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Anotdci j a

Promocijas darba izstrUdes ietvaiSs tika
p |l Un UninBidSetSWENTun Bi.Se/MXene/SWCNTheters t r ark, taf z p Ot00 t u
i espUjamo pielietojumu kU anoda materi Ul u |
Sint 828pbUno kUrti Au veiktspUja pirmo reizi
si smUmU zmant oj ot Il dens el ektrol Qtus. Papi l

bezs ai st vielas heterostaSe, ktdWaNTa nuond aMXd neek t kk @mn
b Uz Bi&Se/SWCNT, Bi:Sey MXene/ SWCNT) ar wuzlabotUm fi zil
opagdbUm. Doto heterostruktliru el e&itsn§mbhs s k
i zmantoj ot nelTittaesnisnteelzelkitir ovlajitrulbk.i heterostru
materi Ula kemposweyd, (BXene) koncentr Uciiju
opti madddoonceasat Dc@gcobusaugst Uko v eipkatrsCpdljjua

Bi:Sep | Uno ikelsrp (pjilaarhd et o u mizgmdntbjd@litisili s e WsmUs| ekt r o
pateicoties augst ai vei ktspUj ai baterijas

mat eemp Okeim&v Ur o j Gikwie i ka gty pUrsniedz 1 0dz gir
anodama t e rakstiidielumusp ar W do tp oapa rediiklt b Bamab &1 B si st C

At sl Ugalsi tviUjraijjonu baterijasman®é&tbrijmutjaonsuwelh
(Bi»Se), viensienuo g | e k Na n a(BVWCNE),uMXenk §TeC)sn anostrukt ur Ug
elektrogomi skU raksturogana, bateriju velKkts
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Apzom3jumu saraksts
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PUdUjo 20 gadu |l ai kU efektdovu bateriju |
pasaul U, j o tre eienpielietojurhiémp U0 n & il mgndbilie telefoni,
portatovi e edatkdrio,a,ud mentolbgdMmsar ¢ v Ujs&urimn saul
svar9ggi ¢go wemnelnagd ity ansk@wt Ut t 01 Ok

Jau ko pggda litggJohub at eri jas (LI B) dominU pasa
vi sef eketnjevrUgkiGma s uz ku (BEShveidiesnu h e h mo Ipd geiign a s 0] u r
pieaug[3,4]. 2017.gad U gl ob Ul ai <1 rhiljarBi eito,bet 2023sgadbtasijr a
pal i elliondj 5mal j &r di em eiro. GalvenUdaLlI B pr
svinas k Ubes hidr drdiag ebNaat eraisff Uma s r k aplgjsa3d,BV),spri eg
augsau z | Udes/ i z| 2o00Osi kleii kt skoWjar § to HBi7hrudzdgu

KO viens no kandidUtiem, kas tuvUkajU nU
baterijas (SIB). SIB izstrUdei ir 1lielUka p
daudz | ielUki par litija, kas var potenci Ul i
8. Gan nUtrijam, gan | fitijaodddomeyd:znilyarsi j @i
l i el Oks jmomais a Udn ustsandar tpioad emacz UK as , e rkearsg injo:
kal pogamuas sll ajighh Ulea® nis k (9510 k apalci t esekat ot i e
trT kumiem, SIB ir snaelkddolilmBBogi zema pagizI| Ude

LIB un SIB bateriy izveidei tiek izmantoti organisld e | e kit ka hoQriska
viedouutlansmedrogi amin sas Kadll,2h D0 dhjg6dir i sku
mazi nlkg@lntaer nat gva biltu aizstUt tos ar ITdens
videi draudz,petdka i amlUjdopglkssamazi.Ubdotor ago g e
brodi g¢gUdas baterij&ds$tivdku ntail 2doemerieghrted | i z U

diapazons (~23 V), zema wuzl Udes/ i z| Udsqi8,14y Balku s p Uj
pUdplgcagadu | ai kU, piepairgoda pUddigeam BEVES eriaiddj iem
dagUdu anaplUt asadar i DB un | i t[i5j13. T dens el ektr

KO viens no perspektovUki emr abosmutmatsel
(BiSe). Gi' s materi Uls ir ar[1808]li kKam pi &hai naug
vadUmoba un $20] Bi.Semwa dadqutgsspt (aj ae [R1& k tlrioevl ag@Robt | sgpvCuj m
unaugsta teor (1], s kB sk &lmaigi tiGimazbot zndr mae é ek

ierolu ragoga®lkri SUEAvYi esiktl &r &8i nodrogina | it
pUrvietoganos interkal Uci[i8a%28demTat ar kdl Ucii g re
galvenajiemBizSest r T k uimri esnt r auj a til puma i zeplleekgtarnol so,t

bateriju dar bvjabras e adleaitkrlb,d ak adse gbh ad&rcii jas vei
s a ma z psifi2l, 24251

Tur klirGstv arpdgeibi | st , ka SepiUt ma nmo g apmeekd) Bies p
anodmatkeBi WUhuSI B sistUmUs uz Tdens elektrol d
artaot as tiek realizUts promocijas darba izstr!|

Laiv ar lUriahot BiSes ( akt 90 va fmaztiekrGlUsa)un el gktrogo
var modificUt izmantojotUmgsgUdbwd eadibhe ndaroah
(CNT)[27], uc).Vi ena no vi spl m@wds tpri weBeti(B1B8&ttgdd lkaBid n s



[25], CNTs@C@BiSe; [28], u. c.) smgabdUmganmasmehUni skU
(suspensijas) sagatavogana un tdk auz kadlugnaonnai j
[29]. Tat ugUdu met odi veidotos anodos ir raksH
kontakti starpelektrodav e i d o jmadgieem Ul i em, kasmaudn Wted i rspjUs
[29,30]

KO viena nosp@iddledrtrmd gpiddoammadi j as dtairedd@O0i r
aktOmat ernialhlost rukt urs@gasnai alpa shleup kuw kveidor a s
viensienu oglekNa nanocaurul @Blldai (SWCNTH par
Bi:Sevei kt spUj asouvambogaostrukturUt apkUOUrt S\
tvaiku f i z i rkoJd wl ssrRYP)ametod Glachnanost r ulptalkillthy @masn |
sekojogas :priekgrocobas

1. Veidojas t iseefpktriskais un me h Uais keritaks starp BpSes un SWCNT

t 0kl otf dnlhj ddlioblgabUku el ekt kasad@mdorwj ami

elektrogdmi sko veiktspUju;

2. El ast 0gga un poObackppaSpe@Not 0kl oj ums nodr o
noturobu pret izpleganas un sagaurinUgana

3. Bi:Se nanostruktUnmnbgaSWCNRopt 0kl oj umu i evUr
uzl Udes/ izl Udes kapacitOti

Tur k!l Ot, | av Ulv aa iBipSetviekuk © wdkbjpudSWENT var
izmantota rMXene (TekC2) , kas pUdUj o ¢ amzaonansiceitgkU iikra sr ajdodnp
[32,33) pateicoties t(U iveniaknD| @prma tonplyg gaonb Uvmi r s ma s
el ast gbai un [3¢485p KeaicotBixSan @ h ¢ ® 1Uj uadp MXenelByvaNiT
mai s otjiueku panUkta vUl: augstUka veiktspUja, |

1. MXene noadurgosgtiun ast r u krt aurr dJdl tor uskiSeubrikl Gatmla B u | t |
tiek sasniegta augsta kapacitUte baterij a
2. Porains SWCNT toklojums navprij oM¥$ane pgan
nodrogina stabil u ®Jaailgtgracmaadogo pamat ni B
3. Ti egs mehUni skai s un el ektrisk22®& 3n kont a

MXene/ SWCNT toklojumu nodrogina ne tikai

pasaryMXene no oksi dUganUs.

Promocijas darba mUrgi s

Izp UBigSep!| Uno kUr t i Aswraksurlielumudr d@msni slkektrol ot
i zstr UdUt Se/8WAONT BidSe/M*eneBWCNTheters t r u &nbdusLIB un
SI'B si.stUmUm



Promocijas darba uzdevumi

1. Sint ez UtBiSep | iUmpUtkddtr t | s éplaDpagomi s Wt r i |
el ekt r onlojvt lbitsti Gthmrn t o § a rkdan o deas prildBaerSIBUI u
sist;:UmUs

2. 1 z st falnd Gipa beszaistvielas Bi,Se/SWCNT un BiSe/MXene/SWCNT
heterosano#dalred ektrod$ ziakudlel mlika br otg®mi s k
opagobUm

3. Vei kt el Bktveigbhmsplj as 2BefSYWENTg a onu B i
BiSe/MXene/SWCNTheters t r Wk t L Ir B un S| Bn osvi(brdatdlhiCus , |
anodul i et p@amsPpe kt Ovas

ZinUtniskU novitOte

1. Pirmo reiziSapl prac OOt aisAWBii zmantoganas
| deenlsektrol gt os;

2. IzstOd Ut | j abezsaistvielu iBipSa/SWCNT un BiSe/MXene/SWCNT
het er o slkektradkLtBiumSIBs i st ;UmUm
3. Aprakst gt reakasiaf spomeutnNJni emiektrol ot a ul

savstar pUj(g omiuj ednatregrbkual Uci j as/ deinterkal!
pUrnese u.c.).

PraktiskU nozome

Ti ek pi edUv 0 tsaistviplaBipSetSWENT pra BiSe@MXene/SWCNT

heterostruktlru elektrodi ar uzlihmotdm fi z
heterostruktliru veiktspUja ievUrojami pUrsn
demonstr Ujo Olpielictbjump et 8n un SI BkUsiasnd@dmbd, iesp
komercializUciju.
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1. Li t eapskatsy r a s

1.1. Litija un ndtrija jonu bater

Litja jonu baterijas (LIB). Jau kopg 1991.gada LIB 1tiek
efektgvUkiem energijas uzkr3#fanLaasi ktue hgnaoiltoly i
i eAUmis vUriendogu vietu pasaules tirgli, tU
pateicoties to gal spdegunsBm V))guasge)rbddrmy i jaausg skl 0§
(>270 Wh kg) un ilgsk al pogasnas20Da8i kuzl Ud d57).iLiBltikdes c i

i zmantot s ne tikai p U rtatetvs, Odatarim Uts) [4,86k un) ¢ Us (
elektraautano b i 8d,s bet ar 9 1l i el mUrogavUjtaacumnBraws
elektrostacijUs, kur iuzglhuab QtorialdSjapacajoddto e n e
materi Ulu LIB izmanto grafotu, kakUiar @kbam
pi emdt augsmhaeke¢lba@rsddes pTlhjl u grafotam ir

kapaci tmhg) (3kas nUkotnU var ievUr[8948mi i er

GUdu tendenci varehmad (otga § thraaaut jvaa sa wstad st p |
pUc arvien jKUdpgeUlsPmkEESs anoadnaarmateevrUrlbljsar
augstu teorUtisko kapacitUti? [lhwvditsipjsikal pot
(4200mAhgY [42],kaspar~1 1 rei zUm pUrdnis«kdz kaiaft@matt e
anodnat er i Ul iigmei kti zekd et @ kdiefolaaippsikihao Ka s

LI B veilklt48]pTljruk | Ot , misdienUs litija izstr!l
tehnol ogi skiem sareggodojumiem (ragoganas i zm
utilizUOUcijas iespUjas u.c.), kas i eV¥8roj ami
TUdUjBdsvarogi izvUl Utiedl wn kiazss trreldtUitk aiUdsup
augstu wuzl Udes/izIl Udes kapacitUti ilgstog0U
stabbun ar | abu eGekprolwvladmu spieg unl0a@iak@iti ellde
pUtoti visdagUdUkiXs 0aS) 8e)4d], Sm@ K5, Mn@[B6], MAST i X

[47]u. c. ), kas varUtu iev[d8Lojami wuzlabot LIB v
NUOtrija | onu Neskatotiasiuzta ka stagsd BU dateeijmveidiem
(svinas k Ubes baterijas, sUrma akumulatori, wu.c.

t U vienmUr augogs piepras?dj unik4a9 Litjairezekves s ad Ur
Zemes garozU tiek kUiaesviUrioj same | tpaasl,i el@G nfles z u |:
mi ner Ul a i ed®Bds0$ pal Dtdnfu, 2022disi 37 000 $ par 1 tonnyk0].

Tk negat Qva ghkndpokBsadinsetpjiteaci @agamobu pUc alt
veidiem. SIB var uzskatot kU potenci Ulu al't
gomimauknO f i zi k Ul[E]mPiedtameng0dtrGm a k1l arks Zemes gal
l i el OUks nek?®83MjLiio0dm %% Na kas padara SIB rago
i zde@ogWz doto brodi SIB attostobas | O0meni s
saistots ar n06A ujammmasu @l guno®) Udikasu i ¢1 1 i el Uks
(rUdi uss Mmasa® g mot) [a532oMa inter kal Uci jas/ deinter ke

|l ai kUi eoeUrekamas tilpuma i zmai Aas, kkids rezul
i etekmU baterijas veiktspUju (piem., samazin
[9,10]. SIB veiktspUjas uzl aboganai ti ek veli k-
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(katodu/ anodu) , el ektrol gtu un separatora n
anal ogi em. Uz doto brgdi SI'B sistUmai ir p
(NaVO2, VO2 [53], NaFeQ [54]u . c . ) ar augstu veiktspUju, k
bateriju izsdadUOeu . aadwkbateri Ulu izstrOde

gomi skUm iOpagdhbPmsi es ar ierh tizensak jauelan zesiar e § g
uzl Udes/ izl Udes veipid)spWpa, kavlpamBdadbpbe & i
LIB gadojumU, metUliskais nUtr Djss SvaBr Usius tkla
pateicoties tU ievUrojami augis[67hi ttad aur Wbtlitsiks
tehnol ogi sko ierobegoj umu d UN (bgst amgba a
mi ni mUlas utilizUcijas i[58sPiU§mBr aum,c.Uyz tdct on
viens nopot encid ceakmeatme r i Ul Uteku zSsl kBAiOHpt astt dJimc ot i e s
augst ai teor Utiskai 1 K58)p acuint Uie,abit(l&13x60t tmA h z
el ektrowaNabpg BrprUé smae i zr ai sa bl tpaskkiinatbategiasaci t Ut
veiktspU j [@0i 62].

LIB un SIB sistUmUs kU el ektnreoodrdgtain itsikeike i

(piem., LIB i LiPFs, SIB i NaClQy) |, i 2z9gg0odi nUt i Qoo (peema,ni sk os
etilUnkarbonUta/dietilkarbonUt a v ali propi l
[11,12] G0 veida el elgaisubt 0miessabkhr smPoair Vi
sprUdzienbostami, r[683 ol6rsiisklau f apaigSsbasetjji ai Nwoit

boj Ujumu vai oglekaklt u i @gkd@jkiamts st ruBkuniras h
SIB tiek izgatawerf arsddma)dlj alansbofk&BwBr oj a mi

ragogana¢bdli zkmB ksiasna no alternait®va&dimzst @i Imia
nUtrija organiskode&tebtooiemus iemandejnst I
el ement u isliON wiblOs [1B]] BB i NaCl, NaNQ [65]. Go bateriju
pirmsUkumi ir me&dWO, amad|jhanldd®i9e¢tgu zi nUtni el
grupu pirmo rleBiistdlermonstij@j d de BMLNOR ktrol d
i zstr UdiywmOs B)i Mrk at ods/ ano d&Jd ab abt aetrazifiwy jag| nsui

~15 V lielu spriegumu at &mer giajras- 2blirdey wun 7P
skUbju bater?[ells TdBmMUrWhuzk §itlggw mi aipkaw T dens
i zmantoganu Ubakar pfek o pa§ t Didmsserieduma diapazons

(~123 V), zema wuzl Udes/ izl Udeskasi ki spBka unr
bateriju koiBdg4ciTadliw UgWgdgWj o 5 gadu | ai kO ir
| Ut Om, drogUm un viddbt dphadanoglm eEES| p a

i zmantoganas iespUjUm ne[l5tlflk aUz Ld Bt o blet ¢ Gir o
i evUrojams progressU[Bd4Jaatro dwz ImaabtoetrUnt | @ o niizsskt U nt)
o0pag0bkans iasl dpeanrse dezlUe kt r o | ¢t uLIBi(LiFeROp LiGoGanas i
LiMn204 [13] u.c.), SIB (NaFePO7, MoOs, N&VTi(POs)3[65]u. c. ). Talu ard

materi Ul u i Zsteenldd k sir p UpiotpissuBiun KBavt Gjosgdio bas | ¢
sekojogu iemeslu dUN: zema wuzl Udes/ izl Udes

kapacitUtes [§76467z LmU0gantdrogi nUOt u baterija
uzl Udes/ izl Udes veiktspUju ir svamrogvliks mlvdly U
izmantojamieml dens el drkLliNOo (LIBX uneNaSQ: (SIB). No stabilitU
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vi edbkRasiLtNOdimaiel ektrodgomi ski SOte8bi kBksar oek.!l
ir pagatavojama u g ktobs ent r Uci j Us 1,0 dkza sp astp (B M ogdgr dodgui n
Li* mobilitQi [69,70] Neskatotiesuz to, kaS|1 B s i £3QUIm0 Mat i pl agi i z
talu tUO galivajormi(S?) augdlk e mg Ut spUj a. | zmantoj o
kopU ar b i sawamdjuaienKBi-Bes Bi£Ss u.c.), t as vezrelekirada ai s 0t
virsma s dagOdu krist Ul (Bix8Qn)dBth®, Biw(8Q)&3GIH@, N 0 s
Bi2(SQy)3-7H20) [71], kas var nteagnactddav i maiteetrei kim&kinots t r u Kk
baterijas veits p Uj u. TUdUj Udi i sidml diah agid e elebm&kdv ol ¢
SBsst Umai var skal pot NaNO

1. 2. Bi smut a,Se)e,| empldak daBinanocaur
un MXene k o mpoz 0t matae&krsit wlrw | ums, to s
mi j i e daam peeletojums
Bi smuta s>8&)enigrdsbi(sBmut aXshXxad & dg,eTa)gkidhses ( B i

savienoj ums, kas ti ek pl agi i zmantots vali
fotodetektoros, optiskajos filtros, u.d20]. Dot ajam materi Ulam piem
kapacit Ut el)[pl} 9 1la urgAsh sg7bglcddy[B2insn (17aba el ektrov
(1C° S cm?) [21], padarot BiSes p a r perspekt ovu [18,21pud SIB[A2Rt er i Ul
si st Um&isr &1 uni kU0l u s| UAWeii dtar isgsriufk)tdirku& s( pse:
no pieckUrtogiem atomu sl RIiiSeiBiiSde ), Kuostappt el en
Sdatomiem gie sl Udiart ived§ Usma wsatna rdpelj [M8(8€]asias tsaati
Go pieckUrtogo atomu sl UAa biezurhsain Nar ~1 7
interkal Ucijas/dei nea3dr kBd|lOci vy popceplUmnbe:
i zpleganUs un selUna ¢§ggdogana paiSe praktiskpar gal
pielietojumu kU anodamazindtbBatiwen i BuBUeir et BmOPp |
notiek anoda materi Ula degradUcija un stral
[21,2425] Tur k1 Ot , pSBesdpmeant pganads i espUj Omn&k U a
el ektrolotu vidU LI B wavvekt.Lh B si st UmUs 10dz g¢i
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slanis

@Bi @Se’ ()Se? @ Li*/Na*

11.attULBi smuta %) ekhdotgat OBr elgt 1 r a

Lai varUtu wuzlabot an,ukdla veileenkst rnooj gpra A Wrmoi e
nanostrukturUgana ar caml ek Nma ratl d[26ktr cogyil @ahkUNaul
nanocaurul2fltes OEN@&KkNa n g3.0J@J emevadsrdo(jGNF) u z |

anoda mat er jriJd dir ovgeiinkotts pdJlj @ikt rodam augst.i vV a
[7475] St arp vaglre&kNamr opu veidiem, tiegi vVien
(SWCNT) ir feluésndiestedjiaiggalsvbetr as materi Ul s,
nanost@uait urp@t ei coties t o poraingbai, augs

i zturobai[76 >&® a@P®) el ekI amdv, a dkdatss pilUj agan{dmo z
pakUpUm augstUka nekU daudzsi em@cnd)d3l,e7k Na nar
PUc struktiras, SWCNT sastUv no viensl UAas
viendi mensionUlas (1D) cil [31.drVeikacst faoktmawsa c
nanostrukturUganu kopU ar poraino SWCNT tokl
paaugstinot mehUnisko stabilitUti, elektrov.
bl tiskUOm til[8d%a i zmai AUm

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

12.att01.®gl ek Na nanocaurul 0gu .(CNT) shemati s
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KU whebezs ai stviel as amaatneorsit(luiketn r &rgarddU v a i
MXene, kas pUdUjos gados ir r[228380]iMXenpit agu r
divdi mensiju (2D) pUrejas meaVvi endkjaumigdar uw
formulu MneXnTx, kur M 7 pUr ej as met Ul u gir@Gpaa Nel emen
Tif unkci on UilOH,3F up/vaii @)arsn =(1, 2 vai 381,82] Pateicoties to lielam

odpatnUjam virsmas | aukumam, [38%s ttaiie eilra skt Noubva
perspektovu anoalal Bras id33isElishs U, M&an® gietietojums
SI'B sistUmUs ir stipri ierobegots, kas ir s

[86,877un samUra zemu 977 aim)d3,Ba) kas nav eiktipkami, (1ad

nodroginUOtu *pOt rMaF®lritedlgau jNoan u ,02 A)dg99,08 Starmd UN (1
dagUdi em MXene Kkl ases savi e [9L9%iem,vitsilagil U
teor Uti skU kapa)[93, Utkas( v20 brhAh Iggdz pat di v

nodrogina divkOrgU0 litija aplthks [@ftUfal wei d
neskatoties uz augstrue atk@a radll tUi ssaksot Uk dp a cniot Ow ii
funkcionUl Um grupUm, kas i evUr oj ami s ama
TisC2(OH)21 130 mAh @' [95], TisCoFs i1 67 mAh gt [96]iL 1 B si st Umaso) . T
trT kumu novUrganai, MHenerowmatddvs cPghtdmi &op Ub
kal pot kU stabils mugur kaul s aktogvam anoda
mehUni sko stabi[8JLtU0Uti un elastodogumu

Viena no visplag@Qa&stpriwkt en bt & kmgrhooddd) ms a g a
mehUni skU mai sdjuma (suspensijas) sagatavoga

varg vai alumonijs). MehUnisko maisBarumu seé
bezsai stvielas materi Ulu notei ktUs proporcijU
pUt @ij etmv ar oisn d wf%r idjrddmant oj ot go metodi, LI B
par BesSenanostruktur Uganag |keakptpierm (BiSe/q 1y & 28] sn

CNTs@C@BiSe; [28], Bi-Se/CNF[97]u . ¢ . ). legltie rezulDarOti pas

BiSe kU anodmatnemio@dhararkd lueaklNaot r opi em i evUroj :
uzl Udes/ i zI,Udefsg ktalp ad a t[2BE%N9F]s Gd gpm@str ukt ur |
anoda sagatavoganas SeR odii sppltnaSpiShOeE[@8A Nt 0 ar
CNT@SnQ@PPy[99] un SeP@HCJ100. Lai ar mehUni skU mai sd

metodi varUtu izstrUdUt augstas kvalitUtes e
procesa parametr.i (mehUniska maisodojuma mai s
Utrums, ¢gUvUganas temperatira wu.c.). Ja tas
anoda materi Uls ir ar bitiskiem defektien
nevienmUrogs elektroda biezums), izraisot n

elektrodu un strUvas samazina kit ov e, [R%38pg luve v Ur o
i evUrojamu ppagtksu avarakttwva materi Ula tie
bezsai stvielas str wat évBsof gai oda manvepiekkticsdd Gj u .
Sal 0dzirm@jhWmW s& U mai s0j uma s aga tga)v ongddtaneagse u n
panUkt ievUrojami augstUku salodjao gn@mepi iU lag v
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1. Ti e @lsktriskais u n me hid) kdntaks st ar p aktgvo mat e

bezsaistvielasnat et D K1 enjoudmuaupste 8 ekt r onu un | Odi £
Ki nWt iTku gKIldB@Bt nanostrukturUta anoda mat e
augstu jonu pUrneses efektivitOti un |
rotvédg smu baterijas darbobas | ai kU;

Akt ovU materi Ul a naaosttviukltas Uganar ialpl u

noturoobu pret tilpuma izpleganas proces
unt 8t dal 0ganu no str Uvtasgalket ekasrdaphfmba

.NanostrukturUto anodamakasteessr i Uru zeam{)t& @ a

mehUni sko mai s0j umuma sagatavog@Bnas u
nanostrukturUtiem anoda elektrodiem ir
pi emgt augsta [@dQllastogba un | okandgba



2. Eksperimentdl d dag¢a

21.Bi2Sesun to heterostruktyru sint3z

NanostrukterplitWsUsBik Orktai Asaisnt ez Ut as uz s
izmantojottvaikuf i z inkoWlud s (PVE) metedg2.1 att). De t a | siBeI&tp U KIn o
kUrti Au sintUzepullpir lkall@Bjpp)aniNN24283Kpp)p ot s

Krasns

Manometrs
ili ( \ Ventilis

‘@ —
1 J\
‘ Rotacijas

Slapekla
gazes balons

\

Stikla pamatne siiknis
(390-470 °C)

Bi,Se,
(585 °C)

21.attULShemat i sk dvaikuf t ghinkoguumss nUganas (PVD) iekOUrt
nanost rBipRefpd rOGitoo k Or.t i Au sintUzei

Bi2Se/SWCNT heterss t r uktt il k assunt eabbaastr UOvas kol e
i zmantoj ot izsmidzi f22gathsaek oy BSePSYWONT mad o d |
at t i eltBg 1y (1:2), (1:1), (2:1), (3:1), (5:1); SIB(1:5), (1:2), (1:1), (2:1), (5:1).
Det al iBpI#iSWENSTheters t r ukt ht Uzes aprplbt sINiBci japPk o

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

fizikalo nogulsnésanas metodi

Uzptinata SWCNT tiklojuma un
1. POSMS Bi,Se; novietoSana kvarca
SWCNT uzputinasana caurule
Suspensijas pagatavos$ana v
(SWCNT tiek sajaukts ar Bi,Se, nogulsnésana uz SWCNT
;zopropanolu un homogenizets) = ———

tiklojuma

Sintézes programma:
i) pakapeniskatemperatiras paaugstindsana lidz 585 °C
ii) temperatiras uzturésana (585 °C) uz 15 min (2-3 Torr),

SWCNT uzputlnasana uz iif) pakapeniska atdzesésana Iidz 470 °C
uzkarstétas stikla pamatnes

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

22.attUlL Shemat i s ks ,S&fSWENThejerrhs ulkkit T ru sint Uzei

Bi2SesMXene/SWCNT heteros t r u k tkh s iast esizUtvaasr a str Uvas
pamatnes izmdojoti zsmi dzi nUganag23.antPYD m&exsidiot Us n
sintezUt iBi;SeyMXene/SWANT heters t r ukt 1 r u mater i Ul i
Bi:Se: MXene: SWCNT mal$Bui (laltl) (L:&:2), l22)n(1.5:0.5:2), (2:1:1),
(0.5:1,5:2) SIB i (2:1:1), (1:2:2), (1:2:1). Det al i Bitbe/Mkere/SWCNT
hetert ruktiru sintUzes apr aRbpp)unNrb(@alpkopot s p
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X

MX (T':C e —
ene (Ti;C,) ¥ ' N >
> ol | %t
Suspensijas MXene/SWCNT e
pagatavosana 98 % maisijuma
izopropanola uzputinasana uz
uzkarsétas (~150 °C) Bi,Se;
SWCNT stikla pamatnes nogulsnésana
izmantojot PVD
metodi
Aktiva materiala 5 s _
) Aktiva materiala Nanostrukturéts
(Bi;Ses/MXene/SWCNT) (Bi;Sey/MXene/SWCNT) Bi,Se;

piestiprinasana uz vara stravas

atdaliSana no stikla pamatnes
% kolektora pamantes@

23 attULShemat i s ks SeMKedd/SVWCNTimgersBtir ukt T ru sint Uzei

2.2. Sintezgto anoda materi Ol u
raksturogana
2. 2.1. EI ekjtyrnoupamiksskaur oj ums

Nanostr uk t:Serplin @ijkaBriamieA e k tiskoag 6mUr 0j umu vei
litja (5 M LINOg) un nQitM NaN@&) I dens @4 tkkitmamdababor at or i |
i zstat UdBe | ekt r kddulafe4 elattt o g 0 miAg/ AgCl (sal 0dzi
stieple (pal 0gel:3ekplrrd®s) , k GritnitlasDeaad iBa &t Ek
trosel ektrodu el ek tirrapkgpotspiusod U SNOIp@B gopysn Nad r ak st
(3.1pp).

Salidzinasanas elektrods =
1. Paligelektrods
Ag/AgCl (3 M KCI) \ ‘l/ Platina stieple

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

(TeﬂonsPTFE)\;—""‘ I §

Bi,Se; planas kartinas Gumijas

gredzens

Apakséja dala . o

(kompozitmaterials Vara stieple, kas piestiprinata ar
CEM-3) sudraba vaditspéjigu krasu

24.attUllsaboratorijU izstrUdUta trosel ektrod:!

Bi:Se&/SWCNT un Bi:Se/MXene/SWCNT het erostelu&kiragomis
processdgtkahamant ot as CR2% 8. Siprutseyldl éhtaese o(s2 .r uk t |
mat e tika @rhantot k Ginodsbetl i tija (LIB sistUmai) wun nU
kal pokptedsPalkepr at oru ti ka popmaprops!| dnaliiBBECe@gigar
sistUma) un stikla mikrogkiedr atka izmampair at or s
IMLIPFeggodi nUOts etil UnkarbonUta/@dilBi skat Bmb)
IMNaCly g godi nUts propil Unkar®arE®mail s b@e8mé&t i | U
sist.DentU3 1 iCR2Q10OBKRs pusglinas ppblkbiBg3 . lpardapk op o
(2 .Ipp) un Nr5 (3 .Ipp).
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g'ﬁr 4
,,,,,,,,, Korpuss
"~ (Pozitivs pols)

E©j ,,,,, A Atspere
- starplika
B — e e Anods
Elektrolts (Bi,Ses/SWCNT; Bi,Ses/MXene/SWCNT)
LIB—1MLiPFg | Separators
(EC/DEC1:1) | SR LIB - Celgard plé\{e
SIB-1MNaCIO, | SIB — Stikla mikroskiedras separators
(PC/FEC 1:1) b - Katods
"""""""""""""""" LIB — Li folija

SIB — Na folija

o

(Negativs pols)

25.attUL®BR2 023 puuzsbgiivreass s h Uma

2.2. 2. El ekt oppomeslk raksturoganai i zman
to rehomi

E | e kghiskepJocesu a k s t ailtikaoizmamios potenstiostatsiPalmSens dun
baterijas t e éBolbgia BGS8 06 anfiUsnaUs fi zi kas ins.
Universitdelkoj tgosijadomos:

1. Ci k1 i skU vol@Vhinmked soimellganaased alediujcWgnotsi Kk
to apgriezeniskumanov Ur t Kgpaai t at Qvekomtnr od iUft oz i p rac
iegu d o jnwomdlr tdi0§dkagfaisci enty aprUginUgana

2. Gal vanostat i s(®AD) iudzal g0lddeu/ i &rl ddlaei s pd) @3 e
pedagUdit e v aiem hoteigtouwzrrh Udes/ i z1 UGdes ci kl u ga

3. Elektrogomi skUs i mpdEHASA ricelseks peDmoskopiij
raksturogariaewsz lvéd kg/sipllj as test Uganas | ai

2. 3. Anodu materi 0l a mor f ol oai | a

raksturogana

mor
t es

22

Bi:Se pl Uno , BiEBR/SWENT un Bi:Se/MXeneSWCNT heteres t r uk t T r u
fmadwmi §Pmasak Uvakstpiromananl Bdesv e izkalsdpelsi

t [tigaazmantiass e k 0j ogas anal Qzes metodes:
SkenUjogais el ekt rblitachi FESENMrSd80®% darsnoudkiS E M)
sajlgts kopU aias rentgenstagusppkirasnetn d(EDX)p @Bruleer

XFLASH 501®71 Go mi s k Us f iLzaitkva § aisn duhniijavietrss,i t Ut e,
Rentgendifraktometrs (XRDJBruker D8 Discovad i G mi j a s , lfatsijasu | t Ut e
Uni v erlLatvijg Ot e

Rentgenstaru  fotoelektronu  spektrometrs  (XPSjThermoFisher Escalab

250Xi'0T Ci et vi el u flLiazivk § sa si rlattijayteirtss,i t Ut e,
Ramana mikroskops (Renishaw in Via Qontor, WotloderEdge)T GO mi j as un
Materi Ul zinUtnes f afmigt Ut e, Aalto Univers
Augst as i tragshisijastelekrdhi milsroskep ( T E MTEM{FHI Ritan

Themi siF2@0&as Institits, . Tartu Universit!l



3. Rezul t Ot un to i1 zv3rtszjums

3. 1. Nanostrnkpluigd ok®Biti fu raks
' itija un natrija ydens el ektrol o
3.1. 1. Mor foloaijas un @omi skl sastlve

Nanost esBsSespt OnUs kUrti Aas tika sintezUtac
tvaiku f i z i nkoUg wl ssr(RYB)ammeat o d i . l zvUIl Ut U sinSgUzes m
nanopl UkgAu augganu dagUdos | eAgos attieco
ori enfl@2de3] akas i evUroj ami palielina elektro

efektdovu mijiedaSt bobnBaawra nBeilpé KItkrgdlug tiuz mUr i i
1,0i80 em @83tl1l)a talu pagu mlphUwsm BootninAu bi e
| zv Ur t UPEHEDXA spakth@.®bat t . ) rezul t Utus, var novUr
Seisint ez¥tpldnBis kUrtiif has, s$ iga wblsEkE Bamatnes.
AprUginUtU Se/ Bi 44a008mU0riG atutvige @ideboarkUftdi srkaari Ud
Bi:Sestehiometriju. legitU rentgenBanforakda juazs
tU rombo8dni kko s¢®I|l i sko str08027d) (Krnrsekes
kristd r egga par amefl3850eAmc =266 2400 F. 4Papil dus va
kubi skUs (1 23) si0s8t0dmaBs0)( ba rt Ht es-07WI375)1MDF O
kas varUj @akbizd®pShot kesi espUj ams vavithhams veic
|l aukums pUc tU nokastoydalkiBlbdsinot svakt Bk ppak Na
vides oksidUganai

C
40 000 m Nokasits pulverveida Bi,Se;
m Romboedrisks Bi,Se, (PDF 01-085-9274)
® Kubisks y-Bi,O, (PDF 01-074-1375)
30000
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I'.(E
2 20000 |
2
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800": 10 000 ‘
o ] r
-— ] |
‘S 600 L LA | ' \
D ] Y P, ‘\_,_JJ ot N \,/ﬁwlwmlm
5 ] 10 20 30 40 50 60 70
£ 4007 Se 20r°
- ] Bi
2004 ©
1C
0_
0 1 2 3
Energija, eV

3l.attUlasi SEM at8elplliOnBlim k Ur t i AUmbiuSEM-EDXisgektraBiSma mat nes
pl UnUm kUrt i AUmciuventgendifiakcijassainppalvesvéida,Bes , kas i r nokas
stikla pamatnes
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3.12. El ektr omo mi srkaok spruoieysauma n0tri j a yd
el ektuvoldgt

Ci kl i skUs v oiSe @ mgHhrkl O kt n5eMdOLiNeg (3.2.a att.)un
1M NaNQG; (3.2batt)el ekt rol 0t opottdrkai WlzaA-a@nt dpd3dareU 1n o
(pret Ag/AgClhari zv Ur se25 oM st T bh kUnNair eag U | 6Sbztgdgi ar
abu elektrolgtu gadgoj umos,| odtzrolfwmd s mbha k sir mwnm
di vus katodiskos (1, ' 1) un | etrus anodi skos
lunlll nor UduaNauizntler kal Ucijas/ deinterka$eJci j as
starps| UAR310088pWukn@k®d) mumi |1 un |V norUda
starp BiSe un Li;Se/NaSe (3.2)[105,106] Anodiskaiss t r tha& s i mu ms \/, i esp
var nor Gadodtr vied dN0faoromsU[INTB . 3al u i2Eg@godugw0 0 t
Utri vien okgf diopodse Uct pak & NdB&/tiuzrl plhadleks tcei kksl t
i zmantots t,ewrami mso o iok z smée)as ko st r Uvnaosr Chdaak s i |
uzcietUO elektrolota starpfUzes ( $1B9. )Dotasl UAa i

sl Unis veidojas el ekt spulCOivedojot: Lieialip® (3d)un ar i z
Li,COs (3.5) [110,111] Na' i NaO (3.6), N&Oz (3.7)un NaCOs (3.8)[112. No 1. | o
3.cklamvarn ov Grtatthaasi mumu nobodi 1iel UOkU potenci

saistots satrabSHIi zUIt Whas, kpmdec exsyi s asmahetkkt r od a
pUrkl Ut a.amGRl&st rsthddinsi mummen o ed&dkesvvallr mtoa Ud ot
Uz SEIstsalbl Agiozesiizé ij @ m

5WQ wd ®Q O swWQ © M (3.1
ONQ g0 @gQ o YQco® Mo (3.2
00 ¢O c¢Qoiju 00 (3.3)

SEI sl UnizgafdogMuin SEI sl Uni sy aldoN uNn
060 U T1Q 0O ¢l Wb (3.6)
¢cbw 0O cQoO0w (37
¢c0™Q -0 o060 cQO0QUL (35 T0w o000 T1TQ © ¢b WO U (3.8)

W'Q 06 1QO ¢hO (34)
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? _ 5MLiNO, b 4 MNanoO,
I v
40 v — 1. Cikls
< 0 v — 2. Cikls
3 I — 3.Cikls
— -40 — 4. Cikls
-80 I 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)

32.attU1Bi:Sepl Uno kUOrti Au i egl esUspoctieknlciisid{he® d¥ cal ptaazeopn(L
1,3 V (pret Ag/iAgChari z v Ur s @025 riM stiamantojot:ai 5 M LINOs, b 1 M NaNQ.

Li*/Nati nt er k@lude ijratser Klpp Uec ¢ 88 mehUni smu n
tika uzAemtas ci kmamtki Gsv Uv s ket a ntpt U rulnfuk rdeiza p a z
1,0mvst ( 3. 3. att. ). Abu el ekt MWMdiN@Qstiu3.3hiattt ogana
1MNaNG; @ 33b at), t i ka i zv Ul (ikis, kesatabi &t 8tabil a
izveidoganai .

A 5MLINO, b 4 M NaNo,
80 i 80 m
40 — 01mVs’' 40
< 0 — 025mVs 0
f‘ -40 — 05mVs’ -40
128 — 08mvs _80
:160 | 1,0mv-s™’ -120 |
-200 -160
-1,0-0,5 0,0 0,5 1,0 -1,0-0,500 0,5 1,0
E, V (pret Ag/AgCl) E, V (pret Ag/AgCl)
33.attULBi,Sepl Uno karti Au ieglitUs-1&i¥I |B§phdIAgAgCY)| t a mp U

uzl Udes/arGtlrOdrews i dtpnshs't 00w & et
ai 5M LiNOs, b 1 M NaNG.

Domi nUj ogas stadij askrktarpalcl thatdt kg akmavisad ) d |
i zmantots Semer Una 3®rkurtilrsitjrddvabs e nmihdkoji ummsma (
noteiktaie | ekt r o g 9 mi s k aiii zrveUarksceisj al)tan(ubmire)i,e mVUgsej a mi
ma i e[@l3,114]

pUc 3.

0 G (39)
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KonstruUj ot 39) legaribiriskoj grafikalom(i)=f(log(v)) (3.4. att.), no
l i neUr as regresij askoevUrctigebna suLi* muotkreNhchaa s b
interkal Ucijas/idredabkee kit UeairQ&5stsd phsrooorblsd a u z
di f i-kkon ttospdced noz o0 mogujau,l rberto [5e<gbUB 1,0,0tad uz
kapacitat gm [1EBml4]pArbauc eeslieekt r ol 0t u g-&oefigigntumo s €
vUrt ob al noilt6-1,28¢L)aid0,90-098 (Na*), kasnor Uda uz bl tisku |
procesu ipsgdek apad arimuUt(e un el ekt)ri skU dubults

a ) b

5M LiNO, 5 1 M NaNOQO,
] o : .
i . e .
~1,03 e ~1.0] -
S x’," £ K .
= -1, 5- ’,"’,' = -1, 5— e R4
o . o] " 1.’
S e S -
-2,0—_ ¢ . -2,0-_ s
1 (1) 1,16+0,05 ] .- (1)0,900,06
] 1) 1,28+ 1 o (inoos:
POt IR Lo I [PV 7705
-1,2 08 04 0,0 04 -1,2 08 04 0,0 04
log(v, mVs™) log(v, mV s™)

34.attUl sk oef i ci e n tBuSep o6 Ua i0kg mierkatl iVAYup a s

dei nt e r(kbeplrUlbcciejsammantgot funkli o n Ul u log@H(ag(vd:b u

ai Li* (izmantojot 5 M LINQ), b T Na" (izmantojot 1 M NaNG).

Lai nokdpadittwat 0 vkoo nu mrpootebidi lezmiujl alHj umu at ka
ddiyi em i zv Ur eikagzsmantots 810) mivei ne ntBut i¢V) usmtsr, Uvas stipr
pie noteikkivdikppaentatObap pr kaciedsiuf Tike g tarsdd jUd m¢
procesu e g ul HIbj116Mms

@ Qv Qu” (3.10)

Kvantitat oviae g(u)d opruomcae snuot ei kgana pUc (3.
uz biltisku kapacitatogvo procesa iegul ddj umu
Ut ruma G0 ,Kapmcist atdvo procesthundd @ (Nadkasj u ms s
varnor UdoSeplkGn(Bsi kUrti Aas ir pakNatundNd abu
di flzijai starp elektrolotal/elektroda robeg
pakUpeniski palielinot i,z vkUarpsaecsi tUattrouvnou plroodcze
kNi st arvien nozomdgUK)sun6 &N, readrzkot00dm pBUI
pUrneses procesu norisi, k asun N& d isfali =itjoass haar
interkal Ucijas/deinterkal Ucijas procesu | aik
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Q
o

5M LiNO, 1 M NaNO;,
100+ 100+
= 804 - = 804
7] 1 -1 76| [78 %) ] =
3 = 71 1 L
S 091k E 603 || | & o7 ¢
S 40 51 S 409 | [51
> . = 1 140
© 207 @ 20
(ERL R ol EA EA BT B B
Q™ ® O O Q™ O O O
NN IIN NS NN
v, (mV S'1) v, (mV 5'1)

@ Kapacitativais process [ Difazijas-kontrolétais process

35.attUlkapacit at g vkoo numr odiUftioz ipjréeBaSep | ilenddum &a@jru msh Or
atkarobU no pot eigncantdjotkadlektrobutlai § B &iINQY, b F LiMNaNC.

Li*Nat di fT zijas Re®fivclireangtbuas(cmnterkal Uci j
procesu | ai kpPUBILIIKXaviaenBubdidinfalszi j as ksdefi ci e
sl opgsesmgpuma vUrtoba, regkesijasnioes ral caoi jelakirhuiskaiesUr a s
kas pi edal UasjréaKcifl IEti rFargdéjankosstantéC motl), A i elektroda
laukums(cm?), Ci el ekt r ol 9t amokcotf),cRei nutnri Jrceirjsddl a gUzes
(JKImol), Tit e mp e (Ka[11B]r a

A

o - — (3.10)
lzmantojot |ineUrUs r 8@ ate)stikg motiktss kabip u ma v
gaddojumU diflzijasirkoeiienasntpakWpdlibasbe
(3,310%2¢cm?s?) dei nt eri*admbsy. Sav (RUrgadoNamU di fl z
koeficientuv Ur t Htharsp i nter kal Ucijas atggspaivenuer k al

pak:Upi nt er RBoftUm?is) a dei ntlda®ach?be).iGUdu( di f 1 zij
koeficientu v Ur t @ @Udionbtuer kal Uci j as/ dei rltiemakoot Uci j a
1MNaNGsel ektrol gtu varUtu izskaidrot ar sekoj o

1.l nterkal Ucijas procesu norisi nUtrija 1Td:¢
pUrnese, kU r eczael t#dekirornuureNap brome £ i malt Ude s
SavukUrt, d processierr k at Warpgas no el ektroda

(nehomogenitUteij ep e Kadnlflosbpallyat c . )
2.7dens el ektNaslodtv@t bkoatsj aiket ekmU i nter kal Uc
procesu Eldkirddd vdrsmau .t u,v usndJl vad &KX WUjei Nhesol vat (
nodrogina toSeastaenrksal WAujuelBpUri rT0Oda&NUjiin
hidrleod®tdi nUj oties ar Tdens molekul Um, ta
ekranUts, kasdeintaeglhghl UoUku Na
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a

b

5 M LiNO, 1 M NaNQO;,
0,20
[ ]
0,15 o 0,15 »
’. ’
’f , ’I
E 0,10 ) ’ﬁ’ .z' E 0!10 "a.'
— 0,059 Lo .-"° — 0,054 _#° .
o i -o"".-‘_.
0,00 (1) 0,23+0,02 0,003*-"" (1) 0,174£0,011
Ill) 0,15+ £
005’ () 0,15+0,02 0051 () 0,0377:0,0017
0,3 0,6 0,9 1,2 03 0,6 0,9 1,2

V12, (mV s1)12

V12, (mV s1)12

3.6.attU | GrafiksI=f(v'/ds | 0 puma koeficientu notésheggnBmi di fl:
priekglkiptasr Kal) u nll) grecesiet & ik (zrhadtojot 5 M ISNQ), |
b1 Na" (izmantojot 1 M NaNG).
Lai i zwSemptl Winw &KiOrti Au i espUj amo LiIBurel i et o)
SI'B sistUmu 1 derika vakligit vahos tiatviisdkdBGED) uz |l Ud «

mUr 0j umi(~0gA @) 110 0C ci k1 u

Izmantojot 5 M LiNOse | e ko (3.8d ajt) P Uc ciklaBi:Sep| Un Us
sUkot nUjio985knaAh gic i t B M dnd\hugd).l Ud e
novUr ot
30 . (cuizkllO0H e 2 6u ringALhS [ & chreA)h.
samazianiUg supnl&jlaenkot r dd d missakics t s me
dot ai s

uzr Bdm@rugst u

Pir mo 30

sasniedzot

kapacitUtes
sl Wheagr a,d Uk Wj wezul t Ut U
i ev Ur odjeagmua dBEIvemlo@Aa t .Owm r

virsmas([119,120]

ci k1l u

Ti k

| ai kU

var

gar umU.

sl Uni s

kOrti

pakUpeni s
gGUds pa

k NT st
izr

Li.COs (gal veno SEI sl UAa komponeuwrhklk Qttatot@grst a ¢
i zvei doganasazeimak i @ gngddisignt (uitr a  d UN tamkikas | a u
pat Ur B4 widveWliBaci k|l a Nd 2i kOpdz 100. <ciklam v
uzl Udes/ i 41l &gl ets u rtkmipesabétgan neaik straue s ni edzot 100.
108 mAh gt (uzl Ude) dfi 7 OKlldmsh).ed e k tsi vii it &, Eal o
1.1 60dz 30d.otdlkiedpgk Openi ski palielinUs no 41 %
sl UpakUpedegkadmazi mdgaknU rezul t 0t 0 palieli]|
kapacipgrietenslamss a v u k Ul tlk U d e sv/eiizkltUsdpelsj as t est Ug
Kul oni skU efektivitUte paliek praktiski nema
lzmantojot 1 M NaNOs el ekt (3@.b att) Sal §dzi nUj umU ar v

t e st Ugenalstidiharitoptm5 M LINQ (3.7.a att), 1 M NaN©@gadoj umU
uzl Udes/ izl Udes kapacit Ugu602dreidoblan ZkomU kcai sk.
i evUrpemawdits pUj a var bllite INE&riuBd 01102 ul) 489,90]

sal 0dzi bi{(p76 213 r kU riertud rtkal00ci j as/ deinterka
var notkt bT t i skas el eikz maidhast i | ipamai sot anoda

l0trums baker$ja tiek uzl SdHta vai izIl SdHta vienas st u
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[122,123] Gi s f akt orusz | bUdteiss/diii &ItiGediddéskumU kas noved
kapacit Ug[a24].vKlbrptugnb@dJimJ d e sv/eiizkltUsdpelsj a 100 ci k1l u
| 0wz uzvedobu slkelekt MoILItNeO | i et oganas gaddj u
kapacitUgu vamAh @' az | Y8wAhgl(a z| Ude) , ciktatol u pUc
vUrtobas ir =<5@8maz A8mlhglq Us | ARdmddg: (i z1 Ude) . LQd
kO 5 MghidBEPumU, tik straujg kapacitUtes kri

d e g r a,kil toigglvenie komponenti (M@, N&Oz, N&CQs) i r ar 9 viegli g
vidU. PUc 40. <cikla uzlUdes/izlUdes kapaci't
100. ciklam, sasniedzdt7 mAh gt ( uz | Utd2mMAh gl i zINJdeld).. | 6dz 40.

Kul oni skU efektivitUte palielinUs no t3a7 % I
paliek nemaindgga6®m 100. ciklU sasniedz

a 5 MLINO, x P smNanO, =
- 1000 80 £ - 15 £
g = R =}
< 800 160 2 & 1 L, f60 Z
£ o 8 E 10 - &
600 o =197 L o
o 407 8 ] 40 @
S 400 2 E T ®
O o = O 9] o S
2 200 20 5 8 20 5
X o ] I3
0 0 o < 0] 0 e

0 20 40 60 80 100 0 20 40 60 80 100

Cikls Cikls

-+ Uzlade - |zlade » Kuloniska efektivitate

37.attU1.&CDmMUr o) 8ep | Bn Um kUrtinUm 100 c(H0RRAgY) gar umU
izmantojotai 5 M LINOse | ek tbhrid MNaN@e | ekt r ol gt u

Lai uBpIdtmItUno kUOrti Au elektro@dhitshpdj s
test Uglaanid4est] att) papi | dus ab@® MelLiNOkt B.8.4 @tt. wn
1M NaNQ;i13.8b att) gadgj umdksa v eiekteikt raorgpd mi s k Us i
spektroskopijasBIS)mUr ¢.jl emil t o i mpedan|l u hodogrammu r ak
standarta sl Uglash Unsah)maskpaosieehkdt r o g pmigs ks uz
el ektrol ot aimijag Rapobdus t am, dot U sl Uguma
ai zstUj ot kondensatora (C) elementu ar konst
elektroda dubultsl UOAa kapacitUti un t4 virsn
1 M NaNQ) gadQ@j umos, ieglto impedanlu hodograr
ekvivalentUm sl Uguma shUmUmo dmo @l ek tdr oagtotmi)s,

dpagize Omktr ol Jtodvisapdse kt r od a

Krustpunkts ar Z6 asi d&@Bsatdr Vi dUphtfokéat
di apazonU var novUr 6Sepb Ugtatpi khiu, |kUadsi Araa kpsUirunreos
(Ry). S| Uggides papil dus(CREY o gnaoirsBdse eumteéma sk Or t i /
virsmas newiaénddb dgbimt @esimd Afar klaywearc| u di apazo
apgabals norUda uz VUrburga elementu (W), k
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elektrodar o lve g s ma s . |l zvei dojoties SEI s lalifysto m u z
frekwdmlpwzaonthovUr ot papildus pusapl k), kas r
k O talrior s mas n e wmdeunbdual bt cagh i@ Ese) ¢3.8.d att.).

a b

5 M LiNO,4 _ o 1 M NaNQO,
1500 -o- Pirms veiktspéjas 60 1
] -« 1. Cikls 1
‘“g 10004 5. Cikis ‘“g 40 4
c ] 10. Cikls o : 5
= ] 20. Cikls X ]
N 9007 * 30. Cikls N 207 0
] -+ 50. Cikls ; 0 2 4
0 100. Cikls 0 —
0 500 1000 1500 60
Z', kQ cm?
(o] Rct d
RF—'l ReI
] ¢ | ¢ | ¢
1 < 1 < 1 <
CPE, CPEgg CPE,

38.attULBl ektrogomi skUs i mpgEraenzcelsselptpied kBimok Uopi R B m
e | e kul ri celt ©tg a n aas Nikyista diagrammid izmantojot/ LiNO3, b i Nikvista
diagramma izmantojot LM NaN(xi ek vi val ent U s | Weiulkntas zsdbjlatma npai sr,ms
diekvivalent Uedleltd uma gamhillakak UmUr oj umu

Bi:Sepl Uno kUrti Au parRytRedt @b Kk av Gigaditipd sn O¢ B s
LevenbergaMar kv Ud a , apirngso uni &GPu mUr ¢ ) u mu (3.1.1 tabuk):0
5M LINO3T 1., 5., 10., 25., 50., 100. cikls, 1 M NadlO1., 5., 10., 20., 30. cikls.

Abu elektrolotu Jvaretogadiges U ggi anddgjilsmdRa s i

praktiski nemaindgas unonltidothagstiuered £ kk Orotl &
0,0580,007k q 205 LINOs1 00 ¢ i k| u 0@R0,00rk)) & @ M NaNQ
30ci k1l u ogverikmB)p.Uj as testUganas | ai kUvar abu e

novUrot pakvWrenibsuk opaR i el i n U gha nzodarba elektreda i e s p |
struktul) Umt ek st uz @a TA0m. 5 sMaddNOmU, RvcUrit0ojob.a sc i
ir samazi‘AUjfegadmpakas 8apl bria de@eaikstitrdoigsd ma rs k
un mehUni sk.0OnpriOgnRe(phrlest e st 0bu vUrtHonB® 100
(AMNaNQ®;) ci kl u garumU pr&iO@dantiSEHkd egdrdhdgacnoi,inj (s |
pl ai su YeidoganUs

SavstarpUji salgdzinot pretestdobu a3vUrtob
el ektRs@UngRevulUrt gbas ir aptuveni par dizvOm kU
gado,j ukmdds i espUjpzbbms i s&u 15 E&bapd plhloa kelgrt8 dAluc i | u
nUtrija Tdens el ekt r cingotuw | Widee,/ i tz0 dd@je’d iv er &g
apstiprinaa ri @ g&ADv e i k t rs@jdagsiklap aci t UPdbatyrt 0bas (
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31.tabula. Ek vi v al e nprUest esshtUdtokus 2yBiSetpd llansUm k Ur t izdhOm 5 M
1MNaNQe | ektatoh @t @30 no ci klu skaita.

. Cikls
El ekt Prete Pimg 1 5 10 0 o5 30 50 100
5M Rey, 0,032 0,045 0,054 0,057 - 0,061 - 0,063 0,065
LiNO4 Rskl, - 812 467 386 - 282 - 103 91
Ret, 892 323 420 306 - 467 - 603 264
I M Rel, 0,036 0,041 0,041 0,039 0,043 - 0,041 - -
NaNO; Rsel, - 0,273 0,157 0,096 0,058 - 0,071 - -
Ret, 1586 0,900 1,010 1,155 1,178 - 1,221 - -

Pretest Qbu velUrktttskpdly agsanmms uzsUkganas

3.1.3. Bi;Ses pl dno k Girz md@iu¥ akst ur opjzacn a
el ektr oq@ozm sstkelss

PUBcikluci kl i sko voltamg3R2ratt) daba elektmdaeinga n a s
tika uzmanodogi noskal ota no(085USEmyuni5z ¢ @v & tUan
i stabas U26%plkeaiat hovUrotu morf odSeml Bkas k Urzmiai
virsmas, tika vdita SEM anal gze. SavukUrt, ¢gomi skU sa:
izmantotas XPS (5 MLIN®g a d § j uSEM-EDXU5WM LINOsun1MNaNGigaddj umU)
anal Qzes metodes.

Abu elektrolotu izmantogesmpbUgadkJumdbAuv:
ir pUrkl Ot aamorhevséetdabiolg aSEli eslplUfdasatt;( 5 M L
1 M NaNQGi 3.9.b att.).

3.9.attU L Bi;Sep | Uno nkolrrftoilAougmakAas pUc ci klisko voltan
5ci kl u a@isSrEMm@:tt Uls i zmahebhiGEM Mt itiONG i zmant c
IMNaNG;el ekt rol gt u

5MLINOsel ektrol gta gadoj umUemvoari engolvtUreomt XwaS
Li 1s maksimumu (30aatt . ), kas iespUjams norUda wuz
k1 Ot bhQ, hiilCO)(Rapi | dus var snroaksinurous3.18kait), Bas 4 f
attiecasoBiz fokrsmw,Ut nGek 0o tiletspiU.Ban® vak@j aBi
izveidoties uz elektroda virsmas d.i k1 a | ai k3#arr e azgglyjodtvagi®i s k Ub
izveidojoties SEI sl Uni mOt uti @t t wPrdperl éaia k |ii zsvke
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voltampUrl dgnu uzAemganaansév 0nletk tuBigaf om0, v Ut
norUda atti exSeBdd 3.Paatt) $eBi (Bidky, Bi 4f721 3.10b att.)
maksimumi.

a 1,2-10% b 1,6-105
] Se 3d;,
404 1 Se 3d i
1.0-10% 7 e 1,2:108
o) ] @ ]
i 8,0-10% - 55 :
‘@ ] @ 80-10¢ o Bi4fs, [/| Biafy,
S ] i [0} ] Oksidéts|| | Oksidéts
g 8010° 7 Ll IS Bi Bi
] 4,0-10%
4,010° 5 ]
2,0'103-|||||||||| 0,0-I|||||||||||||
57 56 55 54 53 52 168 166 164 162 160 158 156 154
Saites energija, eV Saites energija, eV

3.10.attU |. Rentgenstaru fotoelektronu spektromek®%) spekirs BiSep | UnUm kUrt i AOm !
LiNOsel ektrol 0t 0O pUc ci klisko volati SeBgpunLillsspefiu uz Aen
b1 Bi 4f spekts.

|l egl t BEDXEMspektra atomUrUs masas ( %) g
(3.2.tabuld norUda wuz nebltisku Se FHdgdokhunul Adkt
demonsaugstj BiSs pl Uno kUOrti Au stabilitOti T den
IMNaNO; el ektrol gtpddc gabddjaimklla var novUrot Na
~7r e i zt W, Ugpdiigriiot S E 1 sNadDAN®Ox( N&CO:) k1 Ut bTtni uz ¢
virsmas.

3.2.tabula. SEM-EDX spektraa t 0 mUr (%) sanmsBiSasp | Un Um B M LiNG; U m
1M NaNOGse | e ku rgod dgijmsenoesk t r o gnUmigg kuime mMmc 5. ci kI a.

Pirmsel ektrogomi ski P U ccikk .
Elements . .
5 M LINO; 1 M NaNOs; 5 M LINO; 1 M NaNO;
Bi 41,0+ 1,0 27+ 2 46 £2 10,2+1,2
Se 592+11 41+ 2 54 +2 94 +1,2
Na - 2,7 £1,3 - 183+1,4

3.2. Bi ;Ses/SWCNT heterost r ukt yrakk st ur ogan:
pielietojumam LIBun SIBsi st 3 mG s

3.2.1. Mor foloaijas un @omi skl sastlve
Si nt e z8YSWCNiheters t r wkirsnlar sash &wo sntor uk3esur Ut Um
nanopl OksnU220 ipmmUkBs 0tiegi ianu WCNTzs aii mdjiuv i d

t okl oj utkiuem di amet-80snm @B.tl.a atth Fedg B¢ a2 O0nov Urot ,
vair Uk usesn anrmoo pBli Uk s n Udink 8 SVWCNPsea ipgedhu  t dnilum j u ma
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ir ori BntSUNCGNTI.0dzot o f BEN/uS &P Me(3ilipadit.pker vaa r 0

novUrot, ka 3®mdawiopd ttlvenupaalicBiis @ii $perpendi kul |
casi)arSWCNTs ai gga Vvirmsu. SavukU@ilcatggmdr ledya i ez u
relatoviSeaampotpudaiydun i egi uz elektroda virsn
samazilrelks roda struktlras iekgienU

3. attUL S nt e 238ISWCNFheters t r ukt I r u aimokdmljomgg ael ektr o
mi kr os k opa BS®BSWMENT aitsrmalbli gansmisijas elektronu mikroskopa (TEM)
attUls uzSendanbtsUmuRit T ram uize |S WeuknElh gignemisighs e m  (
strarojuma el ektror gecimigler sgk d pa u(maT BMM att tt

SEM-EDX spétra (3.12.a att.)un rentgendifrakcijas aing8.12.b att)i egl ti e dat
apstiprina Se/SWCNE hdlereot r Bkt | r u gomi sk8eg sast C
autentiskumu norUda sekojogie anal 0gu rezul't

1. NOSEMEDX spektra dati emUantottieeickgtbla Sheo/rBld aat

Bi:Seest ehi omet r0ijl4Bt (eap rUd,§0)s rk Wt

2. Rentgendifrakcijas ainas i g n B r Ud aSeuanboBdrisko (BB m) kri st Ol i
strukKBruotes-0380213) PO®F 66kdljonggdean [karn amet

a=b =413960 A; c = 283600 A.

Abu analSEMEDXY,atXRO) | i eci na,nanmodlidp ast rvlaw aas
kol ektor a p a SEMIEDIX. sTperkk br Wipapildusi nt ens o v u ogl
signUl u, kas apstiprina SWCNT kIl Utbitni paraug

S nt e z8/SWCNF iheters t r wk tmart § ® mUb & o apstigrmaal vHu
iegltie &P&zuslpté@kttird f(3.12cpattktar0 novUr ot maksim
1580eV (4fp) un 1633 eV (462) , kas nsSe U0 Maksimumibie 158 eV
(4fz) un 1642 eV (462) var bdn NaBOt@litOnbli tni uz el ekt
[125]. S a v u I8& 3 spektra(3.12.d att.)maksimumi (3627 533 eV, 3dz i 542 eV),
norUda uz seBafnliz kI OtbTtni Bi
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312 attU1 S nt eBrS#ISWCNTheters t r ukt T ru ¢ 0 mijumkd restgesstatlv a i z v
e n e r gispgrsgas spektrometr8 EM-EDX) spektrsp 7 rentgendifrakcijas (XRD) aina,
c1 rentgenstaru fotoelektronu spektrometra (XPS) Bi 4f spekirs{PS Se 3d spektrs

322. H ekt r ogpiogesss kr akst d 8gama SI B sist3nm

El ektrogomi sabstprtadeanalu £A &mti sk Us vol t amj
potenci Ul 301-2150 & (LB # pret (i/LIOSIB i pret Na/Na),ari zv Ur ses Ut r
01lmvs, 10 ciklu garumU. Doto elektrogomisko
BiSe/SWCNT heteres t r uk t T,8ISWGNT mBssat ti ecobu (1: 1), k
vislabUko veiktsp@iaatt)!l Bloun egli BUsmi £ti UmUs k Um
var novUrot sekojogus strUvas maksi mumus:

1. LIB s i s t(@Baatt.) 5 katodiskie (1, 11, IIl, IV, V), 4 anodiskie (VIIX, X, XII)
maksimumi;
2. SI B s i(x18.Wath 4 katodiskie (I, Il, llI, IV), 5 anodiskie (W, VIII, X, XI,

XIl') maksimumi.

Anal ogi s BIMLKNGs) ulni tni QltdrNaNO)T dens el ektos ol ot u
(32.att) , LdrB) un S| B8trsUwaddmbaksi mumu i zkUrtojum
nor Udot wumnNammdjiedar BS&/BWCNahetBér ostruktiru

UzLi*/Na'i nt er kal Ucijas un dSessttaerrpksall Wku jtaesl pp!
attiecdogie str Uxlhae.1)i2a104] iMaksimimi 1l unX¥Xmor Uda uz
apmai Aas r e8&un LiSeiNaSet(32)28,10B,126] SI B gadd Ummb v ar
novUrot vUI papil duskasg rJoraldd anakaanamsgSB| o t
ar NaSe (311) [126,127] PUc 1. <ci kla LI Bgmwsii sz &miUs kvaar s tr
maksi mumu 111, kas norUda uz sB&[MN28820|04A4 ui zvel
pUc 2. cikla dotais strUvas maksi mumsosnet i ek
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[129]. Sv ar ip giebilst ka str Uvas miakasi mums mdehiiju i pstkrok |
vei domaksismumi em | V dato saienojumliBl,dieBi) i @ 8 p Uj a mo

k1 Ut bT tni SE[8,120130]A aSIsB s 0w tJUsmtarsUveaasd omauknsli, mu r
netiek novUrots, talu tU vietU par SEI sl UAe
par ~02 V, kas ir novUrojaTsk ndoaglds | gdz U2as c
i zkUrtojums SEI sl UAa izveidogamas tpr odadlhcd
gomi sko sastUvu,0, k &ddisr ea tekk a [t3h,439] tAlsucbdterije K i z m
sistUmu gadgjumos, katodiskie sitmtUevrametnldk ss
savienojumuv e i das geakniju nor i si , kas atti ec,Qvgidojot not i el
LiBi/NaBi (3.12) un LisBi/NasBi (3.13) [28,133,134] Tudbil Uts rnetiekkacrigj a s

apgriezenisk, t al u kat rld ob antedrUinji s msi srUmagUds:

1. L1 B sianod8lass:t r Ovas smawkls i moueBUmGr wir ganos at

par met Ul ¥(314)d23,B36] un Li

2.SI B siagilimazent skbhetal i sko sBwdtiekrdiogsu mu i

posmos, uz ko norUda aVit (3.3 gngMile (319t r Uv a s

[106,134]

LIB sisndwlr ootarvUl vienu papildus anodi sk
saistots ar blra&ag®WaNXTc iy iur, s k@Ol sibglkci on Ul
gr up@n® [136. SavukUrt, SIB sistUmUO ¢gUds strUvas
i esmpsUjiar asvaljsUkguti $Nead a FCbO)CHU garipsd it or s gal venol
bilt saistots d&arLitjamiem Naajonamarliepld € i p &jssu murniddd aeamUk s
| Odi Aa bl gvums, kalseknawesid apii ek dBONHEkupas
elektronum U k d1874.

Abu bateriju sistUmu gadoj mumosb owau |nocev L
pot euvdirli km@ ineos pWjaa s i z U§8s], a « Uesfaeriutkue ur 01 O
un teksturUl Um an(@3p materi Ul a izmai AUm

COOYQOQUOOYR o0 ®w 0Q (311
6Q0 Q 6@ MO (3.12
06 Qcd ¢cQ 06® O0M® (313
08'Q 6 QodQ g0 (3.14)
WD VEYOLO®O®IAII'YED w0Q (315
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a b
0,2- 0,08
0,04 0,04
< <
€ .0,21 € 0,00
0,4 -0,04
-0,6 -0,08
000510152025 000510152025
E, V (pret Li*/Li) E, V (pret Na*/Na)
— 1.Cikls — 3. Cikls 5. Cikls 10. Cikls
— 2.Cikls — 4. Cikls 8. Cikls

31B.attULGi k1l i skUs v o.Be/SAMBNTUL:A)hétdra & 5 WhBpirrhor10
uzl Udes/ izl dlidewUrcsdodl mVdrailklB si st Umaddi 2@\ 0 umU (
pret Li/Li), bi S1 B s i st Uma0di 2@ \tppef Naikd). ( O

l egitie uzl Udes/ izl Udes4 pradfti)l isapikrama jaire n
rezul @BUBtattpAbu bateriju sistUmu giasteptyplatmos , 1.
pie080V (LIB)un125 V (SIB), kas nor Udlaz lukd eSsE | u ns | iUZAl.
plato | Qknes pie 2,10 V (LI B), 2,8ttt i(usd Qi U I
Li*/Nati nt er sauflcdpanterkbdkUapmas ApsocesBeimj u n
un Li;Se/NaSe 8.2 nor Uglhs ap Ipaktace § UH60 V (LIB), 1,15 V (SIB);

i z 171(e@&V (LIB), 1,65V (SIB).Sav u,8sUBt si st Untaise kg apdagpji ulmdlu s n
nelielai z |1 (plate 5 o kpieel90 V, kasnor Uda uxzveNaBig@® cPar ( 3.
intermet Ul i s\keoi dsoagva kelchsojjausmunor i si LI B un SI B
novUrot nelielas plato | dknes pie sekojogien
1. LIBsi s t(@3N13;8&813,3,13:uz | 0a54080V),i z| UID&), ( O
2. SI B si(xl2,8Bauz! U63/088 V), 55%0308de (0

PUc 5.starkl aegldé&smsm/ i z| Udes aipr o fbil etasosuk@rk o (
at ggjkasnboarsllz augstu anoda mat e 188 unaugsut r uk t |
Li*/Na* u z gl ab Ggprereniskumu [128,140] Turk4alObdes/ i zIl Udes
pUrkl UganUs wzr S HlrsisabbAdadgabiejiimlas t 01 Oko ci
garumU nodrogina augstu suzlblddda/Uital Uune su zplre
[141. BT ti ski ir atzomUt ar9 to, ka no uzl Udes.
|l knes, kas bltu attiecinUmas uz SWCNT sai si
faradi sko procesu neesamQbu.
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2,5 ~2,5
~ © 2,0
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— 1.Cikls — 3.Cikls — 5. Cikls 10, Ciis
— 2.Cikls — 4. Cikls 8. Cikls

31 attUL Bz | Udes/ i z LSS WGENT plri)oeteicsl tir Wkitplirr mo 10r ci kIl u |
strUOvasOlighaiLmB si st Umaddi 2p@\dppet Li/m)bi SO B si st Umas
gaddj ,01mB50V @ret N&/Na).

El ektrogomi sikhkome pUmicemu n 0.$efSWICNTa r(1al) Bi
hetere t r ukttilkkaddmuz Aemt as vairUkas cikliskUs vol't
no0,11 ¢ »ozmV s (3.15. att.).

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

E, V (pret Li*/Li) E, V (pret Na*/Na)

3.15. attU | Bi;Se/SWCNT (L:lhetere t r ukt Tru ci kli skUs voltampUr |
di apadioldthvé:aiLl B si st Uma0di 2p@a\dppet Li/o)biS0O B si st Umas
gaddj 0B 50( @ret N&/Na).
PUwxi e n Uda9 tikamateik(a BiSe/SWCNT (L:lhetere t r ukt T r @ domi r
stadija Aekowjtoyl)s Uepredatedsdgd mi b&Mdamr j saash b
ar BbSes:
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1. L1 B

. SI B

reakcijas;

VII, VIII) reakcijas.

Apr Ugi «kBtels c be n@.06. att)throtr U aas
di fil-kogtasol Ut o
SIB: 06571 0,98). Vi s a u ghsktolekfU ci ent a

si sGsvonr Uda u

procesu iegl d 0 j u msk a(ppasceiitdbt e
bt

akt

s iaspanakas

LI B

proce

siapmanialas i fttler méy Ubnsko

s u

(il mt eXmetXW)i sukno

uz
i egul do(LIBNnO63 Ta0BW
v B0) unp B (b £ PY

s 8W, V,&lmh oj umu

sédwV,enoj um

bTtisku ka
bater
(b =

Z nozomoguul dapp @enkit r)voz O MDD ge e kwape

Qvo

maksimuma IX Bk oef i cent a

si st Umas

un

el ektriskO0O
sai st otssl hha npaangoas ha nuckd au r %&)u,
saturogu
Turkl Ot ,

skt ukrtd rar
mat @42 OkaskhOdbbgnina( SWEGNT )
gado| uwmskiem peocesier8 WCNT

vUrtoba ,89)raparnt d prsiamdtr a b i

dubul t s
(@

kapacitatQouwaddopuomauesa 1| eg
a LIB b SIB
'015 -310 .
B o ]
..'—_,",o“' . e
<0 9' ,9—':5:"3"’:,"' T 7 -y
S ] "‘:":/ P’/ S ] ,',".::::{‘:
= -1 3— ';:" Lo = -4,0- e
O) ;’ (@)] - ,‘:4‘:”_:'
o .7 ke ] g:227
17 4,51 ¥
2.1+ -5,0 e
-11-08 05 02 0,1 -1.1 08 05 02 0,1
log(v, mV s™) log(v, mV s™)
(110,76 + 0,02 (V1) 0,63 + 0,04 (11) 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
(XI) 0,67 + 0,03

316.attUlbsk oef i ci ent uSetSWENT (1K )petensat rBlhkitzZimant oj ot
s a k alog@)bflog(v))-ai L 1 B

(3.10 apstiprinab T t i s k u

Procesu( k apaci t ¢ v-bomnmnr iad giul ladi §jjausma

kapanotamaglLygl oBBnypurno cSlsBu

funkci

sib§ SUBasi st Uma

notei kgana
si st Umu

(3.17. att.) Pi e

vilmoemflWig v Ur ses,1 BV sluma ké&pPacitatdvo

iegul dgj ums

sast Uda

434a v %, lp @K OB mil 8 e 9 n %t ( Bk

Ut rumuOmvVsld z khpacitatogvo
74 % (LIB) un 88 % (SIB).

procesu
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a LIB b SIB
100- 100+
2 804 i * 804 |5 b5 eg 28
wn b A wn 1 —
£ 604 — bl |69 | E 604 b9 =
2\ E — [63 ig' E
S 409 g [ S 401
(@)] ] o)) E
D 204 2 204
0 : 1 1 1 1 1 1 0 : 1 1 1 1 1 1
N N
ANNTNINEN NSRRI
v, (mVs) v, (mVs™)

[0 Kapacitativais process [ Diflzijas-kontrolétais process

317.attUlLkapaci t at 0 vkoo numr od iUielgzuipjdés-BaSeSWCNT (1:1)
hetere t r Uk ailLrl B s ib§ 8 UBMUs.i st UmU

Lai i zvUrt t5e/BWCNRhpterdt r Bimtalsms atti ecobu i
elektrogdomi sko veiktspUju LI B 6@ nBiIrBj samst U
100ci kl u aystr ubthWa s 01bA gie e ko | oH&BWCNBparaug masu
att i eldBiHABn(1:2), (1:1), (2:1), (3:1)5:1); SIBi (1:5), (1:2), (1:1), (2:1), (5:1).

L1 B sU (8186 mit) paraugs ar mas at ti ecobu (1:1) wuzr0U
sUkwmizlj0des kapac), kafitev (r87 % mmASe @gL snAhigdd z B
[21] un SWCNT €300 mAh gt) [143]t e o rolttaipsalc i t Ugu kv Uretvd@b &g .a mi
sUkdtirelj0des kapacitUte var bit saiskagta ar
norisinUs uz unliekik o d ollotgsi npiart serssbsllk ¢ letsr ol 0t a/ el
r o vismas laukuram[142.No 1. |1 0dz 5. <ci klam paraugiem
un (1:1) var wmioxlUBdes pl&ppeinti 8ikeos331lsmdma z i n Ug &
| ddz 304 1xiAdb41g mAh gl 0dz 364 LiniAb87gmAh d! 0dz

419mAhg?l) , kas ireasipdjams ar SEI gl00Akabirlveztdod
[28]. Paraugiem ar masu attikcUm ( 2: 1), i(Bl: 19 e su nkrin(psSatieki )t Ut es
novUrods pdts. 1@.i klam, kas iespUjpSmipumar sai
i zpl egandod), kpg@lcesmak Bitsa rel at ogviTuzrepmmsUk SRWCN
vei ktspUjas testUganas |l aikU no 6. 190dz 100
5:1) var novUrokapakOUp&meslkmiseanlagdes t sai st
aktivUcijas vai el eiént [144] &t a k tsraoddaal 0 g B h a s Ucpir]

gal venokBet siadtgwervei doganUskas anpv BWCNSe ug
el ekUnoob@gti abUku el el45f ok&d@dm@Pbui evUroj ami pal
procesu iegl d 9 ) umu . Paasaugiaec @bu mas: 1) gUds i z1 Od
100 ciklu garumddvareshlkekt by Unot gemu SWCNT s
SeC saigu veidoga.nPUkc nlaOv0 .t icki ke fae ksttdavrap Vi s i €
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materi Uliem, apartBiugsobaur (masl) izuPdBddlikaepsaau
(523mAhgh , kas ir ievUrojami | i &bUlgal veimdk DDt t
izteikik apaci tatovie profl46d47] uzl Udes/ izl Udes | ai
SI B sbB@1Bbathvei kt spUj as tstapp gamgisemean | d d
masu dtmrte®dad | 0dz0ogaa ddejnubalatt) Pacalparh &rBnas
attiecoba3relzes augstUka sUkotnUjYa nrethd Wdes
masu atti ec Q:bus)ikbimih gh AR)i P00 mAh g, (2:1)i 112 mAh g*
un (5:1)7 188 mAh g&. Tur p mkiskpO&j aseit est Uganas | ai kU
paraugient i e k npoavkU¥poetasi ¥dpaci t Ut es samazi nUj ums 1
var shiaedes&trol ta sadadéegandd®dRWUqUVGO. SEi klisd
(1: 1) udzreizbdags?Uku izl Udes Yk apamilctVut Uma s u( 2a4t7t i
paraugi BT t i s ki ir atz@ mlett,i eka n8V Br ostiast Pk Up e n
pal iel,kassbagasls st ota ar eC ekair @ as).Bkfdkios dgaf u
var blt sai s tsd tssdlayud daibeum braet aekr c{148ld em@ WP @IMS Mi &
SIB sistUmkat g dgi lpdnddeniskivéidojatiesrNaBiSe (ko apstiprina
i eglti ei 3a3b .att)gasvi ar Ut u mazi nUt ,unt 0db) 8Se tHaudee

SeC saigu izveidoganos uz SWCNT virsmas.

° 1%00 LIB © . SIB

= 400

< - (5:1) <77

. 800 31 =300

o ' 2

£ 600 . (211) S

@) ‘© 200

% 400 (11 g

. ]

ﬁ 200 - (1:2) ﬁ 100

o - (1:5) ©

@ O & 0

N 0 20 40 60 80 100 N 0 20 40 60 80 100

Cikls Cikls

318.attUlLGal vanostati sk C®)owz leldd 4/ais iUy fasSaiSWOBT
heter@ t r u ka ri rdaam) BegSWENBmasat t i ec o0b Um 10t rclkdw hylag wunr
01AghaiLl B sibs§sUBasi st Uma

Tik ievUrojami augsta veiktspUja parauga
(3.14. att)gal venok Us ai svtagrt ablar i ztei ktiem kapaci
nodro@giah8i s ot i Bi:Se nadostriktud wndp SWCNTs ai §ghlupoj um
veidojot sinergi skss/ @8WCANdatD&lbw,] ufmer mioms oBi r
|l aukumu starp elektrodaaimablervOetasinpriekdr
uzl Udes/ izl Udes | ai kU, augst Uk'iNa&laplaci ¢ aa ¢ ¢ t
uzgl abl146 127 RalielinotBiSesr el at vo masu attiecdogiem L
(2:1, 5:1) sistUmu par audgiiketmsrkibgabrkd nsaUs o O & &
p Uraligstu BiSess at ur yizraisot@Bb&nepi | ndgu i espieganos S\
rezUhaostr uBg pulrOmGr oRgii uzkr Uj as[149. 77 0d Ve KW od
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elektrodiem ar augstu BBe s at ur u net i ek BefSUVENTGelekirBkaisunt i e g s
mehUni ska,kdd kertudktls 0 tas noved pie zemUkas
zems SWCNT saturs elektroda matéhi U v ar i zrai sot b[RS, ikasskas ti
negatovi ietekmU eltetatsi.ole an SBtshi sk UM, i gadan
paraugiem ar relatovu augstu SWCNTEktspljuu u (
uzl Udes/ i Gifshkkeorlsaiviel. bpal sail sh ot sSWENToma &

tas ievUroj ami samaziama rldmadivti Utzie,miBe)ask t iorv U
masu parauglU.
Lai i z wIBSWONTYl:1Béterst rukt T ru izl Udes kapaci

no pielikta tkatveikibWa s umb@dij @ma e nod0,1a pddsleze g0
(3.19. att). Pies ek o j otgllwvmas bl 0 vaime2, 05,U,0,t26 bnlsm A g2),
paraugs ar masas aattttiieezchogbdus sfj wkthdp)adchiatslJd 0| a

1. LB si s t@@Leaatt) 650, 479, 402, 397, 400 un 4a0Ah gt

2. SIBs i s t(3lGmatt.) 534, 361, 306, 267, 247 un 231 mAh g

Neskatoties uz to, ka palkapaampiatkilpe ns s k U

samazom@Pevs it &J Uedtot Wvas ,mAgdv,unpaar(aSugs ar mas e
LDv Ul j awprdjdédm samUr a au qotr Ulizdavgstu@rbeasnatlega p a c i t
stabi ltighgbtiiezemi skumu. Turkl Ut, LIB sistUmas
at paka,NA g% (81.1070. cikls) i z| keagpsac i it & @r pigriaimé | i nUj us
sal 0d®amUs$ Uknot n Eepvalmr tkoaliplBnwikig) 15.i faktorsg al v emao k Ur t

bistai stgts ar ievUroj amikalt poleuasétledslskrao doal davku

W, a LIB "o B SIB

< 1000 X 5600: K

= 800}01 J £ 5004™

o) 1 * o i o2

T 500 :°\ © :gg 5 - 0,1

9 . G 3004 020 o

@ 1 02 © ; 050

ol ] w® 10 50 & 2004 \
©

£ 400 g™

8 ] 05 20 o 100-E

& 2004+——rT——r———r E 0O+———rr—rr

N 0 20 40 60 N 0 10 20 30

Cikls Cikls

319.attUL st r ums p Uj a sSefBWENT j1u)hetersBtir aksrtUwas bl ovuma di aj
no0,1l 050Aghai Ll B s i78dkl),ha Sk B s i3sdkliy.ma (
Lai i z wSi&SWONTUL:1peterst ruktiru veiktspUju ilg
pie intarduuikki/éem| Udes apst (DMUemj umi ka veil
LI B si@08atYpieaugstItkrOwas bl odvuma WUrtobU
paraugsarmasat t i ecobuaugsitv ) ktugp Ujda 5@800si Khddpamao
(pie2un5Advar novka osWampa ceildintet zéi nddzs 20. ci k1l a
i espUjsamstiogns ar SEI Us 00L& @b iz wedeElo igfamaprsg guin i
pi ebil st Ugendénca be k kasordoo tidbstt @ eink t s p@.J8aatt).t est Ug
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Pie2Agl, var novUrot kawacuWiltigsasi pahWdesni ski
480. ciklam, sasniedzot t Gmiadgs, mdhs pobeldas
t OuBkektroda aktAwv®cit jweilgsippgesaddg.anl Udes/ i z |
kapacitUte paliek pmahkghi slkidznepeti n5@@. (eilkI8
turmpUk elektroda aktivUcijas process neno
augesst skt r Uvadru@®odeg)smati ek novUrots, ka kapac
pat 500. ciklam sasniedzot 809 mAht.g Bl t i s ki ir atzomUt k a
sasniedzamUs uzItdsd®st Db h EHipiseevk@poahcpigti Wk as ne
Ostikamvei kt spUj as ,1rd¢g (iBapath)s&s s| &vakrd oplsier Dai s
to, ka veicot mUr oj umus ppakelinhti eenh pUdkbaterijhsrs t r Uv

gi nUO, nadrgediOmart mobi |l it Uti pwoesak iam WRSLk ue |l e k t
SavukUtstp,Uj mei kmUr ¢j 4 miuzpiUa alsazpsanclykibtst 6 ®as, k
gal vervak Umtl t psaamiuggtsdiei snaius k o st Damsada kia treerziul
tiek pakNauts intensovUkai degraddei jn@igi ual
strUvas blovums var veicinUt el epatAtit 9t a

uzl Udes/ izl Udes procesu | ai kU,[150k &sloniskk r ai s a

efektivitUtld rpitauva W05 % &as norUda uz aug:
uzl Ud e spgiezehidhuine.s a

SIB si Qobrat)sgadojidmgl er ks pA&} eseailgana ti ka
400ci k1l u garumU pi e L&trrndavjaoss bl 40 uariak 150 sA ugz | Od
ir samazinUj usiZ4smAbguzl393nAhgdi, z tijp ¥( myevdadrj ubn G
sai stots gan ar SEI sl UAa degradUciju, gan
i zmai Alkntls vei ktspUjas testWagmaaisd ligaibla8 pall
praktiski,unembt n d@shsniedz 120 mahgt nor Udot uz st at
mater kipBj uei LOdzogi kU LIB siagfémas vgadojeun
100 %, nortdsdtoatb iuz talzd $ de spyirzehidkune.s

a LIB = b SIB =
- S - 500 " g
= 5 o £100 S
Z % g 400 L. Fe0 2
£ I - an
- ® =300 E 60 ©
it o 2 E T
] = [ = Fy
§ < § 200 5Ag'F40 <
an on
§ 5Ag" 3 & § 100 -0 g
0+ T T T T 0 X 0 ~0 =x

0 100 200 300 400 50 0 100 200 300 400

Cikls Cikls

+ Uzlade - Izlade « 2Agle 5Ag"

320.attUlGal vanostati sk (®)idzagltkedes /AiaSa8WENTS1UIMGE B
hetere t r ank ailLrl B si st UmU 500 ci KbuSIigh rsuinslt (@ 40 Qu nc
garumU pPie 5 A g

Bi»Se/SWCNT (1:1) heters t r u ketlTerkut r 0 g o mi sko i zmai Au
uzAemt i EI'S spektri pirms Ostermi Aapievei kts
sekojogiem ci kliem
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1. LIBsi st 1, ®a20., 40., 100. cikls @&L.a att.)
2. SIBs i st 1, /®alo., 25., 80., 100. cikls R.b att.).

l egl tUs EI'S hodogrUfu |1 ogknes tika apraks
shUmO2. o,3d att.), kUSemlsOntUnr ak GarptriakGm §it 3 maBn
nUtrija Tdens el aktr®Vvatqagi (iXBeISWENT(mYPtda N k a
hetere t r uk t tprlj awseitkest Ugana tika veikta divele
atggiras no trosel ekitfsackdw r si svtaltmaisz r aTi Gl j Us
sl Uguma shUmu el ementos:

1. Kr ust pu nasitrakstuea | eZkét r ol Obalpk &t p s)mé@dietver( R

el ektrol §tuak atsedma(liBs roltijglfoda, SIBT nUt rija foli
pretestobu;

2.lineUrais apgabal s, kas ir novUrojams n
diapazonU, norUda uz a)t vkKlObobVtUmipour gas et
un/ vali mol ekul u difl zrighiengut arp el ektrol ot

a -+ Pirms veiktspéjas b

SIB
5000 LiB « 1. Cikls 4000
- 5. Cikls .
= 300 -+ 10. Cikls £
3] ) G
o 2500+ 2004 A -~ 20. Cikls C 2000
% 100 /, = 25.Cikls ¥
Obﬁ”ﬁr—ozoo o 40. Cikls
ol . | < 80.Cikls 0
0 2500 5000 _, 400, Cikis 0 2000 4000
Z', Q cm? Z'. O cm?
¢ Ry d Regi Re
R Q Re
] ¢ ] ¢
1 4 1 <
CPE, CPEgg, CPE

32l attULBl ekt rogomi skUs i mgESJraenzcuel ssefSWENRRIn)o sk opi j a
heteret rukt T r Um pikis mf)j as tse e sit L gkaNikeista diagramma LIB

si sa,WimMli kvi sta di agaiainenkaviSrlaB esnitstt G Jgtuenamis hd ma
vei kt spUj asiekzs Ulagamad sl Uguma shUma ostermi Aa

Ekvival ent Us §oBse Re) p rveltret sdtbdabsu t(iRka apr Ug
Simpleksa algoritmu (3. tabub).

Abu bateriju sistUmu gadojumosvUrarobmsyv Ur
savstarpUji | 0dzogas un vienas kUrtas robe
34+0, 4 @, c®I B (635 NIIB 7sigtdimas,B kgRut Yjras mbB v ar
samagnoh U3 §(l.cikis)l 024 q2(160ncikls) kas iespUjams i
el ektroda aktivUeQ jsasi gour owesiscuo g(apni (epalielinot SSWC N T
uzl Udes/ izl Udes kapacitOti. Go f akt kassapBijt i
test Ugan@d8anerul)t WsfiissltumalsB gadoj umU tResek nov
vUrpabuel i 6@8&ad(sikishl o0 D20 4 2¢00ccikls) kasvarn o r) Wz
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Bi2Se/SWCNTdegr adUci ju un/ vai nehomog tawUrStEg b a4 U
pakUpeni ski 38&8&maizi.coiissl orBdB q2 (100ncikls) nor Udot u
nebltisku SEI .$dWhlalmitega@da@djUemPuSEI sl Unis p
10.ciklam, tta0BUkvei kt spUj as 4 absnighoassor @idtedbRit a s
pakUpeniskais kritums

Savstar pUjsaun®Replroedtzeisntogtb uR vUrt 0bas, var no
raptuveni ap@st kklas unaik Ul dd BU5baBnssg dukosg u mU i ev
augstas Bev Ur t 9bas nor Uda wuz biezUka un izol Ujog
virmsas, sTtualkil |lUaz vSeEild osglathfoas var Uja nodrogi nU:
el ekU[rsy.l 0$avukUrdv, UraupgosatsasuzR ades/ izl Udes | a
| Odi Aa pUrnesi, ko gadUdinwkdlstinetaksmtbud § @d
[152,153]

33.tabula.Ekvi val ent Us s h UrascBipBegIWENT (Gibhetere Ur t B b b s Um
LI'B un SIB sistUhallss atkarobU no ci kIl

. _ Cikls
St st Prete Pims — 5 10 20 25 40 80 100
= 31 32 32 - 3.3 ; 3.4 ; 4.1
LIB Rt : 30 76 @ - 70 ] 68 ; 56
Ret 190 173 50 - 23 ; 28 - 24
Ro 111 95 63 49 - 4.9 - 64 68
SIB Rse . 2787 3510 2280 - 1442 - 553 353
Ret 348 678 359 524 - 646 - 1158 1204

Pretestogbu vUrtogbas pirms veiktspUjas testUganas uzs
3.2.3. Heterost r uktiyzrmai r akstup®ganwaei kt sp3j
testgzganas

PUc rmiishtae vei kt s p(ooaikl, 0. dsgh),Uga@rR26832 pusgl ne
i zjaukta, 4S&/iSWCANAenftlu: 1Bi anoda o masemioUleu.e klt

p Ur p aImi dektrodaevirsma, tika-3-4 r eizskdlbmar i zopropamaol u ur
i stabas UpRe@per atlr
LIB sigadmasmU var novUrot, ka anoda mat e

pl Ovivarliedn@pgar SEI s |(@RRaatt.XT ulrt kofifgtniie zuma sSEM at
322batt.) norUda, ka SEI sl Uniirsmas rbétzvgamnoyi s
mateti OpamU, kas ir Noti rakstur Jib4.1 egho&tru
rentgendifrakcijas aina pulverveidaBey SWCNT (1: 1) paraugam, v Ul

rombaedriskasBi,Se;formas( Kar t 0t e s-0330213) ki& bA (8@ att.) Papildus

var novUrot C:rftkams @ s -000-0359 RMDEOHOOKart ot es

Nr. PDF00-032-0564 s i gn Ul pise,r Ukas SEI|  SSEMIFDX spektraddath T t n i

B2datt) | iecih@0 &iak Ipkisopglhjralss ,tveeSie UBianasao mUr U
(eksperi mnvtll aj oproj Um i(x50),t uwvar UaeodBi,Séyt 2 s k a i
st abiSaivtsGtair.pUji sal dgdzinot (3.2gatt)dams(pR@smana s

O0stermi Baasvetieksttsthg arcila van pdeUrldtd,., kao spekt |
1001 § Hr@ cm?, izteiktu Bi2Se; un BkOzsma ivNiugt b Uc i k0 &. var novUr o
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smai Nu pDilklpdgamd&d3iinjod z1 3107 car mnov Ur ot pl ato a
norUdot wuz i es p3bjuaBigs:jkorsilsut Up UrsiBWU B o ¢ , s ma
120cm?, nor Uda wuz LivAEMiké s bhonBEI kabUAa .gal ver
Anal ogi ski v a0Os; smailipi® 198 trt, arkgasLil 0dzv Urt ogi t i k
XRD a rn32R.¢att.)Papildus smailes pie ~240 dran ~251cmtat t i ec90gi nor Ud
unSeC k1 Ut bl t nildot Seddd)g iU weéiedoganos el ektrod
Doto SeC sai gu ‘eivddogasellBna § §up neordu olga bekktu o |
elektrovakOmobaul t UtU tiek pal@B®Bhatyuhtaa uzl U
kapaci t altdddvj@ilnssatti) €apildus Bu Ramana spekigad Qj umos var n
arCO kl Utbltnt paaezdd2ad sacmUvas kol ektora pan

| I

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)

Q

?_ — Pirms veiktspéjas testéSanas
— Péc 100. cikla

Intensitate
Intensitate

0 1 2 3 4 100 200 300 400 500 600
Energija, eV Ramana nobide, cm"”
3.2 attU | Bi,Se/SWCNT (1:1)heters t r ukt T ras morfologijas un §omi
0stermi Aa vei k,iAg,Upozikl)Ltl eBs tsUagdBamsUat @ Ul isSEMi el i kum

attUls | iel (bkg¢psaglriieelzi unnihgiuBaidgndirakceijaslaisa,
di SEM-EDX spektrsgi Ramana spektrs

SI B sisnaldnmagi ski kU LI B sistkidmdg agad @jsu 0@
ganuz elektrodavirsmas(3.23.aatt.), ganv i & tibumU(3.23.b att.)varn o v témasfo SEI
sl Uni ,uZuekéW®Ktroda virsmas Vvar ~26120uthrkestir pUr s |
separ at gired rmd k r pBEMEEDX spékti)@.2Bcatt) | 0 dSskd Ut Bil t ni

(Bi ., Severigmdid@ieinsovus Na Udispsluiistsgh Ul OAa
k1 Ot (N&®).n i
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b c

5000+
E CU"
o 4000-:
IO ]
.*é 3000-E
8 20004 e
= 1%
separatora 1000 ‘ Se Bi
"~ parpalikumi O |
— LU BN IR I B
100 pm 01 2 3 4 5
Energija, eV

3.23. attU | Bi,Se/SWCNT (1:1)heters t r ukt T ras morfologijas un ¢omi
0stermi Aa vei kilaglUj BGO t @isk IU&ji)SEMs Bt DiUsl tisSBEMG e | i k um
attUls 1iel Ukig§psagliriieelziunmhc uSEVMEDY dpekitsl s |

3.3. Bi2Ses/MXene/SWCNT heterost r ukraksgst ur ogane
pielietojumam LIBunSIBsi st 3 mQG s

331. Morf ol oaijas un @omi sk sastidova i z\

Bi-SeyMXene/SWCNTheteres t r ukt T ru sintUzei, tika i zm
no 20 1 0dz 80 snthdokarudgar pas Waii & dlkti ieenm m$ KM
att Ul idean 4 t3t. .2) vua stiklanpamathesoztp,utk ax Ut ai @WCNT/ MX
suspensijai netiek novUrota MXene nanopl Uk s
SWCNT saiggu toklojumU, kas spUj nodroginOt
|l abUku el ekltr ovhd SWGNT s aiQgpgai t ermelitrizdia sirsmag | Uk s
laukums (1315 thgl[155) ne k U MXe n &gt (156D,Ga@v imst i,pamUk!| i nUt .
SWCNTsatwsele kt r djad0dspgi nUt vUI 1ielUku opatnUjo

PUBISesi ntulzzeSWCNT/ MXjeinmea twW&r novUrot, ka
kOrta ir pUr k!l GnBaSea®a no edlahk giu rour iieznmUits sast U
500 nm(3.24batt) TunkhOstr wRefnuerpllrsk | BJij vi evitssmiyr 9 gi S
bet gan to auggana jep@BHekatst &Ggs SWCHFasas gm
nodr ogi na nx8ehnoamoogpd Pigeu Blio ganos, kas ar vienu
SWCNT s a3.2.&att)e m
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20 nm

100 nm

32.attU1S$ nt ehetdis obr ukt T r u aiM®EM od totgliljsa:SWCNT/ MXene ( 1:

cieiskentignemisihe | ekt rona mi kroskopa (STEM) att Ul i

n
I

Nr. PDF00-033-0214 , kbormabda uz vara

mai s0j umam uzbt3EMI at SeMXene/BWCHT (1:1:2heters t r ukt T r ai |,

sUkumst aaén wk luenUcBiij u u Bi:S&/MXENeTSWENITI (1918
heters t r u Kt tfamsmisijas elektrona mikroskopEM)at t Ul s .Senamap| Bksnei

u
SWCNT sBaSefMEene/SWCNT (1:1:2heterc t r ukt I r ai

| e g ISEM-BDX spektra datin o ralaBiun Sesi gnUl k@mar o papil
ovUniwmtCkasi r attiecinUsh) un BWENFQRBHBIEEM) DI t ni
eglt0U rent ge n @pstiprina kramibgedrisko BaSend Uz Kar ¢ 0t es
strUvas kol ekt

Bi:Se/MXene/SWCNTh et er o 2 26.tuak.y 1T r U

47

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)

1lo/se® B E
ARAAA RALES RS LELLE LARLE RLLE

Energija, eV 20/°

3.%5.attU1L % nt e z.Ba/NiXene/BWCNTheteres t r ukt T ras ¢gomi skUO sast O
a’ SEM-EDX spektrsp T rentgendifrakcijas aina



332. H ektr oagpoaoasis kr akst wd ®@gama SI B sist3n

CV | 9k0ié £50(V0/ 01 mV sb) tika uzAemtas paraugi
veikt@3.@t)u kam i3Bi:See MXpagaSWCNT mdBadsl2attiec
(3.26.a att.), SIBi 2:1:1 (3.26b att.. Abu bat enuigjpdojsimod) var nov
katodi skie (I, 1, IV, V) un anodiskie (VI,
anal ogi 39eiSWCAT het@@ t r ukt I r u, vineonrUdioetm uezl ekt r o ¢
procesiem322.no @aMb mU§ddz ar augst Ukmi nUtiem strUva
a rs@ k ojguug maksimums: LIB (M, M-II, M-Ill, M-IV), SIB (M-V).

LI B si@eeldat)gadoj umB rnealtisenls Ov &6 e sdd kns i mu mi
M-IV, nor Uda u Zz reakejs(piUn taemok aliUc i jamMXeéne i(TaG)er k al U
(3.16)[157]. GOs r eak ciijeassp kjbathisb i & ¢ lea md3katotipsauz MXeme
nanopl OksAu pUnSelsU@atnnmt &nd klail &zu j BRis plvdtess |
joproj UminUtek. nawwlgUr t , -llsun M- yiesgamsa & s U dha mi z M
Li*ti nt er kal Ucijas/ dei nt enrak &lr Q@j158460)3pr ocesi em

SI'B si(@®6Wat0t . ) papildus vapgrieez@motskoi lsd
maksimumu MV , kas i espUj+tainess p n HLELELE2R starpl aMXene
nanopl (1ZFnUDot U el etrogomisakUj oeakcivjaa iirzr ai
MXene agregUci*jpWr niestlekmBudt ON& var ievUjore
vei kt[8§]pUj a

Lodz 0 gp3e/SWONTBaters t r ukt T r aBB.qh)ddpw@mei nov Ur ot
strUvas maksiimumuc inkolbsd)dil i(ell.UkU potenci Ul a
pol ari z UfB88juans setfreukkttuu r Celekirauam aet kesrti uCrl Bd38lnz mai AU m

Y@ D0 ®QP YA 'Q (3.16)
5 ©0QOQP '@ (3.17)

b SIB

VI MV x X
“a XII

000510152025 , 000510152025
E, V (pret Li*/Li) E, V (pret Na*/Na)

— 1. C?kls — 3. ka|5 — 5 Cikls
— 2. Cikls — 4. Cikls

326.attULGi k1 i sk Us v o.Be/MXemg/BWCNghetere s r Bkt T 5Um pi r mo

uzl Odes/ izl dlidawUrcsdodl mUdiraiilkiB si st Un{kais2) pgrauygm u mU
(0,017 250 V pret Li/Li,bi S1 B s i st Unialsl) pgrauday,0l imd b0 V pret Na/Na).
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UzAemto wuzl Udeseriat tOdedatoploh@ nt u Ul(i LI B
si smUmU anal 8/SWENThaters tBrilk(@.14ratt . ), kas attie
ar9 ar Bi:SsgMXeepe/ SWCNT CV 3260aktATomdlart i eth ¢gal ve
atgi rdbu var nordidDItUdes WYIFrR uni dtelUnkyl e pbata |
rajoniem,k as vi enl ai cignit emkralda i gjaslLdei ntSer kal Uc
(3.1)un MXene(3.16)mat er i Ul i e m.

a LIB b SiB
2.5 25
_— ] ©
= 2,04 <20
= S o
% 1,54 Z15
S 1,0 5 1,0
> o
>
Lu' 0,5_: Lu“ 0,5
0,04+ 0,0 7+
0 200 400 600 80 0 100 200 300
Kapacitate, mAh g’ Kapacitate, mAh g’

— 1. Cikls — 3. Cikls
— 2. Cikls — 4. Cikls

— 5. Cikls

327.attU1L Bz | OUdes/ i Bi,.SdMEene/PMCNThatersit r ukt T ram pirmo 5 ci
strUOvas lhAg9aitem8 8i st Umas gad9jalmiboydretli/Li) par au
biSI B sistUmas gaddjalmdboV @etN4AN4)) paraugam ( (
No uzAemtUm CV | o0knUm 1l 40UnVsid328. &itt),tikama di a
noteikta BSe/MXene/SWCNT heteres t r ukt I r u procesu domi nU,
vienUda9umaekojogUm el ektrogdmi skUm reakcij Ur
1. LI B si apbmadkicim(l, X), i nt er met Uli sko savieno
reakcija (IV, V, VI), Li* sai st 0 g-@@0Bs(X),alki* i nt er kunl Uci j a
dei nt e @riSWCNT ¢MIj M-111):;

2.SI B siaprmanalas r eakicritjear neltiUl i %,k oXlIs)a,vi eno

reakcija (IV, V, VII, VIII), Na* iespig anu st ar-). MXene (M

49



a b SIB
0,4 0,154
_ Vi "y
0,2 g,gg N Xy
< < 7
E 00 £ 0,004
B 20,051
-052 E
_0,10_: Voo
-0,4 R 1T L —
000510152025 000510152025
E, V (pret Li*/Li) E, V (pret Na*/Na)

— 01mVs!' —04mvs!' —08mVs™
— 02mVs’ 0,6 mVs’ 1,0mV s’

3.28. attU | Bi;Se/MXene/SWCNTheters t r ukt Tru i eglitas ci kliskUs v
Ut ruma dilalam¥ stmUL I0B si st Uma0di 2pa\dppet Livb)J ( O
biSI B si st Umag0di 2G@\dppef Naidd). ( O

Li*¥/Na"s ai st ogi e ar BigSe @lice,svj \d, Il VIII, X, Xl )nor Uda uz
bl tisku &kapac(seidokapaciptrlbtcecesun el ektriskU d
iegul d0j umu abu bat er i(32% att3 iLIB t(lU=m0,70 § 8,87)) SIB mo s
(b=0,6571 0,96) . Ladtahdegegteknov @ao® LI B sistUmU ar SWC
procesiem IX, M-I, M-III) , nor Udot wuz kapacitatovo proce
(b=0,607 0,99 [142]. Sav u lariXtene sai stotiem agrdoesné&ino(]l
stadija neti ka ssmaildihgksimubitiiran,e njoaQtm@igs tefsapdlg sa ms
var norUdot, kaUaMXeWCNTal darzb mjlgauumk U0 tors Kk
nodroginUt visar ahotdeeblifailt tel tsilU.B a sespbdt alnre) sNtaa r p
MXene nanopivaksarUm naor Uda uz bitisku kapac
(b=0,99).
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a LIB b SIB

0,41 e -0.83 .
] ",o i 3
—~ 081 3 — 127 ¥
E -0.8- ‘-«" )»:io E " ,,;:;2,}'
= -1 ,2_: ‘:5",:/:."” = -1 :6_- z’::’y:""‘:’
5 ] €2 S ] e
2 164 ¢ o ] §..-¥
] g _210_. ‘52:1
-2,07 :
LI L B B 24—
-1,2 -08 04 0,0 -1,2 -0,8 -04 0,0
log(v, mV 5'1) log(v, mV 5‘1)
(0,702 + 0,014 (V1) 0,74 + 0,04 ()0,84+0,04  (VI1)0,89 + 0,04
(IV) 0,68 + 0,02 (IX) 0,870 + 0,014 (Iv) 0,65 + 0,05
(V) 0,818 + 0,013  (X) 0,72 + 0,02 (V) 0,807 + 0,012  (X) 0,90 + 0,02
(M-I1) 0,60 + 0,03 (X1) 0,89 + 0,03 (M-V) 0,99 + 0,04

329.attUlbsk oef i ci ent uSeMianaIWCHTheateas tBriukt T ram i zmant o
f unkci on Ulbg@)=féogW)aai b b B sUpasaugiml:1:2),bi S| B sUpasaugimm
(2:1:2)

Procent uUdsididp-kgtastt Ut o prdcesp &g idtog tudmnso p Uc
310 vi enUdoj umak a paps proagsediloniaanciabu bateriju s
gaddj aBmats) (Gan LI B, gan SIB sistUmU var novl
i egul doj umat ware@u@uma potenci Ula izvUrses Ut

1. L1 B simB3m@mvs) | oddz0omvesd):;% (1
2.SI B simedW(@mvs) | o0dz0omvesh).% (1

a LIB b SIB

1001 100+

‘6;“ 80—5 e E:‘U; 80—%_7255586
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

330.attUlkapacit at g vkoo numr od iUftToz ipjr é@eBeSeiMXéne/SWCNH 0 j u ms
heters t r u k &iTLrl éBm :sUpasaugin(l:1:2),bi S| B sUpasaugint?:1:1)
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OsteceD Vai kt sedj @gana ,1(AlgH0 tciikkd iveiOkt a se
BiSe/MXene/SWCNTheters t r u BifS&rMXene: SWCNT masas attiecd
LIB7T (1:1:1, 1:2:2, (5:15:2, 1:1:2, 2:1:1, 5:05:2), SIBT (2:1:1, 1:2:2, 1:2:1L

L1 B si(33LdathpBiSe/ MXene/ SWCNT ( Z5rle:i2z)Unu zlri Ced al
sUkotnUju izl Udes) kapkh9i t Ut up ar8dudg ia®hdugrck)lbU t
paraugaUistkOdedsj kapacit Ut e 728 veldeskajr&me pUr s
(491mAh g?) [22], SWCNT €300 mAh ¢) [143] un MXene (TiCz) (~320 mAh g [94]

t eorolttaipsgavi trt 0 bas. Ti k i e Wilz loP é enste, i lneausyps(tjiaa ndsU k
ti ek no gatewajiesnzUtteai kti em kapacit alBeSeiS&8NTpr oces
(1:1) teters t r u kgtaldroaj(@uidreJatt). No 1. 1 9dz 10. <ciklam p
attiecdobu (1:1:2) var novUrot pakUpenisku
651mAh g, nor Udot uz SEI28 shUABD §l kzavbeiil girozgSacni oj sa s
ietekmi [141]. Lodzogs kapacitUtes kritums tiek nov
No 11. 106dz 100. cpakKGpre n( Is:kili z Ppladlqiserl asngJasmi t |
norald el ektroda ak«i wlidzagjumisd opgrdomlessno ( Breg Se
elektnotobiamUku el ekt kBvad@moibauv Ur ogt dmio p a |
procesu iegl d 0 j[ABRWisst r auj Ukai s izl Udes kapsacietgit es
(1:1:2) paraugam, kas iespUjams ir.Tauaaikdtldt s
citu masu attiecobu parauginenbiitRlsdkds200 kapnk
(1:1:2) paraugm nowiUsawugst Uko izl Ude® kakamp2ZcirteltziOm( 7
| i @an@k U citu masu &tltnmAe g qlblid), 212 mAhudg(l:22n:

172mAh gt (2:1:1), 329 mAh g (0,5:2:1,5), 338 mAh ¢ (1,5:2:05).Sav st ar pUj i sal
pUQro masu attiecdobu k o mbi n UBiiS@ satus elektmda s ec i |
mat ér idBid)b T t i skas til pumadi e v thesoginaasrkianglisc ir te @ w é
unizmainke | ekt r od & a ¥ u kdldinof MXane un/vai MXene/SWCNTatury

tas var izraisot saesUappBmakts@avihpimaseer i &«lUa
saturu,negat Qv i i etekmUj ot LIB sistUmas veikt:
apsti,pavatiarpUji sal gdDbuopadagds. masas att

SI B si gt tmga3nddatt) paraugs ar masas attie
visagst Uko vei ktasspUgpanakkpUipdls Uavkilsr(pieptist, i e c § b
ka LI B paraugst(@imijl zr UdU vilgspemUOkst aep pUr Uj o ma
paraugiem. Sadboidzi 0o tsydkimafcedijll: 1) ~1530augam
reiz0mugs 23kshg). Tur pmUOkUs vei ktspUjas testUgan:
masu attiecobu paramgiiemUs z1Wdesi klapagat Umé&
sai gaft ar el ektrol ota sadal 0R@an odkilaPagpags ar S
(2:1:1) sasnied288mAhgtaugst u kapalsiowelt ieh &k &s piragJj OUm m
atti ec b uSapladrdazui gni EBRBWANT @lr1), B3Se/MXene/SWCNT (2:1:1)
het er owtzr WidtmlGrkeai k t s p U u, tasvGaar | selixel pab MaUespi g an a s
procesu starp UMXekheasnanoai d&sMXene palhrrreegstic i j
el ek {86]l.oTdoU | abiparpugse(t:Xildkaam i r visaugst Ukais MX
vi sz@vreUkkt spUja 100 ciklu garumU,.
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"o LIB "o SI/B
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S 600 & 200 |

T 400 s
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N 0 20 40 60 80100 N 0 20 40 60 80 100

Cikls Cikls

Bi,Ses/MXene/SWCNT BiSes/MXene/SWCNT

o (1:1:1) = (1:2:2) = (0,5:1,5:2) = (2:1:1) = (1:2:2) = (1:2:1)
- (1:1:2) = (2:1:1) = (1,5:0,5:2)

33LattUlGal vanostati skP) ugd tlVaremi/ Aa | Waielst { GUj as
Bi.Se/MXeneSWCNTheteres t r uk t T r a m 3erMXehaSMENTUms Btit i ec 0bUm 10
ci kIl u agsatrruhwla s0,1AlghailtmB s ibss8UBasi st Uma.

TU kU LI B si st BaMxene/MCHDHetersnD r Bkt T ra ar
attiecdobu (1:1:2)spurjrwadj at tviagpapigdgsDk gt b einik & a
GCDvei kt spUj as test Ugamaar auwung alnt raurmsnpals aass aatntail
novUrot augstu un stabilu) i sk tdeadcsikappagzeoinnd]
0,1-100Ag! (3.Ra att).l1 | gt er kis R@j aseit est (lg@nparaugame z u | t
BRb att)uzrUda veigksso®W| c¢i k|l u aggstaamUUvpise bl § v L
(100Ag).Acomr edy@dmivig iaka sp i ev Ur oj a mifavaikisgjJast Uk a n
testUganas | ai kU, b iktaiksakpueawi thalttH\c s s pod e s U Gu mL
l i el OkUOm str UvaNso bll.o vligmiaza v3Um oopibklont p BldsUpeni s
kritumu no 252mAh g*uz 185 mAh¢. Tal u &«wWpUOkas wvessekdiganas
strauj g kapacit Ut esciklan ssniedgat @60 mAGg z L pcaz § g4i 6 5k
0stermi Aa veiktsptljasj ¢ elsa s @inta §dta slektpoide a u g u r
akti vplcasijSe@ sai gu veidogandl)s. uNo SWEMKEM Ivj d 5 mé
var novUrot kapacinahlt ezs330knAfh ¢,u muo rnlbd 043 3uz el
aktivOBei g@s uz i es p Unaatneord efghraadd®laci j 69 O . ci k
uzl Odes/ i ztedvdlUerst obbampacpiatlU ek praktiski nemai n
320mAh gtp Uc SkB.Kuloniskle f ekt i vi t Ut mor Odotuvazladg st
materi Ul augt dielsi/ it @41 Uders procesu apgriezeni s
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3.32. attU | Bi;Se/MXene/SWCNT (L:1:2heteres t r ukt Tras vei ktspUjas tes
aiOtrumspUjas anal 0ze ,bitl0,0gh40 ciki), iV U ma edina Aaz &n U
vei kt spUjas test Ugan4oowikliz strUvas bl ovur

l eglto EI'S hodogr Ufu | gknes3atl):pitmsan par a
0ster mi Bas vted «tt Bgpanas | ai kU (1., @prakGtotas
pUc 3. 3B .ae,dz meetkivd val ent OUmUns | kgausmai rs h&mal og
Bi2Se/SWCNT (1:1)h et er o sg a digkj(aRhoa att.).

a b Rct

800+ e Pirms veiktspgjas Rb @
R ] e 1.Cikls
5 600_5 e 5 Cikis e
G 400 10. Cikls B
N : e 25 Cikls c CPE,
= : | . A
™ 2007 J 50. Cikls SEI ot

03 <l 100 Cikis R, @

0 200 400 600 80

) 2 | ¢ | ¢
Z,Qcm 1 ¢ 1 ¢

CPEgg, CPE

3.attULBl ekt rogomi skUs i mpeda n.BedMXere/SWENT (1d:8)k opi j as

heterst rukt i rUm LI B si skspidy apistms t @ajthévistailAa v e

diagrammapiekvi val ent U sl Uguma shUma picielsviosalee mi @ a
sl Uguma shUma o0stermi Aa vei ktspUjas te

Pretesd R&EUR)( RvUrtobas tika apnmlgogtma Ut as
(34.tabula) Visu 100 cikigar umU var ppoetest ObkavBrtobas
robelydds7 N13d8 qoamdot uz aulgis.t uLGBhSEMYWENIK ot a s
(1:1) heteros @Rutdbtld)amnd gaeiof umOO0 ci kl w garun
vUrt 0bu s ama6zs ngllgciis)D § e 2 o o? (160mcikls) kasv a r sasti gt s
ar el ekt r asdpsocesa(piem., vVSBCc i §ai gu veidoganUy wuz S
SavukddvUrtRbas 100 ciklu gal(dmUcs&mad? nddzn
(100. cikls), norUdot uz nebitisku SEI sl UAa
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34.tabula.Ek vi val ent Us s h Urhas 2cBipBegMXene/B\WWANT (1::P)r t 0 b as
heteret rukt i rUm LI B sistUmUO atkarogbU no c

. Cikls
Pretes Pirmg 1 5 10 5 50 100
Ry 155 137 11,3 11,2 10,1 9,6 8,3
Rsei - 291 231 199 158 160 152
Rct 135 465 317 263 116 97 92

Ppretestobu vUrtobas pirms elektrogomisko mUrojumu uz

3.4. P3toto anodmeati kit ispggvasst ar p3j s
sald zi ndj ums

LB si sa B8 pl UnUmink Uei kAspUjas test®ganas
i zmantoj ot T dens 3eu 2rkd-®590 %ze fubkz MUtd e diOkapac
n e k EB5&/BWCNT (1:1) un BiSe/MXene/SWCNT (1:1:2heters t r W k(B85.tabula)
Tasgal vewak Urbtistars aidsetngst el ghatarso li etrao bieHyma mtmo e |
sadal®ygpot enci U¢)d13, 4] a Pad amtidemmpdtt 0 j u miamoda p ar
mat er i Ul i agose |oerkgisa(BioSesgiat mikrostien 0 gm  zi edv eu),daa str ul
seci nGBgplklan UBi kUrti AUm pi e salipglanchrogsd Il §dki
i zl Udese kwrpkBieleio Oigani skaj os aveiktsepdijrgmll ytem ke m
bigai sarota@g®ddobu, kas negat 0\wis isd taShdk vhiiktUgatt,e r
itial dens dhekiredal mov Ur oytgad didiBtai (& & & 8 8z dled o t
augstuBi:Se p | Uno «tUr u ksAwa ilil loKo pa mU s al dotBiSemot un
pl Uno kUOrti Au veiktspUju vaer s pankdablékisodsk a d o1
LIB sistUmU | itija Tdens elektrol ot

Ostermi Aa vei kt spUj,hsA ghes00gamials!l ul ag &t
Bi2Se/MXene/SWCNT (1:1:2heteres t r ukt I r ai parv-80% rmangBrtdlk u i z |
k apad738nmAh gl) n edS&SWENT (1:1) 623mAh gY). Tik s a | ¢ daugsta o g i
veikts p Uj a g airl saseiedpak)dpateicoties MXene (3¢2) kIl Ut bl tnei par
nodrogina gan materi Ula augsto struktur Ul o
procesu ietekmi, kasveicina Ut r Uk:Se/ MXiene/ SWCNT el ektroda
uzl Udes/ i z3dsetsar Ip&ij & Gits a1l g dzmbtedtuo anodu ma
0stermi Aavari hbypeSetu,z kagl 8kNa allotropa bl
(BiSey gr af Uns, .Bd)iTm@62@8B%augst Uka i zI UdeSs kapac
(mi krostiendgu un Tar«dwar dagi si r oSe/f dmafil Grna W®kn
CNTs@C@BiSe; el ekt r odi ir pagatavoti SmehldirskU
Bi2Se/SWCNT (1:1) un BiSe/MXene/SWCNT (1:1:2heteres t r uk ¢ i k usp Uj a st
test Ugaimpa ~1B78 i%kall g s h B kBBSe/ gr af Unam un:SeCNTs @C (
| l gtermi Aa veiktspUnassttB@Bgadgamadvpepma VUet
uzl Udes/ izl UdeBetercairilé@t | abu matesmdl iavgast Uk a
izl Udes kapacit UiSe nTekrBkSedinkans/8VCCHB i(1:1:2) pie
i evUraugstasnt r Uv asv Url tgidAagy, 900 <ci klu garumU uz
stabilu veiktspthpnodh malteanrsinibi Ujpo tdsid dtpigmU L1 B
intel®s wuwlkKdes /i ed¢.PuBeas! 0 dz i 53&IWCNTBi (1:1) un
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BiSe/MXene/SWCNT (1L:1:2)heteres t r uk t T r u oite adtotup PO Pt i em ano
materiemv ar seci nUt, k& idovtarer sampidibtjumara LIB r i
sistUmUs.

35.tabula.1 z| Udes k &pacsiatl ez ivilBritamér Gnapdeaakat et i &mi e
si s Um0

Qst er mitsApaUjvae | | gt er mi Baa
Anods StrUv: l zI Ud Str Uy | z1 Ud Atsauce
bl Ovur kapaci bl ogvu kapaci
Bi Se ~ 02Ag’  79mAhg o
pl OnUsakC (10 (100 cikii) Netika veikts
1
Bi,Se/SWCNT | 523mahg  2AO  1080mARg oo
(1:1) 0.1Ag (100 cikiy ~ °A9  809mAhg  Ten T
' (500 cikli) .
Bi,Se/MXene/SWCNT . 738 mAh gt . 320mAh g
(1:1:2) 0.1Ag (100 cikly ~ 0AY (900 cikli)
. T ) 55 mAh g
Bi.Ses mikroste n 9 ¢  0,05A¢g (50 cikli) Nav nor Ud [20,164]
. . 205mAhg
Bi-Se/gr af Ur O0,05A¢g (100 cikli) Nav nor Ud [20,25]
. 1 431mAh gt 1 243 mAh ¢
CNTs@C@BiSe 0.1Ag (100 cikl) LAY @oocikiy 128
Bi,Se; ziedveida 1 77 mAh ¢ -
struktii OLAM (100 cikli) Nav norUd [28]

a/eij kt s palgmantojptiia Ddens e(5MRIN®) | Ot

SBsi saBmepl OUnUs kUrti Aas nUOtrijsp Uaebd e
i evUrojami zemUksualigzdlz0 dnelsj uletehssaa iutpditingand mu n ¢
anoda wem$leB i iTstkUml.ma vei ktspUja galvenokUUr 1
materi Ula degradUcirlesi ukot ezkai Bai jlas®/ diéisn tN
| ai(3k.Bln o d 488,80)

Bi2Se/SWCNT (1:l)heters t r afk s § er mi Ba sv dielsttUgyanas | ai
~24% augstUku izI| UBiSe MXamad i SWENIT fekl: 1). Sa
LI B si33Uambul(a), SI B gad@janmldl a MXaaskktinak D0t b u
uzl Udes/ i z| Udkesi rv es bNat sspidtipsmstarp MX@nenanopl UksnUm
zraisot t86. agsegbplUj BiSegSAMCHTd@:l)nmets t r ukt T r as
Osterms pBj veai nOipnlitedhiui em anodai mahUeetelk apac
ir par ~11-82 % au g s t Uk aSe,nBi% Un BBSe/MXeneg a d ¢ j. u rfousvae | Ut
novUr gpts;t ekmdAa veiktsBilSp/ri: iddes OUGgapasi i Bi &/
~20% augst Bk3e/ BWERNT (lirkv.ardgl kapaebidtanUj um
il gtermiRas veilkt £ a nBiSe/SWANT ul:1) Reteice m,uk t T r ai
neabgaubkaei kitasbpplUge ai evUrojami au@AtgbkpaUjstr Ov
nodrogi n(Q2 mADg ¢400dtk | s) augstu | BhGIBiSs kapac
g ad 9 j@amriAh ¢, 100 cikli, 1A gy). TUOdUj Udi savstarpUji se
vei kt spUj u wS3eIrSWENTdliljhdélars t krals tBinat er perkspe&t 0b b
k @rossS1 B sli st Um
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36.tabula.l zI| Udes

k dpua csiatl Heduz | vilBratp imé k @in®tdiae maSiBer i Ul i e

sistUmU

Ost er mdtsApaUjvae 11 gt er mi Baa
Anods Str Uvze l zI Ud Str Uv Il zI| Ud Atsauce
bl vur kapaci bl ogvu kapaci
: N .
pl OnBsa Kk 0(12 ~ 1(’120'3/2&31 Netikaveikts |
PSENONT oaag YUARS sag e 0TS
SISUMENEISWONT g1 ac IBIATE i i
Bi,Se/Bi;Os 0,1A g 3(11%5"2{2”?1 1A gt 2&%8“3&31 [72]
Bi-Se 0,1Ag" ﬁorgﬁ?kl?)l Nav nor Od [72]
BizSs 05A g 1&%8“3%3 Nav nor Od [165]
Bi,SyMXene 05A g 2(21%5”2?”?1 Nav nor Od [165]

a/eji ktspUj a
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1. BiSe pl OnUs kUOrti Aas 0I5 M LiNG) |demsngd irdlk ua o |

el ektrogomi sko veirkUtsrpiUjau [sdael psdak@)nkolj turnmoll da
nodrogina pirmo 5 ciklu | ainkb@riofvedo|jlites
transport i nt er kal Uci j as/ dei ntléiijakiad edesi ¢ ketsr op 0 0 «
gado, umlciklaped.C(~02 A gh) BiSep!| UnUs ukU rBugsd a s
kapad7 mAhtghar73%Kul oni skosaf éktziwilUf Um0 ar n
el ektrol §tid,2 mAhagh a cKiutl btne s k U69é4. 6 kred zvu It tU0 tei
par UdaxSe pklaUnBlis kUrkphasneabdl $1 ditjaojahm mat e
bateriju (IB)s i stl drahs el ektrol ot U

. Bi;Se/SWCNTheters t r adatr | mas as atrtldca §l5ZBdAhigh alt) u z

un247mAhdaugstu izl Udes kapheatittiUed omgit aldl jRai ki
jonu bateriju(SIB) si st. OmO %l IUB s iisztlWndle s ikeawlarcd jt dmie
pUr smitesckzv i gku KkeBmpoBWENTU 8o thlit ivstkrot Jkaars
Pi e iemsetl rOkv a em Ri,Bg/SWCNIT (1:1)heteres t r ukt T ra uzr Ude
un st abi |(uB iviedo mahsgp 2J4 gi/ 809 mAh ¢, 5 A g* (500 cikli);

SIBT 243 mAh g, 5A gt (400 cikl)), sasniedzot Kulonisko
~100 %.

. L1 B si sSe/IXede/SBViCNTheterea t r ukt i ra ar magaddat t i

par ~30 % augst Uk8e/SWENTk(L:Y p8jdu o giekdt Bl od
739mAh gt (0,1Ag:, 100 ci kl i) aué@siteuv GrzdjUadneis akuagps
strstbya vuma Y BigBe/MXeng/SWCNT (1:1:20het er ossplWjkt T r ¢
sasni egt320InAld g (99 ¢kli) augstu il es kapatodD®%Uti ar
Kuloniskoe f ek t.iTv kt OteivUr oj ami augsta veiktpUj
(TisC) k!l Uhdti emes mau Wibil Dapsakii el i na kapacital
iegu dojlkubhuar 0 mapilodgu sitasludld é A/ai ~vliGdes 1 ai k0
SI B si st UmUtnéhXeetneer oksutfitubkdtaP4roaz e mUku vei kt sp
nek @Se/BSWCNT (1:1) gadojumbarkdit gmlavenai
iespi g austarpMXenen anop |l Uktsddth Waigrieglai § ot t
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Abstract

In the framework of theDoctoral thesis, the electrochemical characterization of
Bi>Se; thin films, BSe/SWCNT, and BpSe/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 synthesia tBin
films was tested for LIB and SIB systems using aqueous electrolytes. In addition, a new type
of binderfree heterostructure anode materials was developed basedSs BWCNT, and
MXene components (BS&/SWCNT, BbSes/MXene/SWCNT), exhibiting improved
physical and electrochemical properties. The electrochemical characterization of synthesized
heterostructures was carried out in LIB and SIB systems usingaueous electrolytes.
Multiple heterostructures were synthesized with different material component mass ratios
(Bi-Se;, SWCNT, MXene) to find the best anode material with the highest performance. The
results of this work demonstrated the perspective use 8efhin 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 weknown anode materials, demonstrating their potential use in LIB and
SIB systems.

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

(BizSe), singlewalled carbon nanotubes (SWCNT), MXene 3Cb), nanostructuring,
electrochemicatharacterization, battery performance
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Introduction

In the last 20 years, the development of different battery systeets in portable
devices (mobile phones, laptops, etc.), electric vehicles, anddeale stationary batteries
has become a critically important td4k2].

Sincel991, lithiumion batteries (LIBs) have dominated the worldwide market as one
of the most advanced forms of efficient energy system (EES) technologies and their demand
still increase$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 oveatgddand nickehybrid
batteries are high nominal voltage3(7 V), high cycling lifespan (>2000 cycles), and
environmental friendlinegdsi 7].

Sodiumion 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 Earthodés crust i s higher than
largescale energy storage systef@8k Both sodium and lithium share similar chemical and
physical properties, but the larger mass, ionic radius, and standard potentialcahNause
lower reversible capacity, energy density, and shorter lifegaf]. However, despite these
drawbacks, SIBs have relatively lower sgi$charge than LIBE9].

LIB and SIB systems consist of nagueous electrolytewhich are highly flammable
and explosive in contact with dit1,12] An alternative way to minimize these risks would
be a replacement of naagueous 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 performanesmd decomposition of the watgr3,14] 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 wouldw&ble for use in lithium and sodium
aqueous electrolytd&5i 17].

Bismuth selenide (BEe&) is one of the most promising anode materials for LIBs and
SIBs. This material has a unique layer struc{® 19] providing high ionic and thermal
conductivity[20]. In addition, BiSe; has high electrical conductivif21], high density22],
and theoretical capacifgl], allowing to production of small electrical devices. The layered
crystalline structure of Bbe ensures the efficient transport of lithium and sodium ions
during the intercalation/deintercalation procedd&s19,23] However, a significant volume
expansion and dissolution of selenium remains the main drawback.®€,Beading to
electrode degradation and deterioration of battery perfornjat¢4,25]

In addition, studies thatould be aimed at the investigation of the potential use of
Bi>Se; 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 BiSe; (active material) with carbon allotropes (graph¢2e],
carbon nanotubes (CNTE)7], etc.) can significantly improve physical and electrochemical
properties. The most reported technique for the preparation of nanostructufs Bi
(Bi2Se/graphene[25], CNTs@C@BiSe; [28], etc.) is a slurncoating method, which
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involves the preparation of mechanical solvent (mixture) and its deposition on the current
collector (e.qg., copper or aluminiurff9]. 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 perfornjaa0]

To solve theseassues in the framework of the doctoral thesis is developed a new
technique of direct nanostructuring of.8& (active material) around the SWCNT bundle
network (binderfree material) using the physical vapour deposition (PVD) method. This
nanostructuring technique has the following advantages:

1. A formation of direct electrical and mechanical contact betweeSeBand the
SWCNT network provides good electrical contg8i], leading to a significant
increase in the electrochemical performance

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

3. Bi2Se nanostructuring in combination with the SWCNT network ensures a significant
increment of charge/discharge capacity.

To achieve even higher performance 038, MXene (TgCz) 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 B$e around porous the
MXene/SWCNT network can help to achieve thkkowing aspects:

1. MXene provides high structural stability for nanostructuredS&j resulting in
capacity increment during the charge/discharge progesses

2. The porous SWCNT network prevents MXenes from-sel€king and ensures the
conductive backbone for theBie; growth;

3. A direct mechanical and electrical contact betweesSd@iand MXene/SWCNT
network protedthe MXenes from oxidation.

The aim of the doctoral thesis

Investigate the electrochemical characteristics oB6&ithin films in the aqueous
electrolytes and develop a new type of ,F/SWCNT, BpSe/MXene/SWCNT
heterostructure anodes for LIB and SIB systems.

The tasks of the doctoral thesis

1. Synthesize and investigate the electrochemical properties 28esBihin 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 bindéree BpSe/SWCNT and BiSesMXene/SWCNT
heterostructure anode electrodes with improved physical and electrochemical
properties

3. Perform electrochemical characterization of >IBYSWCNT and
Bi-Se/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 Bbe; thin films in lithium and sodium aqueous electrolytes

are presented for the first time

A new type of bindefree BpSe/SWCNT and BiSe/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 bindefree BpSe&/SWCNT and BiSe/MXene/SWCNT

heterostructure electrodes with improved physical and electrochemical properties are
proposed. The performance of developed heterostructures significantly exceekisowell

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) technold@i&g. 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 voltag8.7 V), high energy density
(>270Wh kg?), and long cycling lifespan (>2000 cycld$§) 7]. LIBs are widely used in
portable devices (mobile phones, computers, @4¢36], electric vehicles[37], and
largescale stationary batteries (wind and solar power plants), where the produced electrical
energy is stored and transpor{88]. Graphite is used as an anode material for LIB, as it has
a low cost (875 $ per 1 t), high stability, and electrical conductivity £35101'). However,
the low theoretical capacity (372 mAht)gof graphite material remains the main drawback,
which could significantly limit LIB demand in the futuf@9,40] This scenario can be
triggered by the rapid development of higith, causing even higher demand after more
powerful EES. On the other hand, lithium (3860 mAN [g1] or silicon (4200 mAh g) [42]
could serve as promising anode materials for the LIB system as it hakl-ilifies higher
theoretical capacity than graphite. Still, distinctly low electrical conductivity and |6w Li
diffusion can lead to LIB performance deterioratigdl,42] Mor eover, [ it
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 sys{éB]. 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{{X< O, S, Se)44],

SnQ [45], MnO [46], MoS; [47], etc.) have been extensively investigated in the last 10 years
[48].

Sodium-ion batteries (SIBs).The evefincreasing demand for LIBs in everyday life
causes a significant increment in production ¢b2i49] Lithium abundance
crust is depletedeadng to an increment of LCOsz mineral price (2010 $5 180 per 1 t,

20227 $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 propertigsl]. Moreover, thedepositsof sodium in the
Earthdés crust ar ei Z8B %hLa 10.01t%),anaking thet phoduation of N a
SIBs much cheapd8]. At this moment, the development of SIBs is hindered due to serious
shortcomings. The main drawback is a large atomic 11286 A) and radiug23 g mot?) of
sodium (lithiumi radius 0.76 A; atomic mass 6.9 g mMpl[9,52], which can causea
significant volume change during the Natercalation/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 lif@sd¥n
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, VO2 [53], NaFeQ [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 expansionb5], etc.) that hinders the overall progress of JE3. Analogously to
the LIBs, metallic sodium could be a potential anode material for SIBs due to its significantly
high theoretical capacity (1166 mAhtg[57], but it has multiple technological limitations
(environmental hazard risks, limited possibilities of disposal, low electrical conductivily, etc.
hindering its practical applicatidd8]. For example, Ti@is currently considered one of the
potential anode materials for SIB due to its high theoretical capacity (335 AR and
stability. However, TiQ has low electrical conductivity and slow Ngiffusion which causes
a significant drop of charge/discharge capacity leading to the deterioration of battery
performancg60i 62].

LIB and SIB systems use nagueous electrolytes, which pose a high hazard risk in
contact with the ambient environment due to their high flammability and explosivahéss.
risk factor is extremely high in the case of battery damage (e.g., defect in the structural
hermeticity)[63]. The noragueous electrolytes consist of inorganic salt (e.g.,ILLBPFs,
SIB 7 NaClQy) dissolved in the mixture of organic solvents (e.g., carbonate/diethyl
carbonate, propylene carbonate/fluoroethylene carbondid),12] Moreover the
manufacturing of LIB and SIB with neaqueous electrolytes takes place in the gloveboxes
under an inert (argon) atmosphere, which significantly increases the productif@v¢oEhe
alternative solution to mitigate these risks is to replace lithium and sodiuraquaous
electrolytes with aqueous electrolytes using watduble salt compounds (LIB LiCl,
LiINOs [13], SIBT NaCl, NaNQ [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 LINQ) by developing a cell system thainsisted of LiMaO4 (cathode) and
VO2(B) (anode). This battery system exhibited an average voltage of 1.5 V wiheagy
density of 75 Wh kg, which was ~2 times higher than the-&hd battery system
(30Wh kg?) [66]. For a long time, investigations on the development of-hasad batteries
were suspended due to serious limitations such as low voltage wi@do@8 V), poor
cycling performance, and decomposition of water, making these batteries commercially
unviable [13,14] Over the last 5 years, the requirement for a cheap, safe, and
environmentally friendly EES has extensively gained huge interest for both LIB and SIB
system developmerjtl5i 17]. To this moment, significant progress has been made in the
development of cathode materigfgl] with improved chemical and physical properties that
are suitable for aqueous electrolytes: LIB (LiIFeRPQICoO;,, LiMn.Os4 [13], etc.), SIB
(NaoFeRO7, M00Os, NaVTi(POg4)s [65], etc). On the other hand, the research on anode
materials has hindered the progress of LIB and SIB system development in agueous
electrolyte media for the following reasons: low charge/discharge capacity, short lifetime,
and rapid capacity fada7,64,67] 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 LING; and NaSQy respectively. Among different lithium aqueous electrolytes, lINO
exhibits higher electrochemical stability than LiCl andS(x [68] and can be prepared in
high concentrations (up to 9 M) which provides even higher mobility 0fd9,70] NaSQ:

is a commonly used aqueous electrolyte in the SIB system, but its high anion reactivity
(SO¥?) can cause significant limitations. The combination oSBi with NaSQ, can cause

the formation of various crystalline hydrates ABiQ)s-3H20, Bix(SQy)s-3.5H0,
Bix(SQy)3-7H20) on the electrode surfacf’l], resulting the deterioration of anode
performance. To overcome this issue, the alternamgroachfor the SIB system is to
replace NaSQOy with a NaNQ electrolyte.

1.2. The characterization, interaction , and application of
bismuth selenide (Bi »2Ses), carbon nanotubes (CNT) , and
MXene composites

Bismuth selenide (BSe;) is a bismuth chalcogenide class compoundX{BX = S,
Se, Te) that has been widely used in several fields (thermoelectric sensors, photodetectors,
optical filters, etc.J20]. Among other chalcogenides, B has a high theoretical capacity
(491 mAh ¢') [21], high density (7.47 g c®) [22], and good electrical conductivity
(10° Scm?) [21], which makes it a promising anode material for [18,21] and SIB[72]
systems. BiSe; has a unique layered arrangement (perpendicular to the trigeagisC
consisting of five atomic planes of Biee forming a quintuple layer
(---S€' Bii Se’i Bii Sé---), where between $eatoms are located Wan der Waals gaps
(Fig. 1.1) [18,19] The quintuple layer thickness is ~1 nm, which is sufficient to ensure the
largescale transportation of Liand Nd during the intercalation/deintercalation processes
[23]. However a significant volume expansion and dissolution of selenium remain the main
drawbaclk, hinderinghe application of BiSe; as an anode for LIB and SIB systems, causing
anode material degradation and rapid decrement of charge/discharge d2da2#y25] On
the other handno studies have been carried out to this date on the potential us&efdsi
an anode material for LIB and SIB systems using aqueous electrolytes.
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Figure 1.1.Crystal lattice structure of bismuth selenide,&#3).

The most common method to improve the electrochemical performance of anode
materials involves nanostructuring with carbon allotropes such as graftnecarbon
nanotubes (CNT)27], or carbon nanofibers (CNHY3]. This method can significantly
improve the performance of anode material by providing a highly conductive structural
backbone to the electrod@é4,75] Among several types of carbon allotropes, shvggdied
carbon nanotubes (SWCNTSs) have attracted considerable interest as drbmdaaterial for
anode nanostructuring due to their porosity, high sutas®lume ratio, tensile strength
(>60 GPa)[76], and high conductivity (10S cm?), which is almost for two orders higher
than for multiwalled carbon nanotubes (MWCNTSs) 19 cm?) [31,77] SWCNTs consist
of singlelayer folded graphite sheets forming egiemensional (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 adinderfree material for anode nanostructuring, which
has created high resonance in thenergy field[32,33,80] MXene is a twedimensional
(2D) transition metal carbide and carbonitride class compound with the general formula
Mn+2XnTx, Where M is a transition metal group element, X is C and/or N, T represents
functional groupsi(OH, i F and/ori O), and n = 1, 2 or 381,82] Due to the high specific
surface area, high flexibility, and electrical conductiviB4,35] MXene has become a
promising anode material for use in LIB systef88i 85]. However, the application of
MXene in SIB system has been hindered by the formation of aggregatestaskifg
[86,87] and relatively low interlayer space (0.977 ni32,88] which is not sufficient to
ensure largecale transportation of Nd87] due to its high ionic radius (1.02 A39,90]

Among the different MXenes, titanium carbide 3J4) [91,92] has the highest theoretical
capacity (~320 mAh-¢) [93], which can increase twice via the formation of a doddnfer of

Li* between the MXene sheef84]. Despite the high theoretical capacity, in rkfal
scenarios, the surface ofsTh can consist of different functional groups, which can lead to
the significant decrement of initial capacity (LIB systemsCR{OH). T 130 mAh g' [95],
TisCoFs T 67 mAh g! [96]). To overcome thesissuesan innovative technique could lae
modification of MXenealongwith 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 sy
method. This method involves the preparation of mechanical solvent (mixture) by mixing
both anode components (bindeze 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 industry29]. For the LIB system, a sluAagoating method was also applied to
prepare nanostructured ;Big; together with different carbon allotropes {B&/graphene
[25], CNTs@C@BiSe; [28], Bi:Se&/CNF [97], etc.). The results of these works
demonstrated that in comparison to pristineSB, a modification along with carbon
allotropes significantly increased the charge/discharge capacity and its |i{@§p28,97]

The same technique was also applied to investigate different anode materials in the SIB
system: Sb/SiDs-C [98], CNT@SnQ@PPy [99] and SeP@HCJ100]. 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, nemiform electrode thickness), leading to unstable
mechanical and electrical contact between the electrode and current collector, causing
deterioration of itgperformancg29,30] A significant progress could be achieved by a direct
nanostructuring of the active material around the bificer structural network, which could
improve the overall performance of anode material. In comparison with a-shatyg
method, this method allows for increase even higher performance of anode material due to
the following advantages:
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1.

2.

A direct electrical and mechanical contact between the active material andfoéeder
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 bhficler 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 bendabiljiy01].



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

Nanostructured Bi>Se; thin flms were synthesized on a glass substrate using the
physical vapour deposition (PVD) method (Fig. 2.1)détaileddescription ofthe synthesis
of Bi>Se; thin films is summarized in publications No.1 (pp32and No.2 (pp.-3).

Furnace

Manometer
( \ Valve

K=
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 (P&Ripmentor the
synthesis of nanostructured.8e&; thin films.

Bi-Se/SWCNT heterostructures were synthesized on a copper current collector
substrate using the spragating and PVD methods (Fig. 2.2h the following
Bi2Se:SWCNT mass ratios LIB (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB (1:5), (1:2),
(2:1), (2:1), (5:1). Adetailed description of the synthesis 0b&Bs/SWCNT heterostructures
is summarized in publications No.3 @).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 BBe/SWCNT heterostructure synthesis procedure.

Bi>Se/MXene/SWCNT heterostructures were synthesized on a copper current
collector using the spragoating and PVD methods (Fig. 2.3) ithe following
Bi>SexMXene: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), SIBT (2:1:1), (1:2:2), (1:2:1). A detailed description of the synthesis of
Bi>Se/MXene/SWCNT heterostructures is summarized in publications No.4 (p. 2) and No.5
(pp. 23).
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Figure 2.3.Schematic illustration of the EBe/MXene/SWCNT heterostructure synthesis procedure.

copper substrate

2.2. The electrochemical characteri

anode materials
2.2.1. The characterization of

zation of synthesized

electrochemical cell

Nanostructured Bi>Se; thin films. The electrochemical measurements were carried
out using lithium (5 M LINQ) and sodium (1 M NaN§) aqueous electrolytes. Adectrode
electrochemical cell, developed in the laboratory, was ugeg. 2.4) with Ag/AgCl
(reference electrode), Pt wire (counter electrpae)l synthesized B$e; thin films (working

electrode). A detailed description of

aelectrode electrochemical cell is summarized in

publications No.1 (p. 3) and No.2 (p. 3).

RE
Ag/AgCl

Upper part

(Teflon PTFE) -

WE
Bi,Se; thin films

1 CE
(@M Kol) T~ T «— Ptwire
Electrolyte
5M LiNO3/ 1 M NaNO;

Rubber ring A

Lower part
(composite epoxy
material CEM-3)

Copper wire
attached with silver
conductive paint

Figure 2.4.Laboratorymade 3electrode electrochemical cell system.

Bi-Saes/SWCNT and Bi:Ses/MXene/SWCNT heterostructures.The electrochemical

performance was investigated
heterostructures were applied asaaod
as a cathode. Pol

using CR2032 -bells (Fig.

2.5). Synthesized
e, while lithium (LIB) and sodium (SIB) foil served
ypropylene fACelgardo fil

separator. As electrolytes were used following-aqoneous solutions: LIB 1 M LiPFe

dissolved in the mixture of
(PC/FEC). A detailed descriptiarf a C

(p- 3, No.4 (p. 2) and No.5 (p. 3).
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SIBT 1 M NaClOy dissolved in the mixture of propylene carbonate/fluoroethylene carbonate

carbonate/diethyl carbonate (EC/DEC),

R2032 haitell is summarized in publications No.3
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Figure 2.5.Schematic illustration of CR2032 hadéll.

2.2. 2. The description of electrochemical equipment

For the characterization of el ectrochemi
and el ectrochemical wd 0 Westitie of cChemic¢aB Phgsicy g i ¢
University of Latviawere used in the following modes:

1. Cyclic voltammetry (CV) i determination of oxidation/reduction reaction,
investigation of electrochemical reaction reversibility, the contribution analysis of
capacitive and diffusionontrolled processes, calculation of diffusion coefficients;

2. Galvanostatic charge/discharge (GCD)investigation of anode material cycling
performance at different current densities for a certain amount of cycles;

3. Electrochemical impedance spectroscopy (ElShvestigation of electrochemical
property changes during the cycling performance.

2.3. The characteri zation 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. Scanning el ectron mi c r-SEMc4p8e0 0 ( SEWA)r un Blu t
equipped with energglispersive Xr ay ( EDX) detector MBrukert
Institute of Chemical Physics, University of Latvia, Latvia

2. X-r ay di ffractometer ( X RiD Faculfy Bof CHemistry, D 8 Di
University of Latvia, Latvia

3. Xray photoelectron spectr oscopoy Ingtixite S) ATl
of Solid State Physics, University of Latvia, Latvia

4. Raman microscope (Renishaw in Via Qontor, WottoderEdge)i Department of
Chemistry and Materials Science, Aalto University, Finland

5. High-r esol uti on transmission eTEN ¢-El r Tdam mi cr
T h e mi si Ingtiut@ of Physics, University of Tartu, Estania

81



3. Results and discussion

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

3.1.1. The analysis of morphology and chemical composition

Nanostructured BBe; thin films were synthesized on a glass substrate using the
physical vapour deposition (PVD) method. The selected synthesis method provides the
growth of BbSes 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 synthesiz&iBianoplates
varesfrom1.00 8. 0 em ( Fi g. 3.1a), and i B sm. THei c k n e s
SEM-EDX spectra (Fig. 3.2b) showed the following peaks: Bij Sgnthesized BEe; thin
films, Si, O, Ci 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;Se. The XRD pattern (Fig 3.1c) of the scratcha#tiBi>Se; powder showed diffraction
peaks of BiSe, which refer to rhombohedral {8m) crystal system (Ref. card.

No. PDF01-0859274): a = b = 4.13850 A; ¢ = 28.62400 A. In addition, diffraction peaks
from the cubiBeOs(al=>d3} =HWY3000Ajnwere observed as well (Ref.
card No. PDF 0D74-1375). The formation of BDs could be explained by the oxidation of
Bi>Se; 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
20/°

Intensity, a.u.

0 1 2 3
Energy, eV

Figure 3.1.a7 SEM image of synthesized &ie; thin films on the glass substrate] SEM-EDX
spectra of synthesized Bie; thin films on the glass substratgi, XRD pattern of BiSe; powder
obtained by scratching the-gsown 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 B&e thin films in 5 M LINGs (Fig. 3.2a) and
1 M NaNGs (Fig. 3.2b) electrolytes were obtained in the potential range ftodnV to 1.3 V
(vs. Ag/AgCI) at the scan rate of 0.25 mV. g~or both electrolytes, the arrangement of
current peaks is analogous, indicating a similar interaction ‘oahd N& with Bi>Se;. The
obtained CV curves of the first five cycles show two cathodic (I, 1) and four anodic (lll, IV,
V, VI) peaks. Peaks | and Il are attributed to thé amd Na intercalation/deintercalation
processes occurring in the interlayer space e®&i(Eq. 3.1)[23,104] On the other hand,
peaks Il and IV are attributed to the conversion reaction betweSsBind LbSe/NaSe
(Eq. 3.2)[105,106] Anodic peak Vmight be related to a formation of MCirom NOs
(Eq.3.3)[107], which can rapidly oxidize back to NGlue to the presence of the dissolved
O, in the electrolyte[108]. After the F' 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 surfaf#9]. The SEI layer formation occurs as the electrolyte reacts
with dissolved @ and CQ to form: Li* i Li-O (Eq. 3.4), LiCOs (Eq. 3.5)[110,111]
Na" i NaO (Eq. 3.6), NgO2 (Eq. 3.7), NaCOs (Eq. 3.8)[112]. From the $to 39 cycle, all
determined peaks shifted towards the higher potential side, which might be related te the pre
treatment process, indicating the stabilization of the SEI layer until the entire electrode
surface is covered. After thé?Qycle, no further peak shifts were observed, indicating the
end of the SEI layer prgeatment process.

O6¥Q wd wQ 0 6wYQ O O (3.1
O6NQ @0 ¢Q od YQo®D O (3.2
00 ¢O ¢QOouvl 00 (3.3)

SEl layer (5 MLINO3) SEl layer (1 M NaN®
0w U TQ O ¢0 O (3.6)
c0 U ¢Q © 0 wb (3.7)

T0MQ 0 1Q O ¢cdQ (3.4

¢c0Q -0 00 ¢cQO 0L (3.5 T0Ww o000 T1TQ © ¢b o6 U (3.8)
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Figure 3.2.Cyclic voltammograms of BEe; thin films in the potential range from.0 V to 1.3 V vs.
(Ag/AgCl) at the scan rate 0.25 mV*esing ai 5 M LiNOs, b7 1 M NaNGQ.

To investigate the mechanism$ Li*/Na" intercalation (I) and deintercalation (I11)
processes, the CV curves (Fig. 3.3) were obtained at different scan rates (0.nV st).
For both electrolytes (5 M LIN& Fig. 3.3a, 1 M NaN®@i Fig. 3.3b), the mechanisms were
investigated after the%cycle, as it represents the formation of the stable SEI layer.

a 120 5M LlNOg b 80 1M NaNO(g
20 I I
40 — 0.1mVs" 404
< 0 — 025mVs’ < 04
< .40 — 05mvs’ T 404
— -80 — 08mvs' —  _gpd
-120 1.0 mV-s™ 805
1604 | ' 12041,
-200 -160 e
-1.0-0.5 00 05 1.0 -1.0-05 00 05 1.0
E, V vs. (Ag/AgCl) E, V vs. (Ag/AgCl)

Figure 3.3.Cyclic voltammograms of Bbe; thin films (from-1.0 V to 1.3 V vs. Ag/AgClI) after the
3 cycle in the scan rate range from 0.1 M@ 1.0 mV s ai 5 M LiNOs, bi 1 M NaNQ.

To determine the dominant stage (capacitive or diffusmmirolled processes), the
Semeran criterion equation (3.9) was used, wherethe current height of the specific
electrochemical reaction (mAY, i scan rate (mV-§, a andb i adjustable fitting values
[113,114]

0 O (3.9)
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By constructing logscale plotdog(i)=f(log(v)) for (Eq. 3.9), the tvalues for Lt and

Na* intercalation/deintercalation processes were determined from the linear regression slope.
i ndi c adorerglledtptocesses,iwhile D.5 <t.& n c e
demonstrates capacitive procesgEs3,114] For both electrolyte§ig. 3.4), the calculated
b-values range from 1.16.28 (Li*) and 0.960.98 (N4d), indicating a significant contribution

lf b O 0.5,

it

of capacitive processes (pseudo and electdoable layer capacitance).

a -~ 5 M LiNO,
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% '10__ ’.’:.‘
= ] o0
3 -1.51 o
3209 .7
~ 1 & (1) 1.16+0.05
S 253 1282005
1.2 -0.8 -04 0.0 0.4

o

Log (peak current, mA)

Log (scan rate, mV s1)

1 M NaNO,

-0.54

] ®
-1 0- &

- ,J
A5y 0

1 & y
-2.0-_ ’o"

1 .~ ()0.90£0.06
253l e

-1.2 -0.8 -04 0.0 04

Log (scan rate, mV s)

Figure. 3.4.Log-scale plotdog(i)=f(log(v)) of Bi,Se; thin films during the intercalation (I)
and deintercalation I() processes ofa1 Li* (using 5 M LINQ), b7 Na* (usingl M NaN@).

The quantitative contribution of capacitive and diffuscamtrolled processes at the
different scan rates was calculated using equation (3.10), WN@re current at the certain
contribution of capacitive processeand kv 1

voltage, kiv 1

diffusion-controlled processd415,116]

The calculatedcontribution (%) demonstrates the notable impact of capacitive

W QU

Qu 7

(3.10)

contribution of

processes for both electrolytes (Fig. 3.5). At the lowest scan rate (0.1 'n\uthe

contribution of capacitive processes is 51 %')land 40 % (N9, demonstrating that the

flms are affected by both processes *“fla" diffusion between
electrolyte/electrode interphase and charge transfer). With the increase of the scan rate up to
1.0 mV st, the contribution of capacitive processes becomes more pronounced reaching up to

Bi2Se thin

78 % (Li") and 69 % (Ng. Such a high contribution of capacitive processes niglitaie a
promoted charge transfer processes and diminished diffusion barriet afd.iNd during

intercalation/deintercalation processes.
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Figure 3.5.Thecontribution (%) of capacitive and diffusiarontrolledprocessefor Bi;Se; thin
films depending on the scan raég’ 5 M LiNO3, b1 1 M NaNQ.

The diffusion coefficients (cs?) for Li* and Na intercalation/deintercalation
processes were calculated using equation (3.11), wibéraliffusion coefficient (cri s?),
slopei linear fitted slope valuen 1 number of electrons involved in the electrochemical
reaction,F T Faraday constant (C my| A1 electrode surface area (nC i electrolyte
concentration (mol crf), RT universal gas constant (J'fnol?), T1 temperature (K}113].

0 — — (3.11)

To calculate diffusion coefficients, linear slope values were determined from the
I=f(v¥?) graph (Fig. 3.6). In the case of*Lidiffusion coefficients are similar for both
intercalation (3.3-16? cn? s) and deintercalation (2.2-18cn¥ s?) processes. Meanwhile,
for Na*, diffusion coefficient values for the intercalation (1.4*10cm? s?!) and
deintercalation (1.1-1% cn¥ s?') 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 araliiiag the
charge state. In addition, the deintercalation process is affected by the structure of the
electrode material (inhomogeneity, porosity, etc.), influencing the diffusivity 6f Na
[117].

2. In the aqueous sodium electrolytes, the solvation of &fgects the diffusivity of
intercalation/deintercalation processes. At the electrode surface, the solvdted Na
partially desolvates, which enables its intercalation into the interlayer spacssed. Bi
Since the intercalated Nas partially hydrated by coordination with the water
molecules, its positive charge is consequently protected, leading to slower Na
deintercalatioj118].
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Figure 3.6.Dependence of*? vs.| for Bi,Se; thin films for intercalation (1) and deintercalatiomi)!
processes with fitted slope valdes: ai Li* (using 5 M LINQ), b1 Na* (using 1 M NaN@).

To investigate the possibility of using 2Be; thin films as anodes in LIB and SIB
systems (aqueous electrolyte media), galvanostatic charge/discharge (GCD) measurements
were performedat1® ~0. 2 A g 1) for 100 cycl es.

Cycling performance using 5 M LINGs electrolyte (Fig. 3.7a) After the Ft cycle,
Bi»Se; thin films exhibit relatively high initial capacity (chargé 985 mAh ¢
dischargei 404 mAh g'). During the first 30 cycles, a gradual drop in charge/discharge
capacity can be observed, reaching 226 mAlicharge) and 151 mAh’gdischarge), which
could be attributed to the electrochemical and mechanical degradation of the SEI layer (the
formation of mechanical cracks and cavitifk)9,120] Such significant degradation of the
SEI layer might be caused by the high solubility afQ.iand LyCOz (the main components
of the SEI layer) in aqueous electrolyte media. Moreover, tHermeation of this layer is
hindered by the low concentration of dissolveda®d CQ, which was already consumed in
the P! cycle. With further cycling (3117 100" cycle), the charge/discharge capacities
continue to decline but not as rapidly, reachit® mAh g' (charge) un 79 mAh g
(discharge) at the 160cycle. The Coulombic efficiency demonstrates a gradual increment
from 41 % (% cycle) to 67 % (39 cycle), indicating a decrease in the SEI layer degradation
process and an improvement in charge/discharge reversibilithe subsequemycling, the
Coulombic efficiency remains almost unchangedching up to 73 % at the T06ycle.

Cycling performance using 1 M NaNQ electrolyte (Fig. 3.7b) Over the
100cycles, B#Se; thin films in 1 M NaNQ electrolyte demonstrated ~8@4 times lower
charge/discharge capacities than in the 5 M LiNgectrolyte (Fig. 3.7a). Such a low
performance may be due to the larger Madius (1.02 A)[89,90] in comparison to Li
(0.76A) [121i123], causing significant volume changes and degradation of the anode
material which leads to the low charge/discharge capagitizy. Over 100 cycles, cycling
performance demonstrates similar behaviour as in the 5 M 4 é\&atrolyte. From theslto
40" cycle, charge/discharge capacities decre&sgtimes (chargé from 16 to 1.9 mAh g,

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 @). Similarly to 5 M LING; 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 componentsN&O, NaO2, NaCOs) in the aqueous electrolyte media.
However, after the 40cycle, the charge/discharge capacities remain almost unchanged, and
after the 100 cycle, it reache4.7 mAh g* (charge) and 1.2 mAh”g(discharge) From the

15tto 40" cycle, the Coulombic efficiency exhibits a gradual increment from 37 % to 67 %,
but in further cycling, it remains almost consthptreaching 69 % (100cycle).

a 5 M LIiNO O 1 M NaNO
~ 1000 3 SP s 3 S
o ! o o o
800 i -
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-»- Charge -»- Discharge -»- Coulombic Efficency

Figure 3.7.Galvanostatic charge/discharge (GCD) cycling performances8&Rhin fims at 1 C
(~0.2 A g*) for 100 cyclesat using 5 M LING electrolyte,b i using 1 M NaNQelectrolyte.

To investigatehe changes in electrochemical properties @&8Bithin film during the
cycling performance (Fig. 3.7), electrochemical impedance spectroscopy (EIS) measurements
were carried out for both electrolytes (5 M LiBIOFig. 3.&aand 1 M NaNQi Fig. 3.&).
The obtained EIS hodographs were described uaistandard equivalent circuit scheme
(Randles circuit schemellustrating 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 dayble behaviour and
inhomogeneity/roughness of the working electrode. For both electrolytes (5 M3LINO
1 M NaNGQs), 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 Z06 axi &g (Fge3le).dlseent s
semicircle in themediumfrequency range corresponds to the chdrgesfer resistance (R
of BixSes thin films. The additional circuit element (CRE characterizes the
inhomogeneity/roughness of the surface ofSBj thin films and its doubkayer capacity.
The linear slope region in the lefrequency range is attributed to the diffusion of the
reacting ions and/or molecules to the electrode interface. Afterstloycle, an additional
semicircle can be observed in the {n@quency range, which is attributed to the SEI layer,
characterizing its resistance sgg as well as surface inhomogeneity/roughness and
doublelayer capacity (CP&) (Fig. 3.8d).
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Figure 3.8.Electrochemical impedance spectroscopy (EIS) results,8efhin films using aqueous
electrolytesai Nyquist plot for using 5 M LIN@ b T Nyquist plot for using 1 M NaN¢§)
c1 equivalent circuit scheme before cyclimg, equivalent circuit scheme during the cycling.

The resistance values of 2Big thin films (Re, Ret, Rse) were calculated using the
LevenbergMarquardt algorithm before cycling and during the GCD measurements
(Table3.1): 5 M LINGs T 1%, 5", 10", 25", 100" cycle, 1 M NaNQ@1 1%, 5", 10", 20", 30"
cycle.

For both electrolytes, the calculated falues remained almost unchanged and with
the same order of magnitude indicating the
(5MLNO3100 <cycl es) and 2@ MONANONID.cycles). Diing the m
cycling performance, a gradual increment ef\Rlues can be observed for both electrolytes
which might represent the possible structural and/or textural changesaadrthieg electrode
(Bi=Se; thin films). In the case of 5 M LiNg) after the 100 cycle, the R values have been
decreased ~4 times which might teatedto the possible degradation Bf.Se; thin films.

The calculated B values gradually decrease over 100 (5 M LiNé&nd 30 (1 M NaNg)
cycles, indicating the possible degradation (e.g., formation of mechanical cracks and cavities)
of the SEI layer.

By comparing the resistance values between both electrolytessghen® R: values
using 1 M NaNQ@ are about two orders of magnitude lower than using 5 M kiNBDch a
significantdifference might represent a notable degradation of the SEI layer sBe Bin
films in the aqueous sodium electrolyte media which negatively affects the charge/discharge
performance. This fact is also confirmed by the ldvarge/dischargeapaciies during the
GCD performance testing (Fig. 3.7b)
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Table3.1.Cycledepended fitted r2eobBi.Setthnfdilmeusiyd MLING ( k q
and 1 M NaNQ@electrolytes.

. Before Cycle
Electrolyte Resistance oycling 18 5 10" 20" 25" 30" 50" 100"
5M Rel 0.032 0.045 0.054 0.057 - 0.061 - 0.063 0.065
LINO5 Rsei - 812 467 386 - 282 - 103 91
Rt 892 323 420 306 - 467 - 603 264
1M 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 1.586 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 postmortem analysis was performed after the CV measurements of the first
5cycles (Fig. 3.2). The surface of the working electrodeS®ithin films) was gently
washed ~3& times with deionized water (0.055 uS -&mand dried at room temperature
(25°C). A SEM analysis method was performed to investigate the morphological changes on
the electrode surface. However, féne investigation of chemical composition XPS
(5M LiNO3) and SEMEDX (5 M LINOz and1 M NaNQs) analysis techniques were applied.

For both electrolytes, the surface ob®& thin films is coated with an amorphous
film, which presumably could bea SEI layer (5 M LINQ i Fig. 3.9a;
1M NaNGsi Fig. 3.9Db).

5 M LiNO,

v RN R

Figure 3.9.Morphological changes of B$e; thin films after the cycling voltammetimpeasurements
(after the 8 cycle): ai SEM image (5 M LiNQ electrolyte) b i SEM image (1 M NaN©
electrolyte).

The XPS spectra of Bbe; thin films in 5 M LING; electrolyte (Fig 3.10a) showed a
notable Li 1s peak, which could be attributed to the SEI layer which consistsGfahd
LioCOs. The Bi 4f spectra showed the presence of oxidized Bi form (pedBs 4fs2,

Bi 4f7/2), which is attributed to the BDs. Presumably, the initial formation of s on the
electrode surface could occur in théclcle by the reaction of B$e; with the dissolved @
However, the further growth of EDs was inhibited by the formation of the SEI layertekf
the 8" cycle, the presence of Bie; is still observed, which is indicated by the following
peaks: Se (Se 3d Se 3d1 Fig. 3.10a) and Bi (Bi 4f, Bi 4f721 Fig. 3.10b).
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Figure 3.10.XPSspectra of BiSe; thin films in 5 M LING; electrolyteafter the cyclic voltammetry
measurements (after the 8ycle):ai Se 3d and Li 1s spectia; Bi 4f spectra.

The atomic mass (%) of chemical composition calculated from -EBM spectra
data (Table 3.2), shows negligible dissolution of Se in the first 5 cycles, demonstrating the
high stability of BjSes thin films in the aqueous electrolyte media. In the case of
1M NaNG;, after the % cycle, the content of Na increased ~7 times, which confirms the
presence of the SEI layer (M NaO., NaCOs) on the electrode surface.

Table 3.2.Quantitative SEMEDX analysis (atomic %) of Bse; thin films in 5 M LINO;un 1 M
NaNGQ; electrolytes before cycling and after the cycling voltammetry (after‘tiuyde).

Before cycling After the 5" cycle
Element _ _
5 M LINO 3 1 M NaNOs3 5 M LINO s 1 M NaNOs
Bi 41.0+£1.0 27+ 2 46 £ 2 10.2+1.2
Se 502+1.1 41+£2 54 +£2 94+£1.2
Na - 27+13 - 183+14

3.2. The characterization of Bi 2Ses/SWCNT
heterostructures as anodesin the LIB and SIB systems

3.2.1. The analysis of morphology and chemical composition

The surface of the synthesized®&/SWCNT heterostructure (Fig. 3.11a) consists of
Bi>Se; nanoplates (size 020 pm) growing directly on the individual SWCNTs bundle
network (diameter 280 nm).Most Bi-Se; 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 -8t&ading BiSe; nanoplate is
tightly bonded with one edge (perpendicular to thaxis) to the surface of the SWCNT
bundle. The crossection SEM image (Fig. 3.11c) shows a relatively high concentrafio
Bi-Se; nanoplates on the electrode surface, which gradually decreases inside the SWCNT
network.
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Figure 3.11.The morphology of synthesized-BeySWCNT heterostructure&i SEM image of the
surface of BiSe/SWCNT,b i transmission electron microscope (TEM) image of Z58i
nanostructure grown on SWCNT bundle (irisstanning transmission electron microscope (STEM)
image),c1 crosssection SEM image.

The data obtained from SEEDX spectra (Fig. 3.12a) and XRD pattern (Fig 3.12b)
confirm the chemical composition of synthesizedSB/SWCNT heterostructure by the
following results:

1. The Se/Bi atomic ratio determined from the SHEIAX spectra indicates the

stoichiometric composition of Bbe; (calculated 1.43, theoretical 1.50);

2. The XRD pattern indicates the rhombohedraB{R) crystal structure of Bse; (Card

No. PDF 000330213) with the following crystal lattice parameters:

a=b=4.13960A; c = 28.63600 A.

Both analysis methods (SEEDX, XRD) also showed the presence of copper
representinghe current collector substrate. Additionally, the SEMX 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
Bi2Se/SWCNT heterostructure. The Bi 4f spectra (Fig. 3.12c) exhibit peaks at 158.0 eV
(4f72) and 163.3 eV (4f) which correspond to the Fe; phase. Peaks at 158.9 eV #4f
and 164.2 eV (4f) might be related to the presence of a very thi#©Bbn the electrode
surface[125]. On the other hand, the Se 3d spectra (Fig. 3.12d) peaks at 53.3z:eVaf3dl
54.2 eV (3dp) indicating the presence of Se in theSs phase.
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Figure 3.12.The analysi®f thechemical composition of synthesizecb:8&/SWCNT
heterostructureai SEM-EDX spectrap i XRD patternci XPS spectra of Bi 4f data,
d i XPS spectra of Se 3d data.

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

The electrochemical processes were investigated #&3eBSWCNT heterostructure
(Bi2Sex:SWCNTT 1:1) with the highest performance in LIB and SIB systéfg. 3.18) CV
curves were obtained in the potential range-@@D V (LIBT vs. Li*/Li; SIB T vs. N&/Na),
at the scan rate of 0.1 mVAsfor the first 10 cycles. For both battesystems, the following
peaks were observed:

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

As in the case of using lithium (5 M LiNand sodium (1 M NaN¢) 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 BeSe/SWCNT heterostructure.

The Li*/Na* intercalation and deintercalation processes isB&iare indicated by
peaks | and Xl (3.1), respective[28,104] Peaks Il and X correspond to the conversion
reaction between th8i>Se; and Li>Se/NaSe (3.2)[28,106,126] In the SIB system, an
additional peak Xl indicates the formation M&BiSe by the reaction of Nawith NaSe
(3.11)[126,127] After the ' cycle, an irreversible peak Il (LIB systemyrrespondso the
formation of the SEI layer on the electrode surfd@8,129] The absence of peak Il in the
2" cycle indicates the end of the formation of the SEI I4¢#@©]. In addition, peak Il
overlaps with the formation of alloys (IV, V) which could indicate a possible presence of
alloy compounds (LiBi, L3Bi) in the SEI layer compositioj28,129,130] In the SIB system,
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instead of peak lIll, the presence of the SEI layer is confirmed by a potential shift of peak Il
for ~0.2 V from the 1to the 29 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 compositiqa31,132] For both battery systems, cathodic peaks IV and V
correspond to the mulstep formation of LiBi/NaBi (3.12) and #Bi/NasBi (3.13)
[28,133,134]alloys (alloying reactions) respectively. Moreover, the dealloying reaction for
both battery systems ocathrough different mechanisms as follows:
1. LIB system: anodic peak VI corresponds to the formation aBLiback to metallic
Bi and Li* (3.14)[23,135}
2. SIB system:the dealloying reaction occurs in two steps, which is indicated by peaks
VIl (3.13) and VIII (3.12)[106,134]
The additional anodic peak IX in the LIB system may represent a possible side
reaction of LT with -COOH groups located on the surface of the SWCNT (F13g5]. This
peak is not observed in the SIB, which can be attributed to the weaker interactionnfiNa
-COOH groups. Compared to*liNa" has a larger ionic radius and lower charge density,
which leads to a weaker electrostatic attraction toe@@OH group electron cloyd 37].
In both battery systema,shift of determined peaks céie observed towards a higher
potential side, which might be related to the paktron effect{138] and structural/textural
changes of anode materjaB9].

COOYQOQUOOYR o w 0Q (3.11)
6Q0 Q 6@ 0O (3.12)
06 "Qcd cQ D6 O0M® (3.13)
09 06 Qod Q oQ (3.14)
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i x xu|[0.1
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Figure 3.13. Cyclic voltammograms of B6e/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 thé'tycle, 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*thld’i
intercalation and deintercalation processes respectively (3.1). The conversion reaction
between BiSe; and LbSe/NaSe (3.2) is represented by the following charge/discharge
plateaus: charge 1.60 V (LIB), 1.15 V (SIB); discharge2.00 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)harge (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 8" cycle, the charge/discharge profiles did not change significantly,
indicating the good structural stability of the andd8&8], and excellent LiNa" storage
reversibility [128,140] In addition, the overlapping of charge/discharge profiles may also
indicate the end of the SEI layer greatment process, which provides high stability and
improved performance during the charge/discharge procgk$gls Moreover, there are no
plateaus in the charge/discharge profiles that could represent SMWaTRNdd
electrochemical processes, indicating the absence of predominant Faradaic processes.

LIB b SIB
a 2.5 : 2.9
. 2.04 © 2.0
— 2.0 Z 2.0
_':‘-_I_~ 1.0 S +m 1.0
= 1.5 N 1.5 . N\
7 1 0'00 500 1000 é %0300 600
> 1.0 © 1.0
= >
w 0.5 G 0.5
OO T rrrr1rrrti O_O|| LI LI LI N LI
0 1000 2000 3000 0 1000 2000 3000
Capacity, mAh g Capacity, mAh g
— 15t Cycle — 3™ Cycle 5% Cycle 10" Cycle
— 2" Cycle — 4™ Cycle 8" Cycle

Figure 3.14.Charge/discharge profiles of Bie/SWCNT (1:1) heterostructures for the first 10 cycles
at current density.@ A gt: a1 LIB system (0.0 2.50 vs. Li/Li),
b7 SIB system (0.01 2.50 vs. N&Na).

To investigate the electrochemical processes and mechanisms,&&/SBIVCNT
(1:1) heterostructure, multiple CV curves were obtained in the scan rate range from
0.1to 1.0mV s? (Fig. 3.15).
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Figure 3.15.Cyclic voltammograms of BBe/SWCNT (1:1) heterostructures in the scan rate range

from 0.1 mV stto 1.0 mV s: a’i LIB system (0.0

2.50 vs. L1/Li),

b1 SIB system (0.01 2.50 vs. N&Na).

The dominant stage of Be/SWCNT (1:1) heterostructure was determined using
equation (3.9) for the processasolving Bi:Se; interaction with Lt/Na*:
1. LIB system: conversion (Il, X) and alloying/dealloying (1V, V, VI) reaction;
2. SIB system:conversion (ll, X, XI) and alloying/dealloying (1V, V, VII, VIII).

In both battery systems, calculatedvdlues (Fig.

3.16) demonstrate that the

Bi>Se/SWCNT (1:1) heterostructure exhibits a significant contribution from both capacitive
and diffusionrcontrolled processes (LIB: 0.630.80; SIB: 0.65 0.98). The upper limit of

b-values in the LIB (b = 0.80) and SIB (b = 0.98) systems

indicatEsrdnantcontribution

of capacitive processes. Such a significant contribution of the capacitive processes (pseudo
and electricadouble layer capacitance) can be expected fragered, nanostructured,
porous, and carbecontaining active materials (e.g., SWCNT, graphefig)2], which

provide a high kinetic rate of electrochemical reactions.
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Figure 3.16.Log-scale plotdog(i)=f(log(v)) of Bi-Se/SWCNT (1:1) heterostructures:
ai LIB systemb i SIB system.

The quantitative contribution of capacitive and diffuscamtrolled processes,
calculated using equation (3.10), confirms a notable dominance of capacitive processes in
LIB and SIB systemgFig. 3.17) At the lowest scan rate (0.1 mW)s the contribution of
capacitive processes is 44 % (LIB) and 69 % (SIB). However, with a gradual increase of scan
rate up to 1.0 mV-}§ the contribution of capacitive processes becomes more pronounced
reaching 74 % (LIB) and 88 % (SIB).
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Figure 3.17.The contribution (%) of capacitive and diffusioontrolled processes for
Bi.Se/SWCNT (1:1) heterostructureai LIB system,b i SIB system.
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To find how the changes in Be/SWCNT relative content can affect heterostructure
performance, shoterm GCDmeasurements were carried out (100 cycles, 0.1)ay the
following Bi>Se:SWCNT mass ratios: LIBi (1:5), (1:2), (1:1), (2:1), (3:1), (5:1);

SIBT (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 mA#)gwhich significantly exceeds the theoretical
capacity of pristine BBe; (491 mAh g) [21] and SWCNT(~300 mAh g') [143]. Such a
high initial discharge capacity might belated to the pronounced capacitive processes on the
electrode surface which are enabled by the large electrode/electrolyte contafi4aiea
From the % to 5" cycle, samples (1:5), (1:2), and (1:1) exhibit a gradual decrement of
discharge capacity (1.6 from 331 mAh ¢ to 301 mAh ¢; 1:21 from 412 mAh ¢ to
364mAh gt; 1:11 from 879 mAh ¢ to 419 mAh ¢), which could be attributed to the
formation of SEI layer and its further preatment proceq28]. For the sample (2:1), (3:1)
and (5:1), a discharge capacity drop is observed until tha 1" cycle, which might be
related to the additional volume expansion effect of th&d3i[97], caused by low relative
content of SWCNTSs. In the subsequent cyclingj {6100" 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 decompos$itif]. The electrode activation
process involves the formation of-8ebonds between SWCNT and Se, which inhibit the
dissolution of selenium, provide additional electron pathwgly], 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 e€ S®nds. After the
100" cycle, among all studied anode materials, sample (1:1) showed the highest discharge
capacity (523 mAh ¢), 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 £{146,147]

SIB system (Fig. 3.18b) shortterm 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 mAb than for other studied mass ratios:
(1:5)7 114 mAh @', (1:2)i 200 mAh ¢!, (2:1)i 112 mAh g* and (5:1)i 188 mAh @ In
the subsequent cycling, all studied mass ratio samples demonstrate a gradual decrement of
discharge capacity till the 100cycle, which could be attributed to the electrolyte
decomposition and/or SEI layer degradation. After the®10¢cle, the sample (1:1)
demonstrates ~2 times higher discharge capacity (247 mA} than other studied mass
ratios. It is important to note, that the SIB system does not exhibit the gradual capacity
increase which is assated with the electrode activation process (formation e€3®nds).

This factor might be related to different reaction mechanisms in both battery systés

In the case of the SIB system, the irreversible formation of NaRi&@mfirmed by CV
resultsi Fig 3.13b) might reduce the amount of free Se which hinders the formatior®f Se
bonds on the SWCNT surface.
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Figure 3.18.Galvanostatic charge/discharge (GCD) shernin cycling performances
of Bi.Se/SWCNT (1:1) heterostructures fdifferent BbSex: SWCNT mass ratios (100 cycles,
0.1 Agh:ai LIB systembi SIB system.

Such an excellent performance for®&/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 &eBon the SWCNT network,
resulting in synergistic interaction. A porous®&/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 t/Na" [146,147] With the increase of the relative mas8ofSe;, LIB
(2:1, 3:1, 5:1)@nd SIB(2:1, 5:1)system samples demonstrated gradual deterioration of anode
performance which could be due to the high concentratidBiz&fe; in the anode. It could
cause the incomplete penetration BibSe; in the volume of SWCNT, resulting in the
overaccumulation oBi>Se; on the electrode surfa¢&49]. Moreover, the electrode with a
high Bi>-Se; content could not provide a direct electrical and mechanical contact of
Bi-Se/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 fragil@5]. 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 materiBi{Se) relative mass in the anode.

To investigate how different current densities can affect the discharge capacities of
the BeSe&/SWCNT (1:1) heterostructure, a rate capability analysis peaformed in the
range of 0.1 5.0 A g*. At the respective current density value®df, 0.2, 0.5, 1.0, 2,@dnd
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 mAf g
2. SIB system(Fig. 3.19b) 534, 361, 306, 267, 247 un 231 mAh g

For both battery systems, axB&/SWCNT (1:1) heterostructure still shows relatively
high discharge capacity at the highest applied current density (5:0),Anglicating high
stability and reversibility bthe anode material. In the case of the LIB system, from tfi€o61
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70" cycle (0.1 A ¢, the sample (1:1) showed a significant increment of discharge capacity
in comparison to initial values i 10" cycle), which might be related to the enhanced
electrode activation at larger current densities.
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Figure 3.19.Therate capability of BiSe/SWCNT (1:1) heterostructures in the current density range
from 0.1t0 5.0 A g: ai LIB system (70 cycles i SIB system (35 cycles).

Additional longterm GCD measurements were carried out to investigate
Bi-Se/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)gthe
BioSe/SWCNT (1:1) heterostructure demonstrates excellent performance over the
500cycles. Initially, for both current densities (2 and 5 A),ga graduakharge/discharge
capacity decrement can be observed till th& 2@cle, which could be attributed to the
formation and further preatment process of the SEI layer. A similar tendency is
observedlso for shorterm cycling performance results (Fig. 3.18a). At the current density
of 2 A g!, the charge/discharge capacities continue to increase up to thecyd® by
reaching its maximum value of 1085 mA#R, dndicating a further activation process of the
electrode. In the subsequent cycling, chargeltirge capacities remain unchanged and reach
1080 mAh ¢ at the 508 cycle, demonstrating the endpoint of the electrode activation
process. The lonterm cycling performance at the higher current density (5YA the (1:1)
sample exhibits continuous capacity increment till the"s@@le by reaching 809 mAhy
For the first 100 cycles, the exhibited charge/discharge capacity values at 2ra gigher
than during the shoterm cycling performance at 0.1 Al@Fig. 3.18a). This fact might be
relaed to the increment of internal temperature in the battery cell, which provides higher ion
mobility and electrode kinetic at higher current densj@&g. On the other hand, at a current
density of 5 A ¢, Bi2Se/SWCNT (1:1) heterostructure shows reduced capacity due to the
heightened mechanical streegluced degradation, in contrast to the electrodes operating at
0.1 A gt and 2 A ¢ current densities. In addition, a relatively high current density can
promote significant decomposition of electrolytes and increase the consumptidrdofihg
the charge/discharge process, which leads to the capacity[I&0¢ The Coulombic
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efficiency for both current densities (2 and 5°A @5 close to 100 %, indicating high stability
of the anode material and good charge/discharge reversibility.

SIB system(Fig. 3.2M). The longterm cycling performance of EBe/SWCNT (1:1)
heterostructure was performed for 400 cycles at a current density of ‘5 & ghefirst
140cycles, the charge/discharge capacity has been decreased ~3 times (from 449tmAh g
139 mAh @), 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 #@@cle, it reaches 120 mAh'gdemonstrating 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.Longterm cycling performance of BBe/SWCNT (1:1) heterostructuseai LIB
system (500 cycles; 2 and 5 A)gb 1 SIB system (400 cycles; 5 Al

The EIS hodographs were obtained before and during the-tehwortcycling
performance, to investigate the changes in the electrochemical propertieS@fBVCNT
(1:1) heterostructure:
1. LIB system (Fig. 3.21a) after the ¥, 5", 20", 40", 100" cycle;
2. SIB system(Fig. 3.21b) after the ¥, 5", 10", 25", 80", 100" cycle.
The obtained EIS hodographs were described by similar equivalent circuit schemes
(Fig. 3.21c,d) as described for2Bg; thin films (Chapter 3.1.3). It should be noted, that
Bi-Se/SWCNT (1:1) heterostructure performance was investigated usirgjext2ode cell,
which is structurally different from the-&@ectrode cell system, leading to the following
changes in the circuit elements:
1. The intercept with the Z6 ppwhickinctudestbea i bes
resistance of the electrolyte, separasmord counter/reference electrode (LilBthium
foil; SIB T sodium foil);
2. The linear slope in the lodvequency 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;8eBSWCNT (1:1)
heterostructure in the LIB and SIB system before cycling and during thetsimartycling
performanceai Nyquist plot,b i equivalent circuit scheme before the cycling performance,
c1 equivalent circuit scheme during the cycling performance.

The equivalent circuit resistance values, (Rse, Rc) were described using the
Simplex algorithm (Table 3.3).

For both battery systems, the values gfdrer 100 cycles are almost similar and
within the same order of magnitude, indicating a high stability of the electrolyte:
(3.4+0.4q cn?) SI B (6.3 Inkhe tase7of the LB raystem, the: Ralues
gradually decreda@ecyfcd @em 1 D@EO0Agycle)mhicm might
represent the electrode activation process (e.gC 3®nd formation on the SWCNT
surface), increasing the charge/discharge capacity. This fact is also confirmed by the
shortterm cycling performance results (Fig. 3.18a). On the other hand, the SIB system
demonstrates the increment ofiR al ues fromMIey&!| ) cmo? 1204
(100" cycle) which could indicate a degradation of theSB/SWCNT and thepossible
effect of an inhomogeneous SEI layer. In the LIB system, the values@fgRadually
decreases fa(myd8b6) qt2q1e® 6ycle) representing a negligible
degradation of the SEI layer. In contrast, the|Ralue for the SIB system remains stable up
to the 1" cycle, but its gradual drop can be observed in the subsequent cycling.

The Rsei and Rt values for the SIB system are almost one order higher than in the
LIB system. The relatively highdr 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 elefi&silytdhe
relatively high Rt values during the charge/discharge processes may indicate a slower charge
transfer, which is mainly influenced by the large Kadius[152,153]
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Table3.3.Cycledepended fitted ¢fefBiiSe/SVMONT (@:1)hederostracturefng ¢ m
the LIB and SIB system.

: Before Cycle
System Resistance . ijing T 5n 10" 20" 25" 40" 80" 100"
R 31 32 32 - 33 - 34 - 21
LIB Rse: . 30 76 - 70 ; 68 ] 56
Ret 190 173 50 - 23 ; 28 ; 24
Ry 111 95 63 49 - 29 - 64 68
sIB Rse: . 2787 3510 2280 - 1442 - 553 353
R 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 shorterm cycling performance (100 cycles, 0.1 A ,ghe CR2023 halitell
was disassembled to remove theI&/SWCNT (1:1) anode. To get rid of excess electrolyte,
the surface of the electrode was washeéd~tBnes with isopropanol and dried at room
temperature (25 °C).

LIB system. The postmortem analysis showed that the surface of the anode material
is coated with amorphous film, which presumabbuld be the SEI layer (Fig. 3.22a). The
crosssection 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 materialgl54]. The obtained XRD pattern of powefrm Bi.Se/SWCNT (1:1)
heterostructure still demonstrates the presence of rhomboheds8k; BiRef. card
No.PDF00-033-0213). The additional intense signals of >CO; (Ref. card
No. PDF00-009-0359) and LiOH (Ref. card No. PDF-@320564) confirm the presence of
the SEI layer. The SENMEDX spectra (Fig. 3.22d) showed that after the™ 6¢cle, the
atomic ratio of Se/Bi is still close to the theoretical (theoretichb0, experimental 1.57),
illustrating tke high stability of BiSe;. The Raman spectroscopy was carried out before and
after the shorterm cycling performance (Fig. 3.22e). After the ®afycle, from 100 to
170cmt, can be observed the overlapping of several bands. The plateau between 130 and
170 cmt, shows the presence of crystalline Bie; and BbOs bands (after the 180cycle). In
addition, the peak at ~120 cinis attributed to the presence of LiF, which is another main
component of the SEI layer. The peak at ~190'cmepresents bCOs; (SEI layer
component), which was also confirmed by XRD analysis (Fig. 3.22c). The additional signals
at ~240 cmt and ~251 cnd show the presence of Se andGeaespectively. Théormationof
SeC bonds inhibits the dissolution of selenium and provides additional electron transport
pathways, which ensures the increment of charge/discharge capacity (Fig) &ntB
capacitive contribution (Fig. 3.&8Y. In addition, in both Raman spectra (before cycling and
after the 100 cycle), the presence of @D (~214cn?) is attributed to the background from
the current collector.
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Figure 3.22. The analysis of morphology and chemical composition & SWCNT (1:1)
heterostructure after the shoerm cycling performance (0.1 Alg100 cycles) in the LIBystem:
al SEM image (inset SEM image in the highanagnification), b T crosssection SEM image,
ci XRD patternd i SEM-EDX spectraei Raman spectra.

SIB system.Analogous to the LIB system, an amorphous SEI layer is observed after
the shorterm 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 BBe (Bi and Se signals), the SEMDX (Fig. 3.23c) spectra showed intense
signals of Na and O, which confirm the presence of the SEI layer in the form@f Na

Figure 3.23. The analysis of morphology and chemical composition gB&ISWCNT (1:1)
heterostructure after the shoerm cycling performance (0.1 A'g100 cycles) in the SIB system:
a’ SEM image (inset SEM image in the highanagnification), b T crosssection SEM image,

ci SEM-EDX spectra
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