrease ~5-8 times (charge — from 16 to 1.9 mAh g1,

2 The rate at which the battery cell is fully charged or discharged in one hour.
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discharge — from 6 to 1.3 mAh g?). Similarly to 5 M LiNO3 performance (Fig. 3.7a), such a
drastic capacity drop could be attributed to the degradation of the SEI layer by the dissolution
of main layer components (Na:O, Na;Oz, Na,COgz) in the aqueous electrolyte media.
However, after the 40™ cycle, the charge/discharge capacities remain almost unchanged, and
after the 100" cycle, it reaches 1.7 mAh g (charge) and 1.2 mAh g* (discharge). From the
1%t to 40" cycle, the Coulombic efficiency exhibits a gradual increment from 37 % to 67 %,
but in further cycling, it remains almost constant by reaching 69 % (100" cycle).

a 5 M LIiNO O 1 M NaNO
~ 1000 3 SP s 3 S
o ! o o o
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Figure 3.7. Galvanostatic charge/discharge (GCD) cycling performances of Bi,Ses thin filmsat 1 C
(~0.2 A g'1) for 100 cycles: a — using 5 M LiNOjs electrolyte, b — using 1 M NaNOs electrolyte.

To investigate the changes in electrochemical properties of Bi>Ses thin film during the
cycling performance (Fig. 3.7), electrochemical impedance spectroscopy (EIS) measurements
were carried out for both electrolytes (5 M LINO3z — Fig. 3.8a and 1 M NaNO3z — Fig. 3.8b).
The obtained EIS hodographs were described using a standard equivalent circuit scheme
(Randles circuit scheme) illustrating the electrochemical properties at electrolyte/electrode
interphase. The selected circuit scheme was modified by replacing the capacitor (C) element
with the constant phase element (CPE), characterizing the double-layer behaviour and
inhomogeneity/roughness of the working electrode. For both electrolytes (5 M LiNOg,
1 M NaNOs), EIS hodographs were described by the same equivalent circuit schemes
(Fig. 3.8c, d), indicating mutual electrochemical properties at electrolyte/electrode interphase.

The intercept with a Z’ axis represents the electrolyte resistance (Rer) (Fig. 3.8¢). The
semicircle in the medium-frequency range corresponds to the charge-transfer resistance (Rct)
of BixSez thin films. The additional circuit element (CPEq) characterizes the
inhomogeneity/roughness of the surface of Bi2Ses thin films and its double-layer capacity.
The linear slope region in the low-frequency range is attributed to the diffusion of the
reacting ions and/or molecules to the electrode interface. After the 1% cycle, an additional
semicircle can be observed in the low-frequency range, which is attributed to the SEI layer,
characterizing its resistance (Rse;)) as well as surface inhomogeneity/roughness and
double-layer capacity (CPEsgi) (Fig. 3.8d).
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Figure 3.8. Electrochemical impedance spectroscopy (EIS) results of Bi.Se; thin films using aqueous
electrolytes: a — Nyquist plot for using 5 M LiNOs, b — Nyquist plot for using 1 M NaNOs,
¢ — equivalent circuit scheme before cycling, d — equivalent circuit scheme during the cycling.

The resistance values of BizSes thin films (Rel, Ret, Rsei) were calculated using the
Levenberg-Marquardt algorithm before cycling and during the GCD measurements
(Table 3.1): 5 M LiNO; — 1%, 5t 10, 25" 100" cycle, 1 M NaNOs — 1%, 51, 10t, 20t 30t
cycle.

For both electrolytes, the calculated Rel values remained almost unchanged and with
the same order of magnitude indicating the high stability of electrolyte: 0.058+0.007 kQ ¢cm?
(5 M LiNOs 100 cycles) and 0.041£0.002 kQ cm? (1 M NaNOs 30 cycles). During the
cycling performance, a gradual increment of Rct values can be observed for both electrolytes
which might represent the possible structural and/or textural changes of the working electrode
(Bi2Ses thin films). In the case of 5 M LiNOs, after the 100" cycle, the Re: values have been
decreased ~4 times which might be related to the possible degradation of Bi.Ses thin films.
The calculated Rsgi values gradually decrease over 100 (5 M LiNOs) and 30 (1 M NaNQg)
cycles, indicating the possible degradation (e.g., formation of mechanical cracks and cavities)
of the SEI layer.

By comparing the resistance values between both electrolytes, the Rsg; and Rt values
using 1 M NaNOs are about two orders of magnitude lower than using 5 M LiNOs. Such a
significant difference might represent a notable degradation of the SEI layer and Bi>Ses thin
films in the aqueous sodium electrolyte media which negatively affects the charge/discharge
performance. This fact is also confirmed by the low charge/discharge capacities during the
GCD performance testing (Fig. 3.7b).
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Table 3.1. Cycle-depended fitted resistance values (kQ cm?) of Bi,Ses thin films using 5 M LiNOs
and 1 M NaNO:s electrolytes.

Electrolyte Resistance (I;?;/iflci)rzg e 5t 100 20t Cyczlgth 30th 50t 100t
5M Rel 0.032 0.045 0.054 0.057 - 0.061 - 0.063 0.065
LiNOs Rkl - 812 467 386 - 282 - 103 91
Rt 892 323 420 306 - 467 - 603 264
M Rel 0.036 0.041 0.041 0.039 0.043 - 0.041 - -
NaNOs Rse - 0.273 0.157 0.096 0.058 - 0.071 - -
Rt 1586 0.900 1.010 1.155 1.178 - 1.221 - -

3.1.3. The characterization of the changes of Bi;Se; thin films after
the electrochemical processes

The post-mortem analysis was performed after the CV measurements of the first
5 cycles (Fig. 3.2). The surface of the working electrode (Bi2Ses thin films) was gently
washed ~3-5 times with deionized water (0.055 puS cm™) and dried at room temperature
(25 °C). A SEM analysis method was performed to investigate the morphological changes on
the electrode surface. However, for the investigation of chemical composition XPS
(5 M LiNOs3) and SEM-EDX (5 M LiNOz and 1 M NaNOg) analysis techniques were applied.

For both electrolytes, the surface of BixSes thin films is coated with an amorphous
film, which presumably could be a SEI layer (5 M LiNOz - Fig. 3.9a;
1 M NaNOz - Fig. 3.9b).

5 M LiNO,

Figure 3.9. Morphological changes of Bi,Ses thin films after the cycling voltammetry measurements
(after the 5™ cycle): a— SEM image (5 M LiNO; electrolyte), b — SEM image (1 M NaNOs;
electrolyte).

The XPS spectra of Bi.Ses thin films in 5 M LiNOs electrolyte (Fig 3.10a) showed a
notable Li 1s peak, which could be attributed to the SEI layer which consists of Li,O and
Li,CO3s. The Bi 4f spectra showed the presence of oxidized Bi form (peaks — Bi 4fsp,
Bi 4f72), which is attributed to the Bi»Os. Presumably, the initial formation of Bi-Os on the
electrode surface could occur in the 1%t cycle by the reaction of Bi,Ses with the dissolved Ox.
However, the further growth of Bi»Os was inhibited by the formation of the SEI layer. After
the 5" cycle, the presence of Bi,Ses is still observed, which is indicated by the following
peaks: Se (Se 3dss, Se 3ds;, — Fig. 3.10a) and Bi (Bi 4fs2, Bi 4f72 — Fig. 3.10b).
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Figure 3.10. XPS spectra of Bi.Se; thin films in 5 M LiNOs electrolyte after the cyclic voltammetry
measurements (after the 5" cycle): a — Se 3d and Li 1s spectra, b — Bi 4f spectra.

The atomic mass (%) of chemical composition calculated from SEM-EDX spectra
data (Table 3.2), shows negligible dissolution of Se in the first 5 cycles, demonstrating the
high stability of Bi»Ses thin films in the aqueous electrolyte media. In the case of
1 M NaNOs, after the 51 cycle, the content of Na increased ~7 times, which confirms the
presence of the SEI layer (Na20, Na202, Na,CO3) on the electrode surface.

Table 3.2. Quantitative SEM-EDX analysis (atomic %) of Bi,Ses thin films in 5 M LINOzun 1 M
NaNO; electrolytes before cycling and after the cycling voltammetry (after the 5% cycle).

Element Before cycling After the 5" cycle
5 M LiNOs; 1 M NaNOs; 5M LiNOs 1 M NaNOs;
Bi 41.0+1.0 27+2 46 + 2 102+1.2
Se 502+11 412 54 +2 94+12
Na - 27+13 - 183+ 1.4

3.2, The characterization of Bi,Se3/SWCNT
heterostructures as anodes in the LIB and SIB systems

3.2.1. The analysis of morphology and chemical composition

The surface of the synthesized Bi»Ses/SWCNT heterostructure (Fig. 3.11a) consists of
Bi>Ses nanoplates (size 0.2-2.0 um) growing directly on the individual SWCNTs bundle
network (diameter 20-80 nm). Most Bi>Ses nanoplates grow perpendicularly to the surface of
the SWCNT bundles and are orientated alongside the SWCNTSs. This fact is confirmed by
TEM/STEM analysis (Fig. 3.11b) which showed that a free-standing Bi>Ses nanoplate is
tightly bonded with one edge (perpendicular to the c-axis) to the surface of the SWCNT
bundle. The cross-section SEM image (Fig. 3.11c) shows a relatively high concentration of
Bi>Ses nanoplates on the electrode surface, which gradually decreases inside the SWCNT
network.
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Figure 3.11. The morphology of synthesized Bi,Ses/SWCNT heterostructure: a — SEM image of the
surface of Bi;Ses/SWCNT, b — transmission electron microscope (TEM) image of a Bi.Ses
nanostructure grown on SWCNT bundle (inset — scanning transmission electron microscope (STEM)
image), ¢ — cross-section SEM image.

The data obtained from SEM-EDX spectra (Fig. 3.12a) and XRD pattern (Fig 3.12b)
confirm the chemical composition of synthesized Bi>Ses/SWCNT heterostructure by the
following results:

1. The Se/Bi atomic ratio determined from the SEM-EDX spectra indicates the
stoichiometric composition of Bi,Ses (calculated — 1.43, theoretical — 1.50);

2. The XRD pattern indicates the rhombohedral (R-3m) crystal structure of Bi>Sez (Card
No. PDF 00-033-0213) with the following crystal lattice parameters:
a=Db=4.13960 A; c = 28.63600 A.

Both analysis methods (SEM-EDX, XRD) also showed the presence of copper
representing the current collector substrate. Additionally, the SEM-EDX spectra showed a
carbon signal, confirming the presence of SWCNTSs in the sample.

The XPS spectra results also confirm the uniform chemical composition of the
Bi,Ses/SWCNT heterostructure. The Bi 4f spectra (Fig. 3.12c¢) exhibit peaks at 158.0 eV
(4f712) and 163.3 eV (4fs2) which correspond to the BioSes phase. Peaks at 158.9 eV (4f72)
and 164.2 eV (4fs;2) might be related to the presence of a very thin Bi2Os on the electrode
surface [125]. On the other hand, the Se 3d spectra (Fig. 3.12d) peaks at 53.3 eV (3ds12) and
54.2 eV (3ds/2) indicating the presence of Se in the Bi>Sesz phase.
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Figure 3.12. The analysis of the chemical composition of synthesized Bi,Ses/SWCNT
heterostructure: a— SEM-EDX spectra, b — XRD pattern, ¢ — XPS spectra of Bi 4f data,
d — XPS spectra of Se 3d data.

3.2.2. The characterization of electrochemical processes in the LIB
and SIB systems

The electrochemical processes were investigated for BiSes/SWCNT heterostructure
(Bi2Ses:SWCNT — 1:1) with the highest performance in LIB and SIB systems (Fig. 3.18). CV
curves were obtained in the potential range 0.01-2.50 V (LIB — vs. Li*/Li; SIB — vs. Na*/Na),
at the scan rate of 0.1 mV s, for the first 10 cycles. For both battery systems, the following
peaks were observed:

1. LIB (Fig. 3.13a): five cathodic (I, 11, 1, 1V, V), four anodic (VI, IX, X, XII) peaks;
2. SIB (Fig. 3.13b): four cathodic (I, I, 111, 1V), five anodic (VI, IX, X, XII) peaks.

As in the case of using lithium (5 M LiNOgz) and sodium (1 M NaNOg) electrolytes
(Fig. 3.2), the peak arrangement in LIB and SIB systems are also analogous, indicating a
similar interaction of Li* and Na* with the Bi.Ses/SWCNT heterostructure.

The Li*/Na* intercalation and deintercalation processes in Bi.Ses are indicated by
peaks | and XII (3.1), respectively [28,104]. Peaks Il and X correspond to the conversion
reaction between the Bi»Sez and Li>Se/NaxSe (3.2) [28,106,126]. In the SIB system, an
additional peak XI indicates the formation of NaBiSe, by the reaction of Na* with Na,Se
(3.11) [126,127]. After the 1% cycle, an irreversible peak Il (LIB system) corresponds to the
formation of the SEI layer on the electrode surface [128,129]. The absence of peak Il in the
2" cycle indicates the end of the formation of the SEI layer [129]. In addition, peak III
overlaps with the formation of alloys (IV, V) which could indicate a possible presence of
alloy compounds (LiBi, LisBi) in the SEI layer composition [28,129,130]. In the SIB system,
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instead of peak Ill, the presence of the SEI layer is confirmed by a potential shift of peak Il
for ~0.2 V from the 1%t to the 2" cycle. Such a different peak arrangement might be related to
the different chemical composition of the SEI layer in LIB and SIB systems, which depends
on the electrolyte composition [131,132]. For both battery systems, cathodic peaks 1V and V
correspond to the multi-step formation of LiBi/NaBi (3.12) and LisBi/NasBi (3.13)
[28,133,134] alloys (alloying reactions) respectively. Moreover, the dealloying reaction for
both battery systems occurs through different mechanisms as follows:

1. LIB system: anodic peak VI corresponds to the formation of LisBi back to metallic

Bi and Li* (3.14) [23,135];

2. SIB system: the dealloying reaction occurs in two steps, which is indicated by peaks

VII (3.13) and VIII (3.12) [106,134].

The additional anodic peak IX in the LIB system may represent a possible side
reaction of Li* with -COOH groups located on the surface of the SWCNT (3.15) [136]. This
peak is not observed in the SIB, which can be attributed to the weaker interaction of Na* with
-COOH groups. Compared to Li*, Na* has a larger ionic radius and lower charge density,
which leads to a weaker electrostatic attraction to the -COOH group electron cloud [137].

In both battery systems, a shift of determined peaks can be observed towards a higher
potential side, which might be related to the polarization effect [138] and structural/textural

changes of anode material [139].
2Na,Se + Bi - NaBiSe, + 3Na* + 3e~ (3.11)
Bi+M™* + e~ <> MBi (M = Li,Na) (3.12)

MBi + 2M* + 2e~ — M3Bi (M = Li,Na) (3.13)

LisBi - Bi + 3Li* + 3e~ (3.14)
xLi* + nRCOOH — nLi,(COOR) + nH* + xe~ (3.15)
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Figure 3.13. Cyclic voltammograms of Bi,Ses/SWCNT (1:1) heterostructures for the first 10 cycles at
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The charge/discharge profiles of the first 10 cycles (Fig. 3.14) are in good agreement
with the CV results (Fig 3.13). In the 1% cycle, a wide discharge plateau at 0.80 V (LIB) and
1.25 V (SIB) corresponds to the formation of the SEI layer. The charge and discharge
plateaus at 2.10 V (LIB), 2.01 (SIB), and 2.30 V (LIB), 2.20 V (SIB) correspond to Li*/Na*
intercalation and deintercalation processes respectively (3.1). The conversion reaction
between Bi,Sez and Li,Se/Na.Se (3.2) is represented by the following charge/discharge
plateaus: charge — 1.60 V (LI1B), 1.15 V (SIB); discharge — 2.00 V (LIB), 1.65 V (SIB). In the
case of the SIB system an additional discharge plateau at 1.90 V, indicating the formation of
NaBiSe> (3.11). For the alloying/dealloying reactions, multiple small plateau curves can be
observed at the following potentials:

1. LIB system (3.12, 3.13, 3,14): charge (0.75/0.80 V), discharge (0.90 V);
2. SIB system (3.12, 3.13): charge (0.63 V/0.83 V), discharge (0.55 V/0.36 V).

After the 5" cycle, the charge/discharge profiles did not change significantly,
indicating the good structural stability of the anode [138], and excellent Li*/Na* storage
reversibility [128,140]. In addition, the overlapping of charge/discharge profiles may also
indicate the end of the SEI layer pre-treatment process, which provides high stability and
improved performance during the charge/discharge processes [141]. Moreover, there are no
platecaus in the charge/discharge profiles that could represent SWCNT-related
electrochemical processes, indicating the absence of predominant Faradaic processes.
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Figure 3.14. Charge/discharge profiles of Bi,Ses/SWCNT (1:1) heterostructures for the first 10 cycles
at current density 0.1 A g*: a — LIB system (0.01 — 2.50 vs. Li*/Li),
b — SIB system (0.01 — 2.50 vs. Na*/Na).

To investigate the electrochemical processes and mechanisms for Bi,Ses/SWCNT
(1:1) heterostructure, multiple CV curves were obtained in the scan rate range from
0.1to 1.0 mV s (Fig. 3.15).
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Figure 3.15. Cyclic voltammograms of Bi.Ses/SWCNT (1:1) heterostructures in the scan rate range
from 0.1 mV s*to 1.0 mV s a - LIB system (0.01 — 2.50 vs. Li*/Li),
b — SIB system (0.01 — 2.50 vs. Na*/Na).

The dominant stage of Bi.Ses/SWCNT (1:1) heterostructure was determined using
equation (3.9) for the processes involving Bi,Ses interaction with Li*/Na*:

1. LIB system: conversion (11, X) and alloying/dealloying (IV, V, VI) reaction;
2. SIB system: conversion (I, X, XI) and alloying/dealloying (1V, V, VII, VIII).

In both battery systems, calculated b-values (Fig. 3.16) demonstrate that the
Bi>Ses/SWCNT (1:1) heterostructure exhibits a significant contribution from both capacitive
and diffusion-controlled processes (LIB: 0.63 — 0.80; SIB: 0.65 — 0.98). The upper limit of
b-values in the LIB (b = 0.80) and SIB (b = 0.98) systems indicates a dominant contribution
of capacitive processes. Such a significant contribution of the capacitive processes (pseudo
and electrical-double layer capacitance) can be expected from layered, nanostructured,
porous, and carbon-containing active materials (e.g., SWCNT, graphene) [142], which
provide a high kinetic rate of electrochemical reactions.
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Figure 3.16. Log-scale plots log(i)=f(log(v)) of Bi.Ses/SWCNT (1:1) heterostructures:
a— LIB system, b — SIB system.

The quantitative contribution of capacitive and diffusion-controlled processes,
calculated using equation (3.10), confirms a notable dominance of capacitive processes in
LIB and SIB systems (Fig. 3.17). At the lowest scan rate (0.1 mV s1), the contribution of
capacitive processes is 44 % (L1B) and 69 % (SIB). However, with a gradual increase of scan
rate up to 1.0 mV s, the contribution of capacitive processes becomes more pronounced

reaching 74 % (L1B) and 88 % (SIB).

97

LIB SIB
a 100+ b 100+
2 804 2 804| | Ll 63 [eel 8
c ] [ H c 1 (78 82
2 604 68 69 S 604 |69
2 J1LEl 3
O 204 O 204
0: 1 1 1 1 1 1 O: 1 1 1 1 1 1
N N
NRVROE Q":"Q?"\-Q A NSISNNY
v, (mVs) v, (mVs")

[ Capacitive [ Diffusion-controlled

Figure 3.17. The contribution (%) of capacitive and diffusion-controlled processes for
Bi>Ses/SWCNT (1:1) heterostructures: a — LIB system, b — SIB system.



To find how the changes in Bi.Ses/SWCNT relative content can affect heterostructure
performance, short-term GCD measurements were carried out (100 cycles, 0.1 A g*) for the
following Bi>Ses:SWCNT mass ratios: LIB — (1:5), (1:2), (1:1), (2:1), (3:1), (5:1);
SIB — (1:5), (1:2), (1:1), (2:1), (5:1).

LIB system (Fig 3.18a). The sample with the mass ratio of (1:1) demonstrated the
highest initial discharge capacity (879 mAh g!), which significantly exceeds the theoretical
capacity of pristine BizSes (491 mAh g') [21] and SWCNT (~300 mAh g1) [143]. Such a
high initial discharge capacity might be related to the pronounced capacitive processes on the
electrode surface which are enabled by the large electrode/electrolyte contact area [142].
From the 1% to 5™ cycle, samples (1:5), (1:2), and (1:1) exhibit a gradual decrement of
discharge capacity (1:5 — from 331 mAh g* to 301 mAh g?; 1:2 — from 412 mAh g* to
364 mAh g?; 1:1 — from 879 mAh g* to 419 mAh g*?), which could be attributed to the
formation of SEI layer and its further pre-treatment process [28]. For the sample (2:1), (3:1),
and (5:1), a discharge capacity drop is observed until the 10" — 15™ cycle, which might be
related to the additional volume expansion effect of the Bi,Ses [97], caused by low relative
content of SWCNTSs. In the subsequent cycling (6™ — 100™ cycle), all mass ratio samples
(except 5:1) demonstrate a gradual increment of discharge capacity, which could be related to
the electrode activation process or electrolyte decomposition [144]. The electrode activation
process involves the formation of Se-C bonds between SWCNT and Se, which inhibit the
dissolution of selenium, provide additional electron pathways [145], and promote the
significant contribution of capacitive processes. For the sample with a mass ratio (5:1)
sample, a gradual capacity increment was not observed due to the insufficient content of the
SWCNT in the anode, which led to the less efficient formation of Se-C bonds. After the
100" cycle, among all studied anode materials, sample (1:1) showed the highest discharge
capacity (523 mAh g), which significantly exceeds the theoretical capacity values. Such a
significant increment in discharge capacity can be related to the large contribution of
capacitive storage of Li* [146,147].

SIB system (Fig. 3.18b) short-term cycling performance of different mass ratio
samples showed a similar tendency as in the case of LIB (Fig.3.18a). The sample (1:1) has
~2-3 times higher initial discharge capacity (354 mAh g) than for other studied mass ratios:
(1:5) — 114 mAh g, (1:2) — 200 mAh g%, (2:1) — 112 mAh g* and (5:1) — 188 mAh g*. In
the subsequent cycling, all studied mass ratio samples demonstrate a gradual decrement of
discharge capacity till the 100" cycle, which could be attributed to the electrolyte
decomposition and/or SEI layer degradation. After the 100" cycle, the sample (1:1)
demonstrates ~2-4 times higher discharge capacity (247 mAh g) than other studied mass
ratios. It is important to note, that the SIB system does not exhibit the gradual capacity
increase which is associated with the electrode activation process (formation of Se-C bonds).
This factor might be related to different reaction mechanisms in both battery systems [148].
In the case of the SIB system, the irreversible formation of NaBiSe, (confirmed by CV
results — Fig 3.13b) might reduce the amount of free Se which hinders the formation of Se-C
bonds on the SWCNT surface.
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Figure 3.18. Galvanostatic charge/discharge (GCD) short-term cycling performances
of Bi»Ses/SWCNT (1:1) heterostructures for different Bi.Ses:SWCNT mass ratios (100 cycles,
0.1 Ag%:a— LIB system, b — SIB system.

Such an excellent performance for Bi»Ses/SWCNT (1:1) heterostructure in LIB and
SIB systems (Fig. 3.14) might be related to the pronounced contribution of capacitive
processes which is ensured by efficient nanostructuring of Bi>Ses on the SWCNT network,
resulting in synergistic interaction. A porous Bi>Ses/SWCNT network ensures a large contact
area between electrolyte and electrode material providing extra space for volume expansion
during the charge/discharge processes, good electrical conductivity, and additional sites for
capacitive storage of Li*/Na* [146,147]. With the increase of the relative mass of Bi,Ses, LIB
(2:1, 3:1, 5:1) and SIB (2:1, 5:1) system samples demonstrated gradual deterioration of anode
performance which could be due to the high concentration of Bi,Sesz in the anode. It could
cause the incomplete penetration of Bi.Sez in the volume of SWCNT, resulting in the
over-accumulation of Bi>Ses on the electrode surface [149]. Moreover, the electrode with a
high Bi>Ses content could not provide a direct electrical and mechanical contact of
Bi>Ses/SWCNT leading to the lower electrical conductivity. On the other hand, relatively low
SWCNT content in the electrode material can cause significant volume changes making the
electrode structure more fragile [25]. Samples with a relatively high SWCNT content (1:2,
1:5) also exhibited lower charge/discharge performance, which might be related to the
decrease of the active material (Bi.Ses) relative mass in the anode.

To investigate how different current densities can affect the discharge capacities of
the Bi>Ses/SWCNT (1:1) heterostructure, a rate capability analysis was performed in the
range of 0.1 — 5.0 A g. At the respective current density values of 0.1, 0.2, 0.5, 1.0, 2.0, and
5.0 A g%, the sample (1:1) demonstrated the following discharge capacities.

1. LIB system (Fig. 3.19a): 650, 479, 402, 397, 400 un 420 mAh g*;
2. SIB system (Fig. 3.19b): 534, 361, 306, 267, 247 un 231 mAh g™

For both battery systems, a Bi>Ses/SWCNT (1:1) heterostructure still shows relatively
high discharge capacity at the highest applied current density (5.0 A g%), indicating high
stability and reversibility of the anode material. In the case of the LIB system, from the 61° to
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70" cycle (0.1 A g), the sample (1:1) showed a significant increment of discharge capacity
in comparison to initial values (15t — 10" cycle), which might be related to the enhanced
electrode activation at larger current densities.
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Figure 3.19. The rate capability of Bi.Ses/SWCNT (1:1) heterostructures in the current density range
from 0.1t0 5.0 A g*: a— LIB system (70 cycles), b — SIB system (35 cycles).

Additional long-term GCD measurements were carried out to investigate
BiSes/SWCNT (1:1) heterostructure performance over extended cycle periods under more
intense charge/discharge conditions.

LIB system (Fig. 3.20a). At the higher current densities (2 and 5 A g?), the
Bi,Ses/SWCNT (1:1) heterostructure demonstrates excellent performance over the
500 cycles. Initially, for both current densities (2 and 5 A g!), a gradual charge/discharge
capacity decrement can be observed till the 201" cycle, which could be attributed to the
formation and further pre-treatment process of the SEI layer. A similar tendency is
observed also for short-term cycling performance results (Fig. 3.18a). At the current density
of 2 A g7, the charge/discharge capacities continue to increase up to the 480" cycle by
reaching its maximum value of 1085 mAh g, indicating a further activation process of the
electrode. In the subsequent cycling, charge/discharge capacities remain unchanged and reach
1080 mAh g? at the 500" cycle, demonstrating the endpoint of the electrode activation
process. The long-term cycling performance at the higher current density (5 A g1), the (1:1)
sample exhibits continuous capacity increment till the 500" cycle by reaching 809 mAh g,
For the first 100 cycles, the exhibited charge/discharge capacity values at 2 A g are higher
than during the short-term cycling performance at 0.1 A g* (Fig. 3.18a). This fact might be
related to the increment of internal temperature in the battery cell, which provides higher ion
mobility and electrode kinetic at higher current densities [25]. On the other hand, at a current
density of 5 A g%, Bi,Ses/SWCNT (1:1) heterostructure shows reduced capacity due to the
heightened mechanical stress-induced degradation, in contrast to the electrodes operating at
0.1 A g!and 2 A g? current densities. In addition, a relatively high current density can
promote significant decomposition of electrolytes and increase the consumption of Li* during
the charge/discharge process, which leads to the capacity fade [150]. The Coulombic
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efficiency for both current densities (2 and 5 A g2) is close to 100 %, indicating high stability
of the anode material and good charge/discharge reversibility.

SIB system (Fig. 3.20b). The long-term cycling performance of Bi.Ses/SWCNT (1:1)
heterostructure was performed for 400 cycles at a current density of 5 A g In the first
140 cycles, the charge/discharge capacity has been decreased ~3 times (from 449 mAh g to
139 mAh g1), which is caused by both degradation of the SEI layer and possible structural
changes in the anode material. In the subsequent cycling, the charge/discharge capacities
remain almost constant and after the 400" cycle, it reaches 120 mAh g, demonstrating a
stable anode performance. As with the LIB system, the Coulombic efficiency is close to
100 % indicating high stability and excellent reversibility.
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Figure 3.20. Long-term cycling performance of Bi,Ses/SWCNT (1:1) heterostructures: a — LIB
system (500 cycles; 2 and 5 A g1), b — SIB system (400 cycles; 5 A g?).

The EIS hodographs were obtained before and during the short-term cycling
performance, to investigate the changes in the electrochemical properties of Bi>Ses/SWCNT
(1:1) heterostructure:

1. LIB system (Fig. 3.21a): after the 1%, 51, 20™ 40t 100™ cycle;

2. SIB system (Fig. 3.21b): after the 1%, 5™, 10™, 25%, 80™, 100" cycle.

The obtained EIS hodographs were described by similar equivalent circuit schemes
(Fig. 3.21c,d) as described for Bi,Ses thin films (Chapter 3.1.3). It should be noted, that
Bi>Ses/SWCNT (1:1) heterostructure performance was investigated using a 2-electrode cell,
which is structurally different from the 3-electrode cell system, leading to the following
changes in the circuit elements:

1. The intercept with the Z’ axis describes the bulk resistance (Rp), which includes the
resistance of the electrolyte, separator, and counter/reference electrode (LIB — lithium
foil; SIB — sodium foil);

2. The linear slope in the low-frequency range represents the Warburg open element
(Wo) describing the diffusion of ions and/or molecules between the
electrolyte/electrode interface.
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Figure 3.21. Electrochemical impedance spectroscopy (EIS) results of Bi»Sez /SWCNT (1:1)
heterostructure in the LIB and SIB system before cycling and during the short-term cycling
performance: a — Nyquist plot, b — equivalent circuit scheme before the cycling performance,
¢ — equivalent circuit scheme during the cycling performance.

The equivalent circuit resistance values (Rp, Rsei, Rct) were described using the
Simplex algorithm (Table 3.3).

For both battery systems, the values of Ry over 100 cycles are almost similar and
within the same order of magnitude, indicating a high stability of the electrolyte:
(3.4+0.4Qcm?), SIB (6.5 £ 1.7 Q cm?). In the case of the LIB system, the R values
gradually decrease from 176 Q cm? (1%t cycle) to 24 Q cm? (100" cycle) which might
represent the electrode activation process (e.g., Se-C bond formation on the SWCNT
surface), increasing the charge/discharge capacity. This fact is also confirmed by the
short-term cycling performance results (Fig. 3.18a). On the other hand, the SIB system
demonstrates the increment of Ret values from 678 Q cm? (1% cycle) to 1204 Q cm?
(100" cycle) which could indicate a degradation of the Bi,Ses/SWCNT and the possible
effect of an inhomogeneous SEI layer. In the LIB system, the value of Rsg gradually
decreases from 350 Q cm? (1% cycle) to 56 Q cm? (100" cycle) representing a negligible
degradation of the SEI layer. In contrast, the Rsgi value for the SIB system remains stable up
to the 10" cycle, but its gradual drop can be observed in the subsequent cycling.

The Rsel and Rt values for the SIB system are almost one order higher than in the
LIB system. The relatively high Rsgi values might be attributed to the formation of the thicker
and more insulating SEI layer on the electrode surface. Moreover, the formation of the stable
SEI layer could be assured by the presence of the FEC solvent in the electrolyte [151]. The
relatively high Rc values during the charge/discharge processes may indicate a slower charge
transfer, which is mainly influenced by the large Na* radius [152,153].
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Table 3.3. Cycle-depended fitted resistance values (Q cm?) of Bi»Ses/SWCNT (1:1) heterostructure in
the LIB and SIB system.

. Before Cycle
SyStem Resistance cycling 1st 5th 10th Zoth Y 25th 40th 80th 100th
Rb 31 3.2 3.2 - 3.3 - 3.4 - 4.1
LIB Rsei - 350 76 - 70 - 68 - 56
Ret 190 173 50 - 23 - 28 - 24
Ro 111 9.5 6.3 4.9 - 4.9 - 6.4 6.8
SIB Rse - 2787 3510 2280 - 1442 - 553 353
Ret 348 678 359 524 - 646 - 1158 1204

3.2.3. The characterization of the changes of heterostructure after
the short-term cycling performance

After the short-term cycling performance (100 cycles, 0.1 A g1), the CR2023 half-cell
was disassembled to remove the Bi>Ses/SWCNT (1:1) anode. To get rid of excess electrolyte,
the surface of the electrode was washed ~3-4 times with isopropanol and dried at room
temperature (25 °C).

LIB system. The post-mortem analysis showed that the surface of the anode material
is coated with amorphous film, which presumably could be the SEI layer (Fig. 3.22a). The
cross-section SEM image (Fig. 3.22b) shows that the SEI layer is formed both on the
electrode surface and the entire electrode volume which is very common for nanostructured
electrode materials [154]. The obtained XRD pattern of powder-form Bi,Ses/SWCNT (1:1)
heterostructure still demonstrates the presence of rhombohedral Bi;Ses (Ref. card
No. PDF 00-033-0213). The additional intense signals of LioCOs; (Ref. card
No. PDF 00-009-0359) and LiOH (Ref. card No. PDF 00-032-0564) confirm the presence of
the SEI layer. The SEM-EDX spectra (Fig. 3.22d) showed that after the 100™ cycle, the
atomic ratio of Se/Bi is still close to the theoretical (theoretical — 1.50, experimental — 1.57),
illustrating the high stability of Bi>Ses. The Raman spectroscopy was carried out before and
after the short-term cycling performance (Fig. 3.22e). After the 100" cycle, from 100 to
170 cmt, can be observed the overlapping of several bands. The plateau between 130 and
170 cm, shows the presence of crystalline Bi»Ses and Bi>Os bands (after the 100" cycle). In
addition, the peak at ~120 cm, is attributed to the presence of LiF, which is another main
component of the SEI layer. The peak at ~190 cm?, represents Li.COs; (SEI layer
component), which was also confirmed by XRD analysis (Fig. 3.22c). The additional signals
at ~240 cm™ and ~251 cm* show the presence of Se and Se-C, respectively. The formation of
Se-C bonds inhibits the dissolution of selenium and provides additional electron transport
pathways, which ensures the increment of charge/discharge capacity (Fig. 3.18a) and
capacitive contribution (Fig. 3.17a). In addition, in both Raman spectra (before cycling and
after the 100™ cycle), the presence of Cu,O (~214 cm™) is attributed to the background from
the current collector.
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Figure 3.22. The analysis of morphology and chemical composition of Bi.Ses/SWCNT (1:1)
heterostructure after the short-term cycling performance (0.1 A g, 100 cycles) in the LIB system:
a— SEM image (inset — SEM image in the higher magnification), b — cross-section SEM image,
¢ — XRD pattern, d — SEM-EDX spectra, e — Raman spectra.

SIB system. Analogous to the LIB system, an amorphous SEI layer is observed after
the short-term cycling performance on both the electrode surface (Fig. 3.23a) and the entire
material volume (Fig. 3.23b). The surface of the electrode is also covered with small flakes
(~20-120 pm), representing the remnants of the microfiber separator. Along with the
presence of Bi,Ses (Bi and Se signals), the SEM-EDX (Fig. 3.23c) spectra showed intense
signals of Na and O, which confirm the presence of the SEI layer in the form of NazO.
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Figure 3.23. The analysis of morphology and chemical composition of Bi,Ses/SWCNT (1:1)
heterostructure after the short-term cycling performance (0.1 A g, 100 cycles) in the SIB system:
a— SEM image (inset — SEM image in the higher magnification), b — cross-section SEM image,
¢ — SEM-EDX spectra.
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3.3. The characterization of BiSe:/MXene/SWCNT
heterostructures as anodes in the LIB and SIB systems

3.3.1. The analysis of morphology and chemical composition

For the synthesis of Bi,Ses/MXene/SWCNT heterostructure, SWCNTSs with a length
of several micrometres and diameter ranging from 20 to 80 nm were used. The SEM images
(Fig. 3.24a) of SWCNT/MXene (1:1) suspension on the glass substrate showed no sight of
agglomeration of the MXene nanoplates but rather their distribution throughout the SWCNT
network, which provide a high electrode surface area and short electron pathways. As
SWCNT bundles have a higher specific surface area (1315 m? g [155]) than MXenes
(~200 m? gt [156]), the increase in the relative SWCNT content will result in a larger
specific surface area of the electrode.

After the synthesis of Bi>Ses around the SWNCT/MXene network, the surface of the
electrode is covered by randomly Bi,Ses nanoplates with sizes from 100 to 500 nm
(Fig. 3.24b). In addition, the nanostructured Bi>Ses does not uniformly coat the surface of
SWCNT, but their growth occurs by grooving between SWCNT bundles (Fig. 3.24c-¢). This
growth mechanism ensures the formation of inhomogeneous Bi>Ses nanoplates, which are
attached to the SWCNT bundle on one side (Fig. 3.24f).

20 nm

100 nm

Figure 3.24. The morphology of synthesized heterostructures: a — SEM image of SWCNT/MXene
(2:1) suspension on the glass substrate, b — SEM image Bi,Ses/MXene/SWCNT (1:1:2)
heterostructure, c-e — STEM images illustrating the initial stage of agglomeration of adatoms and
nucleation of Bi.Se; on a SWCNT bundle, f— TEM images of single Bi.Ses nanoplate on a SWCNT
bundle.
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The analysis of SEM-EDX (Fig. 3.25a) showed the presence of Bi and Se signals
related to Bi>Ses along with Ti and C, representing MXene (TizCz) and SWCNT. The XRD
pattern (Fig. 3.26b) confirms the rhombohedral phase of Bi»Ses (Ref. card. No. PDF
00-033-0214) and shows the presence of copper (current collector) and MXene in the
Bi>Ses/MXene/SWCNT heterostructure.
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Figure 3.25. The chemical composition of synthesized Bi,Ses/MXene/SWCNT heterostructure:
a— SEM-EDX spectra, b — XRD pattern.

3.3.2. The characterization of electrochemical processes in the LIB
and SIB systems

CV curves (0.01 — 2.50 V / 0.1 mV s1) were obtained for the samples with the best
performance (Fig. 3.31) with the following Bi.Ses:MXene:SWCNT mass ratio: LIB — 1:1:2
(Fig. 3.26a), SIB — 2:1:1 (Fig. 3.26b). For both battery systems, cathodic (I, Il, 1V, V) and
anodic (VI, VII, VI, IX, X, XlI, XIl) peaks are analogous to the Bi,Ses/SWCNT
(Chapter 3.2.2) indicating the same electrochemical processes for BixSes/MXene/SWCNT
heterostructure. In addition to the previously mentioned peaks, new peaks can also be
observed: LIB (M-I, M-I1, M-I1I, M-1V), SIB (M-V).

LIB system (Fig. 3.26a). The low-intensity peaks M-I and M-IV represent a possible
reaction of Li* with the MXene (TisC.) (Eg. 3.16) [157]. The presence of these reactions
might indicate that even though MXene nanoplates were coated with a dense Bi,Ses layer, the
intercalation of Li* in the MXene material still occurred. In addition, peaks M-Il and M-I1I
represent the possible Li* intercalation/deintercalation processes into SWCNT (Eq. 3.17)
[158-160].

SIB system (Fig. 3.26b). The irreversible anodic peak M-V might be attributed to the
trapping of Na* [161,162] between MXene sheets [163]. This electrochemical reaction is
unfavourable, causing significant aggregation of MXenes, which limits the transportation of
Na* and results in a significant deterioration of battery performance [86].

From the 1%t to 5 cycle, all peaks demonstrate a slight shift towards higher potential,
which might be attributed to the polarization effect [138] and structural/textural changes of
the electrode material [139].
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Figure 3.26. Cyclic voltammograms of Bi.Ses/MXene/SWCNT heterostructures for the first 5 cycles
at the scan rate 0.1 mV s: a — LIB system (1:1:2) sample (0.01 — 2.50 vs. Li*/Li), b — SIB system
(2:1:1) sample (0.01 — 2.50 vs. Na*/Na).

For both battery systems, the charge/discharge profile plateau potentials for
Bi>Ses/MXene/SWCNT heterostructure (Fig. 3.27) are analogous to Bi>Ses/SWCNT
(Fig. 3.14) and are also in good agreement with the CV results (Fig. 3.26). In addition, the
main difference for Bi>Ses/MXene/SWCNT heterostructure in the LIB system is a charge
(~2.30 V) and discharge (~2.00 V) plateau curves, which correspond to Li*
intercalation/deintercalation processes with Bi>Ses (3.1) and MXene (3.16) material.
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Figure 3.27. Charge/discharge profiles of Bi»Ses/MXene/SWCNT heterostructures for the first 5
cycles at current density 0.1 A g*: a — LIB system (1:1:2) sample (0.01 — 2.50 vs. Li*/Li),
b — SIB system (2:1:1) sample (0.01 — 2.50 vs. Na*/Na).

The dominant stage for Bi.Ses/MXene/SWCNT heterostructure was determined from
multiple CV curves (0.1 — 1.0 mV s*?). The contribution of capacitive and diffusion-
controlled processes was calculated, using equation (3.9), for the following electrochemical
reactions.

1. LIB system (Fig. 3.28a): conversion reactions (Il, X), alloying/dealloying reactions
(v, V, VI), Li* interaction with -COOH (IX), Li* intercalation/deintercalation with
SWCNT (M-11, M-I11);

2. SIB system (Fig. 3.28b): conversion reaction (I, X, XI), alloying/dealloying reaction
(v, V, VII, V), trapping of Na* between MXene sheets.
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Figure 3.28. Cyclic voltammograms of Bi,Ses/MXene/SWCNT heterostructures in the scan rate
range from 0.1 mV s* to 1.0 mV s: a — LIB system (0.01 — 2.50 vs. Li*/Li),
b — SIB system (0.01 — 2.50 vs. Na*/Na).

For both battery systems (Fig. 3.29), Li*/Na* related processes with BizSes (I, 1V, V,
VI, VII, VIII, X, XI) showed a significant contribution of capacitive processes (pseudo and
electrical-double layer capacitance): LIB (b = 0.70 — 0.83), SIB (b = 0.65 — 0.96). A similar
tendency is observed in LIB system related SWCNT processes (1X, M-I1, M-I11) by showing
the notable presence of capacitive processes (b = 0.60 — 0.99) [142]. In addition, for
MXene-related processes (LIB system), the dominant stage was not investigated due to the
low intensity of peak (M-I, M-1V) heights. This could probably indicate, that in comparison
to SWCNTs, MXenes act as a pure capacitor, which can ensure the high structural stability of
the entire anode material. Moreover, in the SIB system, the Na* trapping process between
MXene nanosheets (M-V) also indicates a dominant contribution of capacitive processes
(b =10.99).
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Figure 3.29. Log-scale plots log(i)=f(log(v)) of Bi.Ses/MXene/SWCNT heterostructures:
a— LIB system (1:1:2) sample, b — SIB system (2:1:1) sample.

The quantitative contribution of capacitive/diffusion-controlled processes (Fig. 3.30)
for Bi.Ses/MXene/SWCNT heterostructures was calculated using equation (3.10) and
confirms a significant dominance of capacitive processes for both battery systems as follows:

1. LIB: from 38 % (0.1 mV s1) to 70 % (1.0 mV s?);
2. SIB: from 64 % (0.1 mV s1) to 86 % (1.0 mV s2).
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Figure 3.30. The contribution (%) of capacitive and diffusion-controlled processes for
Bi,Ses/MXene/SWCNT heterostructures: a — LIB system (1:2:2) sample,
b — SIB system (2:1:1) sample.
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Short-term cycling performance (100 cycles, 0.1 A g¢g%) were carried out for
Bi>Ses/MXene/SWCNT heterostructures with the following Bi2Sez:MXene:SWCNT mass
ratios: LIB — (1:1:1, 1:2:2,0.5:1.5:2, 1:1:2, 2:1:1, 1.5:0.5:2), SIB — (2:1:1, 1:2:2, 1:2:1).

LIB system (Fig. 3.31a). BixSes/MXene/SWCNT (1:1:2) heterostructure
demonstrates ~2-5 times higher initial discharge capacity (806 mAh g*) than other studied
mass ratio samples. Moreover, the initial discharge capacity of (1:1:2) significantly exceeds
(~1.7-2.7 times) the theoretical capacity of pristine Bi2Ses (491 mAh g?) [22], SWCNT
(~300 mAh g1) [143] and MXenes (TisC2) (~320 mAh g1) [94]. Similarly to Bi.Ses/SWCNT
(2:1) cycling performance (Fig. 3.18a), such a high initial discharge capacity might be related
to the additional capacitive processes. From the 1%t to 10™ cycle, the sample with the mass
ratio (1:1:2) demonstrates a gradual drop of discharge capacity from 806 to 651 mAh g,
which could be related to the formation [28] and pre-treatment [141] process of the SEI layer.
A similar capacity drop is also observed for other studied mass ratios. From the 11" to
100™ cycle, the (1:1:2) sample demonstrates a gradual increment of discharge capacity which
is attributed to the electrode activation process (the formation of Se-C bonds) preventing the
dissolution of Se in the electrolyte as well as provides additional electron pathways and
significantly increases the contribution of capacitive processes [145]. The highest increment
of discharge capacity is observed especially for the (1:1:2) sample due to the relatively high
content of SWCNT in the sample. On the other hand, for other mass ratios, the discharge
capacity increment is negligible. After the 100" cycle, the (1:1:2) sample exhibits the highest
discharge capacity (738 mAh g1), which is ~2-7 times higher than other studied mass ratio
samples: 371 mAh g? (1:1:1), 217 mAh g* (1:2:2), 172 mAh g? (2:1:1), 329 mAh g*
(0.5:2:1.5), 338 mAh g (1.5:2:0.5). The comparison of short-term cycling performance
results with different mass ratios shows that excessive content of Bi>Ses in the electrode can
lead to significant volume changes, resulting in a significant decrement of charge/discharge
capacity and changes in the electrode structure. On the other hand, the high relative content
of MXene and/or MXene/SWCNT significantly decreases the relative mass of active material
(Bi2Ses) and causes the restacking of MXene which impairs LIB performance. This tendency
is confirmed by comparing the performance of different mass ratio samples.

SIB system (Fig. 3.31b). The sample (2:1:1) showed the highest performance among
other studied mass ratios. It is important to note that in the LIB system, the (2:1:1) sample
demonstrated the lowest performance. Comparing the initial discharge capacities, the sample
(2:1:1) exhibits ~1.5-3.0 times higher value (254 mAh g1) than other studied mass ratios. In
the subsequent cycling, all studied samples demonstrated a gradual decrement of discharge
capacity till the 100™ cycle, which could be attributed to both electrolyte decomposition and
SEI layer degradation processes. After the 100" cycle, the (2:1:1) sample demonstrated
~15-70 % higher discharge capacity (188 mAh g*) than other studied mass ratios. In
comparison to Bi»Ses/SWCNT (1:1) (Fig. 3.18b), the BixSes/MXene/SWCNT (2:1:1)
heterostructure exhibits lower performance which could be related to the Na* trapping
process between MXene nanosheets, causing significant MXene aggregation, limiting the
transportation of Na* to the electrode [86]. This fact is well demonstrated by the sample
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(1:2:1) which has the highest relative content of MXenes and the lowest cycling performance
over 100 cycles.
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Figure 3.31. The short-term cycling performances of Bi»Ses/MXene/SWCNT heterostructure with the
different Bi,Ses:MXene:SWCNT mass ratios for 100 cycles at current density 0.1 A g™
a— LIB system, b — SIB system.

For the LIB system, additional measurements (rate capability, long-term cycling
performance) were performed for BiSes/MXene/SWCNT (1:1:2) heterostructure which
exhibited the highest performance. The sample (1:1:2) demonstrates remarkably high and
stable discharge capacity (3066 mAh g?) at high current densities of 0.5-10.0 A g*
(Fig. 3.32a). The long-term cycling performance results of the (1:1:2) sample showed high
performance over 900 cycles at the high current density (10 A g1). Moreover, the long-term
cycling performance exhibited higher performance than during the short-term, which could
be attributed to a significant increment of capacitive processes at the higher current densities.
From the 1% to 3" cycle, a rapid capacity drop is observed from 252 mAh g to 185 mAh g1,
which is followed by a gradual capacity increment up to 460 mAh g at the 465" cycle
caused by the electrode activation process (formation of Se-C bonds). From the 465" to
690™ cycle, the capacities start gradually to decrease (from 433 mAh g* to 330 mAh g?),
which could indicate the end of the electrode activation process and the possible degradation
of anode material. After the 690" cycle, charge/discharge capacities remained almost
unchanged by delivering 320 mAh g at the 900" cycle. The Coulombic efficiency is close to
100 %, indicating great stability of anode material and charge/discharge reversibility.
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Figure 3.32. The cycling performance of Bi,Ses/MXene/SWCNT (1:1:2) heterostructure in the LIB
system: a — rate capability (0.1 — 10.0 A g*; 40 cycles), b — long-term cycling performance (10 A g%,
900 cycles).

The EIS analysis was carried out for BioSes/MXene/SWCNT (1:1:2) heterostructure
in the LIB system before and during the short-term cycling performance (1%, 5™, 10, 25,
50™, and 100™). The obtained EIS hodographs were described using an equivalent circuit
scheme shown in Figure 3.33b,c, which are analogous to the Bi»Ses/SWCNT (1:1)
heterostructure (Fig. 3.21c,d).
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Figure 3.33. Electrochemical impedance spectroscopy (EIS) results of Bi,Ses/MXene/SWCNT
(2:1:2) heterostructure in the LIB system before cycling and during the short-term cycling
performance: a — Nyquist plot, b — equivalent circuit scheme before the cycling performance,
¢ — equivalent circuit scheme during the cycling performance.

The resistance values of Ry, Rsei, and Ret were calculated using a Simplex algorithm
(Table 3.4). During the first 100 cycles, the values of Ry, are almost similar
(10.7+1.8Qcm?), indicating a high stability of the electrolyte. Analogous to
Bi2Ses/SWCNT (1:1) heterostructure (Table 3.3), a decrement of Re from 456 Q cm?
(Istcycle) to 92 Q cm? (100" cycle) might be related to the electrode activation process
(e.g., Se-C bond formation on the SWCNT surface). On the other hand, the Rsg values
showed a gradual decrement from 291 Q cm? (1% cycle) to 152 Q cm? (100" cycle) indicating
a negligible degradation of the SEI layer.
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Table 3.4. Cycle-depended fitted resistance values (Q cm?) of Bi;Ses/MXene/SWCNT (1:1:2)
heterostructure in the LIB system.

. Cycle
Resistance gecfl?;Z 1t 5t 10% . 25 50t 100"
Ro. O 155 13.7 1.3 11.2 101 9.6 8.3
Rsgi, Q i 201 231 199 158 160 152
Ret, O 135 465 317 263 116 97 92

3.4. The performance comparison of the studied anode
materials

LIB system. The cycling performance (~0.2 A g?) of BiSes thin film using
5 M LiNOz aqueous electrolyte demonstrates ~85-90 % lower discharge capacity than
Bi>Ses/SWCNT (1:1) and Bi>Ses/MXene/SWCNT (1:1:2) heterostructures (Table 3.5). Such
a low performance could be related to the main limitations of using aqueous electrolytes (the
potential window of water decomposition, etc.) [13,14]. In comparison with the other studied
anodes using non-aqueous electrolytes (Bi>Ses microrods and flower-like structure), Bi>Ses
thin films demonstrate almost similar discharge capacity at relatively higher current density.
In addition, the low performance of Bi»Sez in non-aqueous electrolytes could be attributed to
the dissolution of selenium, which negatively affects the structural stability of anode material.
On the other hand, in the lithium aqueous electrolyte, the dissolution of selenium is not
observed (Chapter 3.1.3), showing the high structural stability of Bi.Ses thin films. In
general, Bi>Sesz thin films can be a promising anode electrode in a LIB system by using
lithium aqueous electrolyte.

During the short-term cycling performance (0.1 A g%, 100 cycles), the
Bi>Ses/MXene/SWCNT (1:1:2) heterostructure exhibits ~30 % higher discharge capacity
(738 mAh g1) than BizSes/SWCNT (1:1) (523 mAh g?). The relatively high performance of
Bi>Ses/MXene/SWCNT (1:1:2) heterostructure is ensured by the presence of MXene (TisC»)
in the sample, providing both high structural stability of the material and significantly
increased the contribution of capacitive processes which leads to the faster electrode
activation during the charge/discharge processes. The BiSes/SWCNT (1:1) and
Bi>Ses/MXene/SWCNT (1:1:2) heterostructures exhibit ~62-88 % higher discharge capacity
than pristine structured Bi>Ses anodes (Bi>Sesz microrods and flower-like). In comparison with
the carbon-allotrope base modified Bi>Ses anodes (prepared using the slurry-coating method),
the heterostructures showed ~18-73 % higher discharge capacity than Bi>Ses/graphene and
CNTs@C@Bi,Ses. During the long-term cycling performance at the higher current densities
and longer cycling time, both studied heterostructure materials exhibited ~24-78 % higher
discharge capacity than CNTs@C@Bi.Ses. It is important to note that
Bi>Ses/MXene/SWCNT (1:1:2) demonstrates high and stable performance at the intense
charge/discharge conditions over 900 cycles at the high current density (10 A g). This
comparison shows that Bi>Ses/SWCNT (1:1) and BiSes/MXene/SWCNT (1:1:2)
heterostructure exhibits excellent performance among other studied anode materials,
demonstrating the perspective use as anodes in LIBs.
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Table 3.5. The comparison of discharge capacities with the different anode materials in the LIB

system.
Short-term cycling Long-term cycling
performance performance
Anode Current Discharge Current Discharge Reference
density capacity density capacity
Bi,Ses ~0.2 Agt 79 mAh g .
thin films® (1C) (100 cycles) Not specified
. 4 2AQ? 1080 mAh gt
Bleezllsll/;/ CNT 0.1Ag! ?fgonz:A:Iegs) 5Ag! 809 mAhg!  This study
' y (500 cycles)
Bi,Ses/MXene/SWCNT 1 738 mAh gt 1 320 mAh gt
(1:1:2) 0.1Ag (100 cycles) 10Ag (900 cycles)
: . 1 55 mAh g*! -
Bi.Se; microrods 0.05A¢ (50 cycles) Not specified [20,164]
) 4 205 mAh gt .
Bi,Ses/graphene 0.05A¢g (100 cycles) Not specified [20,25]
i 1 431 mAh g 1 243 mAh g
CNTs@C@Bi,Ses 01Ag (100 cycles) 1Ag (300 cycles) [28]
. " 1 77 mAh gt -
Bi,Se; flower-like 01Ag (100 cycles) Not specified [28]

aCycling performance measured using lithium aqueous electrolyte (5 M LiNO3)

SIB system. Bi>Ses thin films in the sodium aqueous electrolyte (1 M NaNO3) exhibit
significantly lower discharge capacity in comparison with the heterostructures
(Bi2Ses/SWCNT, Bi>Ses/MXene/SWCNT) and other studied anode materials in the SIB
system (Table 3.6). Such a low performance is related to the significant degradation of the
anode material caused by the large radius of Na* during the intercalation/deintercalation
processes (Chapter 3.1.2) [89,90].

The short-term cycling performance of Bi.Ses/SWCNT (1:1) heterostructure exhibits
~24 % higher discharge capacity than Bi>Ses/MXene/SWCNT (2:1:1). In comparison with
the LIB system (Table 3.3), in the case of SIB, the presence of MXene in the anode material
deteriorates the charge/discharge performance, which is caused by trapping of Na* between
MXene nanosheets leading their aggregation [86]. In turn, the BixSes/SWCNT (1:1)
heterostructure demonstrates ~11-82 % higher discharge capacity among other studied anode
materials (Bi2Ses, Bi2S3 and BiSes/MXene). The BizSes/Bi.O3 demonstrated ~20 % higher
discharge capacity than the short-term performance of BiSes/SWCNT (1:1) heterostructure.
However, during the long-term cycling performance, the Bi.Ses/SWCNT (1:1) has an
arguably superior rate, delivering 120 mAh g after 400 cycles at an even higher current
density (5 A g?) in comparison to Bi>Ses/Bi>Oz (310 mAh g, 100 cycles, 1.0 A g?). A
comparison of different anode material performances demonstrates that the Bi>Ses/SWCNT
(1:1) heterostructure has a possible perspective to use as an anode for the SIB system.
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Table 3.6. The comparison of discharge capacities with the different anode materials in the SIB

system.

Short-term cycling

Long-term cycling

performance performance
Anode Current Discharge Current Discharge Reference
density capacity density capacity
BizSes ~0.2Ag? 1.2 mAh g -
thin films® (1C) (100 cycles) Not specified
Bi2Ses/SWCNT 1 247 mAh gt 1 120 mAh g This stud
(1:1) 0.1Ag (100 cycles) SAg (400 cycles) Y
Bi,Ses/MXene/SWCNT 1 188 mAh g -
(2:1:1) 0.1Ag (100 cycles) Not specified
. . . 310 mAh g ) 243 mAh gt
1 1
BizSes/Biz0s 0.1Ag (100 cycles) 1Ag (100 cycles) [72]
-1
Bi,Ses 0.1Ag? a%gn g/zlgs) Not specified [72]
-1
Bi,Ss 05Ag? %1180n(]:¢chlegs) Not specified [165]
-1
Bi,Ss/MXene 05Ag? 220 mAh g Not specified [165]

(100 cycles)

aCycling performance measured using sodium aqueous electrolyte (1 M NaNOs3)
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Conclusions

1. BizSes thin films in the aqueous lithium electrolyte media (5 M LiNO3) demonstrated
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superior electrochemical performance than in 1 M NaNOs. The remarkably high
performance could be related to the formation of a stable SEI layer during the first 5
cycles, which enables fast Li* transportation during the intercalation and
deintercalation processes. The cycling performance at 1 C (~0.2 A g*) for 100 cycles,
demonstrated high performance of Bi.Ses thin films in 5 M LiNOs by delivering
79 mAh g! with the Coulombic efficiency of 73 %, compared to 1 M NaNOs;
(capacity — 1.2 mAh g, Coulombic efficiency — 69 %). These results show that
Bi>Ses thin films can be a promising anode material in the lithium-ion battery (LI1B)
system.

Bi>Ses/SWCNT heterostructure with the mass ratio of (1:1) exhibits up to 523 mAh g
Land 247 mAh g high discharge capacity (100 cycles, 0.1 A g?) in lithium (LIB) and
sodium (SIB) systems respectively. In addition, the cycling performance of
Bi>Ses/SWCNT (1:1) in the LIB system significantly exceeds the theoretical capacity
values of the individual components (Bi.Ses, SWCNT). At the higher current
densities, the Bi>Ses/SWCNT (1:1) heterostructure shows high and stable
performance (LIB — 1080 mAh g?, 2 A g' /809 mAh g%, 5 A g* (500 cycles);
SIB-243 mAh gt 5 A g?' (400 cycles)), reaching Coulombic efficiency up
to ~100 %.

In the LIB system, Bi>Ses/MXene/SWCNT heterostructure with a mass ratio of
(1:1:2) exhibits ~30 % higher performance than Bi>Ses/SWCNT (1:1) by delivering
up to 739 mAh g* (0.1 A g, 100 cycles) high discharge capacity. At significantly
higher current density (10 A g1), Bi>Ses/MXene/SWCNT (1:1:2) heterostructure can
achieve a discharge capacity of 320 mAh g (900 cycles) with ~100 % Coulombic
efficiency. Such remarkably high performance indicated that the presence of MXene
(Ti3Cy) in the heterostructure material provides additional capacitive contribution and
ensures additional storage sites during the charge/discharge processes. On the other
hand, in the SIB system, the presence of MXene causes the deterioration of
heterostructure, thus showing ~24% lower performance than Bi.Ses/SWCNT (1:1)
heterostructure, which may be due to the trapping of Na* between MXene nanosheets,
which leads to their aggregation.
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