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Anotȗcija 

Promocijas darba izstrǕdes ietvaros tika veikta elektroǵǭmiskǕ raksturoġana Bi2Se3 

plǕnǕm kǕrtiǺǕm, Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT heterostruktȊram, lai izpǛtǭtu tǕ 

iespǛjamo pielietojumu kǕ anoda materiǕlu litija (LIB) un nǕtrija (SIB) jonu baterijǕs. 

SintezǛto Bi2Se3 plǕno kǕrtiǺu veiktspǛja pirmo reizi tika testǛta un aprakstǭta LIB un SIB 

sistǛmǕm, izmantojot Ȋdens elektrolǭtus. Papildus tam, tika izstrǕdǕti jauna tipa                 

bez-saistvielas heterostruktȊru anoda elektrodi uz Bi2Se3, SWCNT un MXene komponenġu 

bǕzes (Bi2Se3/SWCNT, Bi2Se3/MXene/SWCNT) ar uzlabotǕm fizikǕlǕm un elektroǵǭmiskǕm 

ǭpaġǭbǕm. Doto heterostruktȊru elektroǵǭmiskǕ raksturoġana tika veikta LIB un SIB sistǛmǕs, 

izmantojot neȊdens elektrolǭtus. Tika sintezǛti vairǕki heterostruktȊru materiǕli ar daģǕdǕm 

materiǕla komponenġu (Bi2Se3, SWCNT, MXene) koncentrǕciju attiecǭbǕm, lai atrastu 

optimǕlo masas koncentrǕcijas attiecǭbu ar visaugstǕko veiktspǛju. IegȊtie rezultǕti parǕdija 

Bi2Se3 plǕno kǕrtiǺu iespǛjamo pielietojumu LIB sistǛmǕs, izmantojot litija Ȋdens elektrolǭtu, 

pateicoties augstai veiktspǛjai baterijas uzlǕdes/izlǕdes laikǕ. SintezǛto heterostruktȊru 

materiǕliem piemǭt ievǛrojami augstǕka veiktspǛja, kas pǕrsniedz lǭdz ġim brǭdim citu zinǕmu 

anoda materiǕlu raksturlielumus, parǕdot tǕ potenciǕlo pielietojamǭbu LIB un SIB sistǛmǕs. 

 

AtslǛgas vǕrdi: litija jonu baterijas, nǕtrija jonu baterijas, anoda materiǕls, bismuta selenǭds 

(Bi2Se3), viensienu oglekǸa nanocaurulǭtes (SWCNT), MXene (Ti3C2), nanostrukturǛġana, 

elektroǵǭmiskǕ raksturoġana, bateriju veiktspǛja 
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Apzȯmȝjumu saraksts 

CV ï cikliskǕ voltamperometrija 

CNT ï oglekǸa nanocaurulǭtes 

CNF ï oglekǸa nanoġkiedras 

CPE ï konstanas fǕzes elements 

DEC ï dietilkarbonǕts 

EC ï etilǛnkarbonǕts 

EDX ï enerǥijas dispersijas rentgenstaru spektrometrs 

EES ï enerǥijas uzkrǕġanas tehnoloǥija 

EIS ï elektroǵǭmiskǕs impedances spektroskopija 

FEC ï fluoretilǛnakarbonǕts 

GCD ï galvanostatiskǕ uzlǕde/izlǕde 

LIB ï litija jonu baterijas 

MWCNT ï daudzsienu oglekǸa nanocaurulǭtes 

PC ï propilǛnkarbonǕts 

PVD ï tvaiku fizikǕlǕ nogulsnǛġana 

SEI ï cietǕ elektrolǭta starpfǕģu slǕnis 

SEM ï skenǛjoġais elektronu mikroskops 

SIB ï nǕtrija jonu baterijas 

STEM ï skenǛjoġǕ transmisijas elektronu mikroskops 

SWCNT ï viensienu oglekǸa nanocaurulǭtes 

TEM ï transmisijas elektronu mikroskops 

XRD ï rentgendifraktometrs 

XPS ï rentgenstaru fotoelektronu spektrometrs 
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Ievads 

PǛdǛjo 20 gadu laikǕ efektǭvu bateriju izstrǕde ir kǸuvusi par svarǭgu mǛrǵi visǕ 

pasaulǛ, jo tiem ir lielǕ nozǭme ne vien pielietojumiem pǕrnǛsǕjamǕs ierǭcǛs (mobilie telefoni, 

portatǭvie datori, u.c.) un elektroautomobiǸos, bet gan arǭ vǛja un saules elektrostacijǕs, kur ir 

svarǭgi ġo enerǥiju uzkrǕt, uzglabǕt un transportǛt tǕlǕk [1,2].  

Jau kopġ 1991. gada, litija jonu baterijas (LIB) dominǛ pasaules tirgȊ, kǕ vienas no 

visefektǭvǕkǕm enerǥijas uzkrǕġanas tehnoloǥiju (EES) veidiem un to pieprasǭjums arvien 

pieaug [3,4]. 2017. gadǕ globǕlais LIB tirgus bija ~11 miljardi eiro, bet 2023. gadǕ tas ir 

palielinǕjies lǭdz pat 65 miljardiem eiro. GalvenǕs LIB priekġrocǭbas salǭdzinǕjumǕ ar    

svina-skǕbes un niǵeǸa-hidrǭda baterijǕm ir augstais ġȊnas kopǛjais spriegums (~3,7 V), 

augsta uzlǕdes/izlǕdes veiktspǛja (>2000 cikli), kǕ arǭ to draudzǭgums apkǕrtǛjai videi [5ï7]. 

KǕ viens no kandidǕtiem, kas tuvǕkajǕ nǕkotnǛ varǛtu aizvietot LIB ir nǕtrija jonu 

baterijas (SIB). SIB izstrǕdei ir lielǕka perspektǭva nekǕ LIB, jo nǕtrija krǕjumi pasaulǛ ir 

daudz lielǕki par litija, kas var potenciǕli samazinǕt izmaksas liela mǛroga bateriju raģoġanǕ 

[8]. Gan nǕtrijam, gan litijam ir lǭdzǭgas ǵǭmiskǕs un fizikǕlǕs ǭpaġǭbas, tomǛr nǕtrijam ir 

lielǕks jonu rǕdiuss, molmasa un standartpotenciǕls, kas noved pie mazǕka enerǥijas blǭvuma, 

kalpoġanas laika un sliktǕkas apgriezeniskǕs kapacitǕtes [9,10]. Taļu neskatoties uz ġiem 

trȊkumiem, SIB ir salǭdzinoġi zema paġizlǕde nekǕ LIB [9]. 

LIB un SIB bateriju izveidei tiek izmantoti organiskie elektrolǭti, kas no riska 

viedokǸa ir ugunsnedroġi un sprǕdzienbǭstami saskarǛ ar gaisu [11,12]. TǕdǛjǕdi, ġo risku 

mazinǕġanai, kǕ alternatǭva bȊtu aizstǕt tos ar Ȋdens elektrolǭtiem. ĠǕds risinǕjums ir ne tikai 

videi draudzǭgǕks un droġǕks, bet arǭ spǛj ievǛrojami samazinǕt raģoġanas izmaksas. Uz doto 

brǭdi ġǕdas baterijas vǛl nav komercializǛtas bȊtisku trȊkumu dǛǸ, t.i. zems sprieguma 

diapazons (~1,23 V), zema uzlǕdes/izlǕdes veiktspǛja un Ȋdens sadalǭġanǕs [13,14]. Taļu 

pǛdǛjo piecu gadu laikǕ, pieaugot plaġai interesei par daģǕdiem EES veidiem, tas ir veicinǕjis 

daģǕdu anodu materiǕlu pǛtǭjumus nǕtrija un litija Ȋdens elektrolǭtos [15ï17].  

KǕ viens no perspektǭvǕkiem anoda materiǕliem LIB un SIB ir bismuta selenǭds 

(Bi2Se3). Ġis materiǕls ir ar unikǕlu slǕǺainu struktȊru [18,19], kam piemǭt augsta jonu 

vadǕmǭba un siltumvadǭtspǛja [20]. Bi2Se3 ir augsta elektrovadǭtspǛja [21], liels blǭvums [22] 

un augsta teorǛtiskǕ kapacitǕte [21], kas Ǹauj izmantot ġo materiǕlu mazo izmǛru elektrisko 

ierǭļu raģoġanǕ. SlǕǺveida Bi2Se3 kristǕliskǕ struktȊra nodroġina litija un nǕtrija jonu 

pǕrvietoġanos interkalǕcijas/deinterkalǕcijas procesu laikǕ [18,19,23]. Taļu kǕ viens no 

galvenajiem Bi2Se3 trȊkumiem ir strauja tilpuma izpleġanǕs, kǕ arǭ selǛna ġǵǭġana elektrolǭtǕ 

bateriju darbǭbas laikǕ, kas var radǭt elektroda degradǕciju un baterijas veiktspǛjas 

samazinǕġanos [21,24,25].  

TurklǕt, ir svarǭgi piebilst, ka pǛtǭjumi par Bi2Se3 izmantoġanas iespǛjam kǕ 

anodmateriǕlu LIB un SIB sistǛmǕs uz Ȋdens elektrolǭtu bǕzes lǭdz ġim brǭdim nav veikti, lǭdz 

ar to, tas tiek realizǛts promocijas darba izstrǕdes ietvaros. 

Lai varǛtu uzlabot Bi2Se3 (aktǭva materiǕla) fizikǕlǕs un elektroǵǭmiskǕs ǭpaġǭbas, to 

var modificǛt izmantojot daģǕdus oglekǸa allotropus (grafǛns [26], oglekǸa nanocaurulǭtes 

(CNT) [27], u.c.). Viena no visplaġǕk pielietotǕkǕm nanostrukturǛta Bi2Se3 (Bi2Se3/grafǛns 
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[25], CNTs@C@Bi2Se3 [28], u.c.) sagatavoġanas metodǛm ir mehǕniskǕ maisǭjuma 

(suspensijas) sagatavoġana un tǕ uzklǕġana uz strǕvas kolektora (piem., vara vai alumǭnija) 

[29]. Taļu ar ġǕdu metodi veidotos anodos ir raksturǭgi nestabili mehǕniskie un elektriskie 

kontakti starp elektroda veidojoġiem materiǕliem, kas var ievǛrojami samazinǕt tǕ veiktspǛju 

[29,30]. 

KǕ viena no alternatǭvǕm ġǭs problǛmas risinǕġanai promocijas darbǕ ir realizǛta tieġǕ 

aktǭvǕ materiǕla nanostrukturǛġana ap bez-saistvielas struktȊras tǭklojumu, kuru veido 

viensienu oglekǸa nanocaurulǭtes (SWCNT) ar labu elektrovadǕmǭbu [31]. Lai varǛtu panǕkt 

Bi2Se3 veiktspǛjas uzlaboġanu, to var nanostrukturǛt apkǕrt SWCNT tǭklojumam izmantojot 

tvaiku fizikǕlo nogulsnǛġanas (PVD) metodi. ĠǕdam nanostrukturǛġanas paǺǛmienam ir 

sekojoġas priekġrocǭbas: 

1. Veidojas tieġs elektriskais un mehǕniskais kontakts starp Bi2Se3 un SWCNT 

tǭklojumu, tǕdǛjǕdi nodroġinot labǕku elektrovadǕmǭbu, kas ievǛrojami palielina 

elektroǵǭmisko veiktspǛju; 

2. Elastǭga un poraina SWCNT ñbuckypaperò tipa tǭklojums nodroġina materiǕla 

noturǭbu pret izpleġanas un saġaurinǕġanas procesiem uzlǕdes/izlǕdes laikǕ; 

3. Bi2Se3 nanostrukturǛġana kopǕ ar SWCNT tǭklojumu ievǛrojami palielina 

uzlǕdes/izlǕdes kapacitǕti. 

TurklǕt, lai varǛtu panǕkt vǛl augstǕku Bi2Se3 veiktspǛju, tad kopǕ ar SWCNT var 

izmantot arǭ MXene (Ti3C2), kas pǛdǛjo gadu laikǕ ir radǭjis plaġu rezonansi enerǥǛtikas jomǕ 

[32,33], pateicoties tǕ unikǕlǕm ǭpaġǭbǕm (lielam ǭpatnǛjam virsmas laukumam, augstai 

elastǭbai un elektrovadǭtspǛjai [34,35]). Veicot Bi2Se3 nanostrukturǛġanu ap MXene/SWCNT 

maisǭjumu tiek panǕkta vǛl augstǕka veiktspǛja, jo: 

1. MXene nodroġina augstu strukturǕlo stabilitǕti nanostrukturǛtam Bi2Se3, kǕ rezultǕtǕ 

tiek sasniegta augsta kapacitǕte baterijas uzlǕdes/izlǕdes laikǕ; 

2. Porains SWCNT tǭklojums novǛrġ MXene nanoslǕǺu savstarpǛjo salipġanu, kǕ arǭ 

nodroġina stabilu elektrovadoġo pamatni Bi2Se3 augġanai; 

3. Tieġs mehǕniskais un elektriskais kontakts starp nanostrukturǛto Bi2Se3 un 

MXene/SWCNT tǭklojumu nodroġina ne tikai ievǛrojami augstu kapacitǕti, bet arǭ 

pasargǕ MXene no oksidǛġanǕs. 

Promocijas darba mǛrǵis 

IzpǛtǭt Bi2Se3 plǕno kǕrtiǺu elektroǵǭmiskos raksturlielumus Ȋdens elektrolǭtos, kǕ arǭ 

izstrǕdǕt jaunǕ tipa Bi2Se3/SWCNT, Bi2Se3/MXene/SWCNT heterostruktȊru anodus LIB un 

SIB sistǛmǕm. 
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Promocijas darba uzdevumi 

1. SintezǛt un izpǛtǭt Bi2Se3 plǕno kǕrtiǺu elektroǵǭmiskǕs ǭpaġǭbas litija un nǕtrija Ȋdens 

elektrolǭtos, lai novǛrtǛtu to izmantoġanas iespǛjas kǕ anoda materiǕlu LIB un SIB 

sistǛmǕs; 

2. IzstrǕdǕt jauna tipa bez-saistvielas Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT 

heterostruktȊru anoda elektrodus ar uzlabotǕm fizikǕlǕm un elektroǵǭmiskǕm 

ǭpaġǭbǕm; 

3. Veikt elektroǵǭmiskǕs veiktspǛjas testǛġanu Bi2Se3/SWCNT un 

Bi2Se3/MXene/SWCNT heterostruktȊrǕm LIB un SIB sistǛmǕs, lai novǛrtǛtu doto 

anodu lietoġanas perspektǭvas. 

ZinǕtniskǕ novitǕte 

1. Pirmo reizi ir parǕdǭtas Bi2Se3 plǕno kǕrtiǺu izmantoġanas iespǛjas litija un nǕtrija 

Ȋdens elektrolǭtos; 

2. IzstrǕdǕti jauna tipa bez-saistvielu Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT 

heterostruktȊru elektrodi LIB un SIB sistǛmǕm; 

3. Aprakstǭti reakciju mehǕnismi, kas atspoguǸo elektrolǭta un anoda materiǕlu 

savstarpǛjo mijedarǭbu (jonu interkalǕcijas/deinterkalǕcijas procesi, jonu un elektronu 

pǕrnese u.c.). 

PraktiskǕ nozǭme 

Tiek piedǕvǕti jauna tipa bez-saistvielu Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT 

heterostruktȊru elektrodi ar uzlabotǕm fizikǕlǕm un elektroǵǭmiskǕm ǭpaġǭbǕm. Doto 

heterostruktȊru veiktspǛja ievǛrojami pǕrsniedz ġobrǭd praksǛ zinǕmu anoda parametrus, 

demonstrǛjot tǕ potenciǕlo pielietojumu LIB un SIB sistǛmǕs, kǕ arǭ tǕ iespǛjamu 

komercializǕciju. 
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1. Literatɏras apskats 

1.1. Litija un nȗtrija jonu bateriju raksturojums  

Litija jonu baterijas (LIB). Jau kopġ 1991.gada LIB tiek uzskatǭts kǕ viens no 

efektǭvǕkiem enerǥijas uzkrǕġanas tehnoloǥijas (EES) veidiem [3,4]. Laiku gaitǕ LIB ir 

ieǺǛmis vǛrienǭgu vietu pasaules tirgȊ, tǕdǛjǕdi kǸȊstot par patǛrǛtǕju galveno izvǛli, 

pateicoties to galvenajǕm ǭpaġǭbǕm: augsts spriegums (~3,7 V), augsts enerǥijas blǭvums 

(>270 Wh kg-1) un ilgs kalpoġanas laiks (>2000 uzlǕdes/izlǕdes cikli) [5ï7]. LIB tiek 

izmantots ne tikai pǕrnǛsǕjamǕs ierǭcǛs (mobilie telefoni, datori utt.) [4,36] un 

elektroautomobiǸos [37], bet arǭ lielmǛroga stacionǕros akumulatoros, vǛja un saules 

elektrostacijǕs, kur ir svarǭgi saraģoto enerǥiju uzkrǕt, uzglabǕt un transportǛt [38]. Par anoda 

materiǕlu LIB izmanto grafǭtu, kas ir ekonomiski izdevǭgs (875 $ par 1 tonnu), kǕ arǭ tam 

piemǭt augsta stabilitǕte un elektrovadǭtspǛja (3·105 S m-1). Taļu grafǭtam ir zema teorǛtiskǕ 

kapacitǕte (372 mAh g-1), kas nǕkotnǛ var ievǛrojami ierobeģot LIB pieprasǭjumu [39,40]. 

ĠǕdu tendenci var radǭt strauja augsto tehnoloǥiju attǭstǭba, kas var izraisǭt plaġu pieprasǭjumu 

pǛc arvien jaudǭgǕkǕm EES. KǕ perspektǭvs anoda materiǕls LIB sistǛmǕm ar ievǛrojami 

augstu teorǛtisko kapacitǕti varǛtu kalpot litijs (3860 mAh g-1) [41] vai silǭcijs    

(4200 mAh g-1) [42], kas par ~10-11 reizǛm pǕrsniedz grafǭta teorǛtisko kapacitǕti. Taļu ġiem 

anodmateriǕliem ir izteikti zema elektrovadǭtspǛja, kǕ arǭ zema Li+ difȊzija, kas pasliktina 

LIB veiktspǛju [41,42]. TurklǕt, mȊsdienǕs litija izstrǕde saskarǕs vǛl ar bȊtiskiem 

tehnoloǥiskiem sareģǥǭjumiem (raģoġanas izmaksas, bǭstamǭba apkǕrtǛjai videi, minimǕlas 

utilizǕcijas iespǛjas u.c.), kas ievǛrojami kavǛ to attǭstǭbu pielietojumam anoda lomǕ [43]. 

TǕdǛjǕdi, ir svarǭgi izvǛlǛties un izstrǕdǕt tǕdu anoda materiǕlu, kas ne tikai spǛtu nodroġinǕt 

augstu uzlǕdes/izlǕdes kapacitǕti ilgstoġǕ baterijas darbǭbas laikǕ, bet arǭ bȊtu mehǕniski 

stabils un ar labu elektrovadǭtspeju. Ġo problǛmu risinǕġanai, pǛdejo 10 gadu laikǕ tiek plaġi 

pǛtǭti visdaģǕdǕkie anoda materiǕli (TiX2 (X= O, S, Se) [44], SnO2 [45], MnO [46], MoS2 

[47] u.c.), kas varǛtu ievǛrojami uzlabot LIB veiktspǛju [48]. 

NǕtrija jonu baterijas (SIB). Neskatoties uz to, ka starp daģǕdiem bateriju veidiem 

(svina-skǕbes baterijas, sǕrma akumulatori, u.c.), LIB tiek izmantots visplaġǕk ikdienǕ, tomǛr 

tǕ vienmǛr augoġs pieprasǭjums bȊtiski sadǕrdzina raģoġanas izmaksas [12,49]. Litija rezerves 

Zemes garozǕ tiek krasi izsmeltas, kǕ rezultǕtǕ ievǛrojami palielinǕs izmaksas par Li2CO3 

minerǕla iegǕdi (2010.gads ï 5 180 $ par 1 tonnu, 2022.gads ï 37 000 $ par 1 tonnu) [50]. 

Tik negatǭva tendence, galvenokǕrt, ir saistǭta ar nepiecieġamǭbu pǛc alternatǭviem EES 

veidiem. SIB var uzskatǭt kǕ potenciǕlu alternatǭvu LIB, pateicoties to savstarpǛji lǭdzǭgam 

ǵǭmiskǕm un fizikǕlǕm ǭpaġǭbǕm [51]. Pie tam, nǕtrija klarks Zemes garozǕ ir krietni vien 

lielǕks nekǕ litijam (Na ï 2,83 %, Li ï 0,01 %), kas padara SIB raģoġanu par ekonomiski 

izdevǭgu [8]. Uz doto brǭdi SIB attǭstǭbas lǭmenis atpaliek no LIB. Galvenais iemesls tam ir 

saistǭts ar nǕtrija lielu rǕdiusu (1,06 Å) un atommasu (23 g mol-1), kas ir lielǕks nekǕ litijam 

(rǕdiuss 0,76 ¡; atommasa 6,9 g mol-1) [9,52]. Na+ interkalǕcijas/deinterkalǕcijas procesu 

laikǕ notiek ievǛrojamas tilpuma izmaiǺas, kǕ rezultǕtǕ pasliktinǕs elektroda struktȊra, kas 

ietekmǛ baterijas veiktspǛju (piem., samazinǕs uzlǕdes/izlǕdes kapacitǕte un kalpoġanas laiks) 

[9,10]. SIB veiktspǛjas uzlaboġanai tiek veikti vairǕki pǛtǭjumi, kas ietver elektrodu 
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(katodu/anodu), elektrolǭtu un separatora modificǛġanu vai to aizstǕġanu ar efektǭvǕkiem 

analogiem. Uz doto brǭdi SIB sistǛmai ir piemeklǛti vairǕki potenciǕli katoda materiǕli 

(NaxVO2, VO2 [53], NaFeO2 [54] u.c.) ar augstu veiktspǛju, kas varǛtu tikt izmantoti doto 

bateriju izstrǕdei. SavukǕrt, daģǕdu anodu materiǕlu izstrǕde ar uzlabotǕm fizikǕlǕm un 

ǵǭmiskǕm ǭpaġǭbǕm ir sastapusies ar bȊtiskiem sareģgǭjumiem (zema jauda, zema 

uzlǕdes/izlǕdes veiktspǛja, tilpuma izpleġanǕs [55]), kas kavǛ SIB attǭstǭbu [56]. Lǭdzǭgi kǕ 

LIB gadǭjumǕ, metǕliskais nǕtrijs varǛtu kalpot kǕ potenciǕls anodmateriǕls SIB sistǛmai, 

pateicoties tǕ ievǛrojami augstai teorǛtiskai kapacitǕtei (1166 mAh g-1) [57], taļu bȊtisku 

tehnoloǥisko ierobeģojumu dǛǸ (bǭstamǭba apkǕrtǛjai videi, zema elektrovadǭtspǛja, 

minimǕlas utilizǕcijas iespǛjas u.c.) tas netiek izmantots [58]. PiemǛram, uz doto brǭdi, kǕ 

viens no potenciǕlakiem anodmateriǕliem SIB sistǛmǕ tiek uzskatǭts TiO2 pateicoties tǕ 

augstai teorǛtiskai kapacitǕtei (335 mAh g-1 [59]) un stabilitǕtei, taļu tǕ zema 

elektrovadǭtspǛja un Na+ pǕrnese izraisa bȊtisku kapacitǕtes kritumu, pasliktinot baterijas 

veiktspǛju [60ï62]. 

LIB un SIB sistǛmǕs kǕ elektrolǭti tiek izmantoti attiecǭgo elementu neorganiskie sǕǸi 

(piem., LIB ï LiPF6, SIB ï NaClO4), izġǵǭdinǕti organiskos ġǵǭdinǕtǕjos (piem., 

etilǛnkarbonǕta/dietilkarbonǕta vai propilǛnkarbonǕta/fluoretilǛnkarbonǕta maisǭjumǕ) 

[11,12]. Ġǭ veida elektrolǭti saskarsmǛ ar gaisu ir nestabili, jo ir viegli uzliesmojoġi un 

sprǕdzienbǭstami, radot risku apkǕrtǛjai videi [63]. ĠǕds riska faktors ir Ǹoti augsts bateriju 

bojǕjumu vai defektu gadǭjumos, kad tiek skarts struktȊras hermǛtiskums. Pie tam, LIB un 

SIB tiek izgatavoti slǛgtajos boksos inertǕ (argona) atmosfǛrǕ, kas ievǛrojami sadǕrdzina 

raģoġanas izmaksas [64]. KǕ viena no alternatǭvǕm, lai mazinǕtu ġos riskus, ir aizstǕt litija un 

nǕtrija organiskos elektrolǭtus uz Ȋdens elektrolǭtiem, izmantojot Ȋdenǭ ġǵǭstoġu attiecǭgu 

elementu sǕǸus: LIB ï LiCl, LiNO 3 [13], SIB ï NaCl, NaNO3 [65]. Ġo bateriju sistǛmu 

pirmsǕkumi ir meklǛjami jau 1994. gadǕ, kad kanǕdieġu zinǕtnieks Dahn ar savu pǛtnieku 

grupu pirmo reizi demonstrǛja LIB sistǛmu uz litija Ȋdens elektrolǭta bǕzes (5 M LiNO3), 

izstrǕdǕjot LiMn2O4/VO2(B) (katods/anods) bateriju ġȊnu. ĠǕda baterijas sistǛma uzrǕdǭja 

~1,5 V lielu spriegumu ar enerǥijas blǭvumu 75 Wh kg-1, kas par ~2 reizǛm pǕrsniedza svina-

skǕbju baterijǕs (30 Wh kg-1) [66]. TomǛr uz ilgu laiku, pǛtǭjumi par Ȋdens elektrolǭtu 

izmantoġanu bateriju izstrǕdǛ tika pǕrtraukti sekojoġu iemeslu dǛǸ: zems sprieguma diapazons 

(~1,23 V), zema uzlǕdes/izlǕdes veiktspǛja un Ȋdens sadalǭġanǕs, kas bȊtiski ierobeģoja doto 

bateriju komercializǕciju [13,14]. Taļu pǛdǛjo 5 gadu laikǕ ir pieaugusi arǭ interese pǛc 

lǛtǕm, droġǕm un videi draudzǭgǕm EES, radot plaġu interesi par Ȋdens elektrolǭtu 

izmantoġanas iespǛjǕm ne tikai LIB, bet arǭ SIB sistǛmǕs [15ï17]. Uz doto brǭdi ir panǕkts 

ievǛrojams progress katodu materiǕlu izstrǕdǛ [64] ar uzlabotǕm ǵǭmiskǕm un fizikǕlǕm 

ǭpaġǭbǕm, kas ir paredzǛtas Ȋdens elektrolǭtu izmantoġanas ietvaros: LIB (LiFePO4, LiCoO2, 

LiMn 2O4 [13] u.c.), SIB (Na2FeP2O7, MoO3, Na2VTi(PO4)3 [65] u.c.). Taļu arǭ ġeit anodu 

materiǕlu izstrǕdes pǛtǭjumi Ȋdens elektrolǭtos ir bȊtiski kavǛjuġi LIB un SIB attǭstǭbas lǭmeni 

sekojoġu iemeslu dǛǸ: zema uzlǕdes/izlǕdes kapacitǕte, ǭss kalpoġanas laiks, kǕ arǭ strauja 

kapacitǕtes samazinǕġanǕs [17,64,67]. Lai nodroġinǕtu baterijas sistǛmai stabilu 

uzlǕdes/izlǕdes veiktspǛju ir svarǭgi izvǛlǛties pareizu Ȋdens elektrolǭtu. KǕ vieni no visplaġǕk 

izmantojamiem Ȋdens elektrolǭtiem ir LiNO3 (LIB) un Na2SO4 (SIB). No stabilitǕtes 
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viedokǸa, LIB sistǛmai LiNO3 ir elektroǵǭmiski stabilǕks nekǕ LiCl un Li2SO4 [68], ka arǭ tas 

ir pagatavojams augstǕs koncentrǕcijǕs lǭdz pat 9 M ġǵǭdumam, kas spǛj nodroġinǕt augstǕku 

Li+ mobilitǕti [69,70]. Neskatoties uz to, ka SIB sistǛmǕ Na2SO4 ir Ǹoti plaġi izmantojams, 

taļu tǕ galvenais trȊkums ir anjonu (SO4
2-) augstǕ reaǥǛtspǛja. Izmantojot doto elektrolǭtu 

kopǕ ar bismuta klases savienojumiem (Bi2Se3, Bi2S3 u.c.), tas var izraisǭt uz elektroda 

virsmas daģǕdu kristǕlhidrǕtu veidoġanos (Bi2(SO4)3·3H2O, Bi2(SO4)3·3,5H2O, 

Bi2(SO4)3·7H2O) [71], kas var negatǭvi ietekmǛt anoda materiǕla struktȊru, samazinot 

baterijas veiktspǛju. TǕdǛjǕdi, dotǕs problǛmas risinǕġanai, kǕ alternatǭvs Ȋdens elektrolǭts 

SIB sistǛmai var kalpot NaNO3 . 

1.2. Bismuta selenȯda (Bi2Se3), oglekȼa nanocaurulȯģu (CNT) 
un MXene kompozȯtmateriȗlu raksturojums, to savstarpȝja 
mijiedarbȯba un pielietojums  

Bismuta selenǭds (Bi2Se3) ir bismuta halkogenǭda (Bi2X3 X = S, Se, Te) klases 

savienojums, kas tiek plaġi izmantots vairǕkǕs jomǕs (termoelektriskos sensoros, 

fotodetektoros, optiskajos filtros, u.c.) [20]. Dotajam materiǕlam piemǭt augsta teorǛtiskǕ 

kapacitǕte (491 mAh g-1) [21], augsts blǭvums (7,47 g cm-3) [22] un laba elektrovadǭtspǛja 

(106 S cm-1) [21], padarot Bi2Se3 par perspektǭvu anoda materiǕlu LIB [19,21] un SIB [72] 

sistǛmǕs. Bi2Se3 ir ar unikǕlu slǕǺveida struktȊru (perpendikulǕri trigonǕlai C-asij), kas sastǕv 

no pieckǕrtǭgiem atomu slǕǺiem veidojot elementǕrġȊnu (ĿĿĿSe1ïBiïSe2ïBiïSe1···), kur starp 

Se1 atomiem ġie slǕǺi tiek savstarpǛji saistǭti ar vǕjǕm Van der VǕlsa saitǛm (1.1. att.) [18,19]. 

Ġo pieckǕrtǭgo atomu slǕǺa biezums ir ~1 nm, kas nodroġina pilnvǛrtǭgu Li+ un Na+ 

interkalǕcijas/deinterkalǕcijas procesu norisi [23]. Taļu vǛl joprojǕm ievǛrojama tilpuma 

izpleġanǕs un selǛna ġǵǭġana paliek par galveno izaicinǕjumu, kas kavǛ Bi2Se3 praktisko 

pielietojumu kǕ anodu LIB un SIB sistǛmǕs, samazinot bateriju veiktspǛju. TǕ rezultǕtǕ 

notiek anoda materiǕla degradǕcija un strauja uzlǕdes/izlǕdes kapacitǕtes samazinǕġanǕs 

[21,24,25]. TurklǕt, pǛtǭjumi par Bi2Se3 izmantoġanas iespǛjǕm kǕ anoda materiǕlu Ȋdens 

elektrolǭtu vidǛ LIB un SIB sistǛmǕs lǭdz ġim brǭdim nav veikti. 
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1.1. attǛls. Bismuta selenǭda (Bi2Se3) kristǕlreģǥa struktȊra. 

Lai varǛtu uzlabot anoda elektroǵǭmisko veiktspǛju, kǕ viens no paǺǛmieniem ir to 

nanostrukturǛġana ar oglekǸa allotropiem kǕ piemǛram, izmantojot grafǛnu [26], oglekǸa 

nanocaurulǭtes (CNT) [27] vai oglekǸa nanoġǵiedras (CNF) [73]. Ġǭ metode ievǛrojami uzlabo 

anoda materiǕla veiktspǛju, nodroġinot elektrodam augsti vadoġu strukturǕlu mugurkaulu 

[74,75]. Starp vairǕkiem oglekǸa allotropu veidiem, tieġi viensienu oglekǸa nanocaurulǭtes 

(SWCNT) ir piesaistǭjuġas lielu interesi kǕ bez-saistvielas materiǕls, kas paredzǛts anodu 

nanostrukturǛġanai pateicoties to porainǭbai, augstai virsmas/tilpuma attiecǭbai, stiepes 

izturǭbai (>60 GPa) [76], kǕ arǭ elektrovadǭtspǛjai (107 S cm-1), kas ir gandrǭz par divǕm 

pakǕpǛm augstǕka nekǕ daudzsienu oglekǸa nanocaurulǭtǛm (MWCNT) (105 S cm-1) [31,77]. 

PǛc struktȊras, SWCNT sastǕv no vienslǕǺa salocǭtǕm grafǭta loksnǛm, veidojot 

viendimensionǕlas (1D) cilindriskas formas caurulǭtes (1.2. att.) [31]. Veicot aktǭva materiǕla 

nanostrukturǛġanu kopǕ ar poraino SWCNT tǭklojumu, var ievǛrojami uzlabot tǕ veiktspǛju, 

paaugstinot mehǕnisko stabilitǕti, elektrovadǭtspǛju, kǕ arǭ nodroġinǕt augstu noturǭbu pret 

bȊtiskǕm tilpuma izmaiǺǕm [78,79]. 

 

1.2. attǛls. OglekǸa nanocaurulǭġu (CNT) shematiskais attǛlojums. 
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KǕ vienu no bez-saistvielas materiǕliem anoda nanostrukturǛġanǕ var izmantot arǭ 

MXene, kas pǛdǛjos gados ir radǭjis plaġu rezonansi enerǥǛtikas jomǕ [32,33,80]. MXene ir 

divdimensiju (2D) pǕrejas metǕlu karbǭda un karbonitrǭda klases savienojumi ar vispǕrǭgo 

formulu Mn+1XnTx, kur M ï pǕrejas metǕlu grupas elements, X ï C un/vai N,                      

T ï funkcionǕlǕs grupas (ïOH, ïF un/vai ïO) un n = 1, 2 vai 3 [81,82]. Pateicoties to lielam 

ǭpatnǛjam virsmas laukumam, augstai elastǭbai un elektrovadǭtspǛjai [34,35], tie ir kǸuvuġi par 

perspektǭvu anoda materiǕlu lietoġanai LIB sistǛmǕs [83ï85]. SavukǕrt, MXene pielietojums 

SIB sistǛmǕs ir stipri ierobeģots, kas ir saistǭts ar agregǕtu veidoġanos, savstarpǛjo salipġanu 

[86,87] un samǛra zemu starpslǕǺu telpu (0,977 nm) [32,88], kas nav pietiekami, lai 

nodroġinǕtu pilnvǛrtǭgu Na+ pǕrnesi [87] liela jonu rǕdiusa dǛǸ (1,02 Å) [89,90]. Starp 

daģǕdiem MXene klases savienojumiem, tieġi titǕna karbǭdam (Ti3C2) [91,92] ir vislielǕkǕ 

teorǛtiskǕ kapacitǕte (~320 mAh g-1) [93], kas var bȊt lǭdz pat divǕm reizǛm augstǕka, ko 

nodroġina divkǕrġǕ litija atomu slǕǺu veidoġanǕs starp MXene plǕksnǭtǛm [94]. Taļu, 

neskatoties uz augstu teorǛtisko kapacitǕti, realitǕtǛ Ti3C2 var sastǕvǛt no visdaģǕdǕkǕm 

funkcionǕlǕm grupǕm, kas ievǛrojami samazina sǕkotnǛjo kapacitǕti (piem.,        

Ti3C2(OH)2 ï 130 mAh g-1 [95], Ti3C2F3 ï 67 mAh g-1 [96] ñLIB sistǛmasò). TǕdǛjǕdi, ġo 

trȊkumu novǛrġanai, kǕ inovatǭvs paǺǛmiens bȊtu MXene modificǛġana kopǕ ar CNT, kas var 

kalpot kǕ stabils mugurkauls aktǭvam anoda materiǕlam, nodroġinot augstu kapacitǕti, 

mehǕnisko stabilitǕti un elastǭgumu [82]. 

Viena no visplaġǕk pielietotǕkǕm nanostrukturǛta anoda sagatavoġanas metodǛm ir 

mehǕniskǕ maisǭjuma (suspensijas) sagatavoġana un tǕ uzklǕġana uz strǕvas kolektora (piem., 

varġ vai alumǭnijs). MehǕnisko maisǭjumu sagatavo sajaucot anoda aktǭvo vielu kopǕ ar    

bez-saistvielas materiǕlu noteiktǕs proporcijǕs. Ġo metodi plaġi pielieto gan daģǕdu elektrodu 

pǛtǭjumu ietvaros, gan arǭ industrijǕ [29]. Izmantojot ġo metodi, LIB sistǛmǕ ir veikti pǛtǭjumi 

par Bi2Se3 nanostrukturǛġanu kopǕ ar daģǕdiem oglekǸa allotropiem (Bi2Se3/grafǛns [25], 

CNTs@C@Bi2Se3 [28], Bi2Se3/CNF [97] u.c.). IegȊtie rezultǕti parǕdǭja, ka salǭdzinǕjumǕ ar 

Bi2Se3 kǕ anodmateriǕlu, nanostrukturǛġana ar oglekǸa allotropiem ievǛrojami palielina 

uzlǕdes/izlǕdes kapacitǕti, kǕ arǭ tǕ darbǭbas ilgumu [25,28,97]. Ġo paġu nanostrukturǛta 

anoda sagatavoġanas metodi plaġi izmanto arǭ SIB sistǛmu pǛtǭjumos: Sb/Sb2O3-C [98], 

CNT@SnO2@PPy [99] un SeP@HCG [100]. Lai ar mehǕniskǕ maisǭjuma sagatavoġanas 

metodi varǛtu izstrǕdǕt augstas kvalitǕtes elektrodus ir stingri jǕkontrolǛ un jǕoptimizǛ vairǕki 

procesa parametri (mehǕniska maisǭjuma maisǭġanas Ǖtrums, strǕvas kolektora pǕrklǕġanas 

Ǖtrums, ģǕvǛġanas temperatȊra u.c.). Ja tas netiek ievǛrots, tad gala rezultǕtǕ izstrǕdǕtais 

anoda materiǕls ir ar bȊtiskiem defektiem (piem., trauslums, mehǕniskǕs plaisas, 

nevienmǛrǭgs elektroda biezums), izraisot nestabilu mehǕnisko un elektrisko kontaktu starp 

elektrodu un strǕvas kolektoru, kas ievǛrojami samazina tǕ veiktspǛju [29,30]. Taļu 

ievǛrojamu progresu varǛtu panǕkt ar aktǭva materiǕla tieġo nanostrukturǛġanu apkǕrt        

bez-saistvielas struktȊras tǭklojumam, kas var ievǛrojami uzlabot anoda materiǕla veiktspǛju. 

SalǭdzinǕjumǕ ar mehǕniskǕ maisǭjuma sagatavoġanas un uzklǕġanas metodi, ġǭ metode Ǹauj 

panǕkt ievǛrojami augstǕku anoda materiǕla veiktspǛju pateicoties sekojoġǕm priekġrocǭbǕm: 
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1. Tieġs elektriskais un mehǕniskais kontakts starp aktǭvo materiǕlu un                 

bez-saistvielas materiǕla tǭklojumu, nodroġina augstu elektronu un lǕdiǺu pǕrneses 

kinǛtiku. TurklǕt, ġǕda nanostrukturǛta anoda materiǕla konstrukcija nodroġina 

augstu jonu pǕrneses efektivitǕti un jonu migrǕciju starp elektrolǭta/elektroda 

robeģvirsmu baterijas darbǭbas laikǕ; 

2. AktǭvǕ materiǕla nanostrukturǛġana ap bez-saistvielas materiǕlu spǛj nodroġinǕt 

noturǭbu pret tilpuma izpleġanas procesiem, novǛrġot aktǭvǕ materiǕla degradǕciju 

un tǕ atdalǭġanu no strǕvas kolektora pamatnes ilgstoġǕ baterijas darbǭbas laikǕ; 

3. NanostrukturǛto anoda materiǕlu raģoġanas izmaksas ir zemǕkas nekǕ ar 

mehǕnisko maisǭjumuma sagatavoġanas un uzklǕġanas metodi. TurklǕt, 

nanostrukturǛtiem anoda elektrodiem ir zema aktǭvas vielas masa, kǕ arǭ tiem 

piemǭt augsta elastǭba un lokanǭba [101]. 
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2. Eksperimentȗlȗ daȼa 

2.1. Bi 2Se3 un to heterostruktɏru sintȝze 

NanostrukturǛtǕs Bi2Se3 plǕnǕs kǕrtiǺas tika sintezǛtas uz stikla pamatnes 

izmantojot tvaiku fizikǕlo nogulsnǛġanas (PVD) metodi (2.1. att). DetalizǛtǕks Bi2Se3 plǕno 

kǕrtiǺu sintǛzes apraksts ir apkopots publikǕcijǕs Nr.1 (2-3 .lpp) un Nr.2 (2-3 .lpp). 

 

2.1. attǛls. Shematisks attǛlojums tvaiku fizikǕlai nogulsnǛġanas (PVD) iekǕrtai, kas paredzǛts 

nanostrukturǛto Bi2Se3 plǕno kǕrtiǺu sintǛzei. 

Bi2Se3/SWCNT heterostruktȊras tika sintezǛtas uz vara strǕvas kolektora pamatnes 

izmantojot izsmidzinǕġanas un PVD metodi (2.2. att.) sekojoġǕs Bi2Se3:SWCNT masu 

attiecǭbǕs: LIB ï (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB ï (1:5), (1:2), (1:1), (2:1), (5:1). 

DetalizǛtǕks Bi2Se3/SWCNT heterostruktȊru sintǛzes apraksts ir apkopots publikǕcijǕs Nr.3 

(2 .lpp) un Nr.4 (2 .lpp). 

 

2.2. attǛls. Shematisks attǛlojums Bi2Se3/SWCNT heterostruktȊru sintǛzei. 

Bi2Se3/MXene/SWCNT heterostruktȊras tika sintezǛtas uz vara strǕvas kolektora 

pamatnes izmantojot izsmidzinǕġanas un PVD metodi (2.3. att.). PǛc dotǕs metodes tika 

sintezǛti vairǕki Bi2Se3/MXene/SWCNT heterostruktȊru materiǕli ar sekojoġǕm 

Bi2Se3:MXene:SWCNT masu attiecǭbǕm: LIB ï (1:1:1), (1:1:2), (1:2:2), (1.5:0.5:2), (2:1:1), 

(0.5:1,5:2), SIB ï (2:1:1), (1:2:2), (1:2:1). DetalizǛtǕks Bi2Se3/MXene/SWCNT 

heterostruktȊru sintǛzes apraksts ir apkopots publikǕcijǕs Nr.4 (2 .lpp ) un Nr.5 (2-3 .lpp). 
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2.3. attǛls. Shematisks attǛlojums Bi2Se3/MXene/SWCNT heterostruktȊru sintǛzei. 

2.2. Sintezȝto anoda materiȗlu elektroȹȯmiskȗ 
raksturoģana 

2.2.1. Elektroȹȯmisko ģɏnu raksturojums 

NanostrukturǛtǕm Bi2Se3 plǕnajam kǕrtiǺam elektroǵǭmisko mǛrǭjumu veikġanai 

litija  (5 M LiNO3) un nǕtrija (1 M NaNO3) Ȋdens elektrolǭtos, tika izmantota laboratorijǕ 

izstrǕdǕta trǭselektrodu elektroǵǭmiskǕ ġȊna (2.4. att.): Ag/AgCl (salǭdzinǕġanas elektrods), Pt 

stieple (palǭgelektrods), sintezǛtas Bi2Se3 plǕnǕs kǕrtiǺas (darba elektrods). DetalizǛtǕks 

trǭselektrodu elektroǵǭmiskǕs ġȊnas apraksts ir apkopots publikǕcijǕs Nr.1 (3 .lpp) un Nr.2 

(3 .lpp). 

 

2.4. attǛls. LaboratorijǕ izstrǕdǕta trǭselektrodu elektroǵǭmiskǕ ġȊna. 

Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT heterostruktȊru elektroǵǭmisko 

procesu analǭzei tika izmantotas CR2032 pusġȊnas (2.5. att.). SintezǛtie heterostruktȊru 

materiǕli tika izmantoti kǕ anods, bet litija (LIB sistǛmai) un nǕtrija (SIB sistǛmai) folijas 

kalpoja kǕ katods. Par separatoru tika izmantots attiecǭgi polipropilǛna ñCelgardò plǛve (LIB 

sistǛma) un stikla mikroġkiedras separators (SIB sistǛma). KǕ elektrolǭti tika izmantoti 

1 M LiPF6 ġǵǭdinǕts etilǛnkarbonǕta/dietilkarbonǕta (EC/DEC) maisǭjumǕ (LIB sistǛmǕ) un 

1 M NaClO4 ġǵǭdinǕts propilǛnkarbonǕta/fluoretilǛnakarbonǕta (PC/FEC) maisǭjumǕ (SIB 

sistǛmǕ). DetalizǛtǕks CR2032 pusġȊnas apraksts ir apkopots publikǕcijǕs Nr.3 (3 .lpp) Nr.4 

(2 .lpp) un Nr.5 (3 .lpp). 
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2.5. attǛls. CR2023 pusġȊnas uzbȊves shǛma. 

2.2. 2. Elektroȹȯmisko procesu raksturoģanai izmantotȗs iekȗrtas un 
to reĥȯmi 

Elektroǵǭmisko procesu raksturoġanai tika izmantots potenstiostats ñPalmSens 4ò un 

baterijas testǛġanas sistǛma ñBioLogic BCS-800ò (ǴǭmiskǕs fizikas institȊts, Latvijas 

UniversitǕte, Latvija) sekojoġos reģǭmos: 

1. CikliskǕ voltamperometrija (CV) ï okdsidǛġanas/reducǛġanas reakciju noteikġana un 

to apgriezeniskuma novǛrtǛġana, kapacitatǭvo un difȊzijas-kontrolǛto procesu 

ieguldǭjuma novǛrtǛġana, difȊzijas koeficientu aprǛǵinǕġana; 

2. GalvanostatiskǕ uzlǕde/izlǕde (GCD) ï daģǕdu anoda materiǕlu veiktspǛjas analǭze 

pie daģǕdiem strǕvas blǭvumiem, noteikto uzlǕdes/izlǕdes ciklu garumǕ; 

3. ElektroǵǭmiskǕs impedances spektroskopija (EIS) ï elektroǵǭmisko izmaiǺu 

raksturoġana uzlǕdes/izlǕdes veiktspǛjas testǛġanas laikǕ. 

2.3. Anodu materiȗla morfoloȧijas un ȹȯmiskȗ sastȗva 
raksturoģana 

Bi2Se3 plǕno kǕrtiǺu, Bi2Se3/SWCNT un Bi2Se3/MXene/SWCNT heterostruktȊru 

morfoloǥijas un ǵǭmiskǕ sastǕva raksturoġanai, pirms un pǛc uzlǕdes/izlǕdes veiktspǛjas 

testǛġanas, tika izmantotas sekojoġas analǭzes metodes: 

1. SkenǛjoġais elektronu mikroskops (SEM) ñHitachi FE-SEM S-4800, Marunouchiò 

sajȊgts kopǕ ar enerǥijas dispersijas rentgenstaru spektrometru (EDX) ñBruker 

XFLASH 5010ò ï ǴǭmiskǕs fizikas institȊts, Latvijas UniversitǕte, Latvija; 

2. Rentgendifraktometrs (XRD) ñBruker D8 Discoverò ï Ǵǭmijas fakultǕte, Latvijas 

UniversitǕte, Latvija; 

3. Rentgenstaru fotoelektronu spektrometrs (XPS) ñThermoFisher Escalab          

250Xi+ò ï Cietvielu fizikas institȊts, Latvijas UniverstitǕte, Latvija; 

4. Ramana mikroskops (Renishaw in Via Qontor, Wotton-under-Edge) ï Ǵǭmijas un 

MateriǕlzinǕtnes fakultǕte, Aalto UniversitǕte, Somija; 

5. Augstas izġkirtspǛjas transmisijas elektronu mikroskops (TEM) ñHR-TEM FEI Titan 

Themis 200ò ï Fizikas InstitȊts, Tartu UniversitǕte, Igaunija.  
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3.  Rezultȗti un to izvȝrtȝjums 

3.1. Nanostrukturȝto Bi2Se3 plȗno kȗrtiȾu raksturojums 
litija un nȗtrija ɏdens elektrolȯtos 

3.1.1. Morfoloȧijas un ȹȯmiskȗ sastȗva izvȝrtȝjums 

NanostrukturǛtas Bi2Se3 plǕnǕs kǕrtiǺas tika sintezǛtas uz stikla pamatnes izmantojot 

tvaiku fizikǕlo nogulsnǛġanas (PVD) metodi. IzvǛlǛtǕ sintǛzes metode nodroġina Bi2Se3 

nanoplǕkġǺu augġanu daģǕdos leǺǵos attiecǭbǕ pret stikla pamatni (daǸǛji nesakǕrtota 

orientǕcija) [102,103], kas ievǛrojami palielina elektroda virsmas laukumu, nodroġinot tǕ 

efektǭvu mijiedarbǭbu ar elektrolǭtu. SintezǛto Bi2Se3 nanoplǕkġǺu izmǛri ir robeģǕs no    

1,0 ï 8,0 ɛm (3.1.a att.), taļu paġu plǕno kǕrtiǺu biezums ir apmǛram 350 ï 500 nm. 

IzvǛrtǛjot iegȊto SEM-EDX spektra (3.2.b att.) rezultǕtus, var novǛrot sekojoġos signǕlus: Bi, 

Se ï sintezǛtǕs Bi2Se3 plǕnǕs kǕrtiǺas, Si, O, C ï fona signǕls, kas nǕk no stikla pamatnes. 

AprǛǵinǕtǕ Se/Bi atomǕrǕ attiecǭba (1,44±0,03) ir tuva teorǛtiskai (1,50), kas norǕda uz 

Bi2Se3 stehiometriju. IegȊtǕ rentgendifrakcijas aina (3.1.c att.) pulverveida Bi2Se3 norǕda uz 

tǕ romboedrisko (R-3m) kristǕlisko struktȊru (Kartǭtes Nr. PDF 01-085-9274) ar sekojoġiem 

kristǕlreģǥa parametriem: a = b = 4,13850 Å; c = 28,62400 ¡. Papildus var novǛrot arǭ 

kubiskǕs (I23) sistǛmas (a = b = c = 10,08000 ¡) ɔ-Bi2O3 (Kartǭtes Nr. PDF 01-074-1375), 

kas varǛja izveidoties oksidǛjoties Bi2Se3, ko iespǛjams varǛja veicinǕt palielinǕts virsmas 

laukums pǛc tǕ nokasǭġanas no stikla pamatnes, tǕdǛjǕdi kǸȊstot vairǕk pakǸautam apkartǛjas 

vides oksidǛġanai. 

 

3.1. attǛls. a ï SEM attǛli Bi2Se3 plǕnǕm kǕrtiǺǕm uz stikla pamatnes, b ï SEM-EDX spektrs Bi2Se3 

plǕnǕm kǕrtiǺǕm uz stikla pamatnes, c ï rentgendifrakcijas aina pulverveida Bi2Se3, kas ir nokasǭts no 

stikla pamatnes. 
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3.1.2. Elektroȹȯmisko procesu raksturoģana litija  un nȗtrija ɏdens 
elektrolȯtu vidȝ 

CikliskǕs voltampǛrlǭknes Bi2Se3 plǕnajam kǕrtiǺǕm 5 M LiNO3 (3.2.a att.) un 

1 M NaNO3 (3.2.b att.) elektrolǭtos tika uzǺemtas potenciǕla diapazonǕ no -1,0 V lǭdz 1,3 V 

(pret Ag/AgCl) ar izvǛrses Ǖtrumu 0,25 mV s-1. TǕ kǕ Li+ un Na+ reaǥǛ lǭdzǭgi ar Bi2Se3, tad 

abu elektrolǭtu gadǭjumos, strǕvas maksimumu izkǕrtojums ir lǭdzǭgs. KopumǕ var novǛrot 

divus katodiskos (I, II) un ļetrus anodiskos (III, IV, V, VI) strǕvas maksimumus. Maksimumi 

I un III norǕda uz Li+ un Na+ interkalǕcijas/deinterkalǕcijas procesiem, kas norisinǕs Bi2Se3 

starpslǕǺu telpǕ (3.1) [23,104]. SavukǕrt, maksimumi II un IV norǕda uz apmaiǺas reakciju 

starp Bi2Se3 un Li2Se/Na2Se (3.2) [105,106]. Anodiskais strǕvas maksimums V, iespǛjams, 

var norǕdǭt uz NO3
- pǕrveidoġanos NO2

- formǕ (3.3) [107], taļu izġǵǭduġǕ O2 klǕtbȊtnǛ, tas 

Ǖtri vien oksidǛjas atpakaǸ NO3
- formǕ [108]. PǛc 1. uzlǕdes/izlǕdes cikla (turpmǕk tekstǕ tiek 

izmantots termins ñciklsò), var novǛrot neapgriezenisko strǕvas maksimumu VI, kas norǕda 

uz cietǕ elektrolǭta starpfǕzes (SEI) slǕǺa izveidoġanos uz elektroda virsmas [109]. Dotais 

slǕnis veidojas elektrolǭtam reaǥǛjot ar izġǵǭduġo O2 un CO2 veidojot: Li+ ï Li2O (3.4) un 

Li2CO3 (3.5) [110,111]; Na+ ï Na2O (3.6), Na2O2 (3.7) un Na2CO3 (3.8) [112]. No 1. lǭdz 

3. ciklam var novǛrot strǕvas maksimumu nobǭdi lielǕkǕ potenciǕla virzienǕ, kas iespǛjams ir 

saistǭts ar SEI slǕǺa stabilizǕcijas procesu lǭdz brǭdim, kamǛr visa elektroda virsma netika 

pǕrklǕta ar SEI slǕni. PǛc 3. cikla strǕvas maksimumu nobǭde netiek novǛrota, kas var norǕdǭt 

uz SEI slǕǺa stabilizǕcijas procesa beigǕm.  

ὄὭὛὩ ὼὓ ὼὩ ὓ ὄὭὛὩ  (ὓ ὒὭȟὔὥ (3.1) 

ὄὭὛὩ φὓ φὩ σὓὛὩςὄὭ (ὓ ὒὭȟὔὥ (3.2) 

ὔὕ ςὌ ςὩ ᴼὔὕ Ὄὕ  (3.3) 

SEI slǕnis 5 M LiNO3 gadǭjumǕ SEI slǕnis 1 M NaNO3 gadǭjumǕ 

τὒὭ ὕ τὩ ᴼςὒὭὕ   (3.4) 
τὔὥ ὕ τὩ ᴼςὔὥὕ   (3.6) 

ςὔὥ ὕ ςὩ ᴼὔὥὕ   (3.7) 

ςὒὭ ὕ ὅὕ ςὩ ᴼὒὭὅὕ  (3.5) τὔὥ σὅὕ τὩ ᴼςὔὥὅὕ (3.8) 
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3.2. attǛls. Bi2Se3 plǕno kǕrtiǺu iegȊtǕs cikliskǕs voltampǛrlǭknes potenciǕla diapazonǕ no -1,0 V lǭdz 

1,3 V (pret Ag/AgCl) ar izvǛrses Ǖtrumu 0,25 mV s-1 izmantojot: a ï 5 M LiNO3, b ï 1 M NaNO3. 

Li+/Na+ interkalǕcijas (I) un deinterkalǕcijas (III)  procesu mehǕnismu noteikġanai, 

tika uzǺemtas cikliskǕs voltampǛrlǭknes, mainot izvǛrses Ǖtrumu diapazonǕ no 0,1 lǭdz 

1,0mV s-1 (3.3. att.). Abu elektrolǭtu lietoġanas gadǭjumos (5 M LiNO3 ï 3.3.a att., 

1 M NaNO3 ï 3.3.b att.), tika izvǛlǛts analizǛt 3. ciklu, kas atbilst stabila SEI slǕǺa 

izveidoġanai. 

 

3.3. attǛls. Bi2Se3 plǕno kartiǺu iegȊtǕs cikliskǕs voltampǛrlǭknes (no -1,0 V lǭdz 1,3 V pret Ag/AgCl) 

pǛc 3. uzlǕdes/izlǕdes cikla izvǛrses ar Ǖtrumu diapazonǕ no 0,1 mV s-1 lǭdz 1,0 mV s-1:                    

a ï 5 M LiNO3, b ï 1 M NaNO3. 

DominǛjoġas stadijas (kapacitatǭvo vai difȊzijas-kontrolǛto procesu) noteikġanai tika 

izmantots SemerǕna kritǛrija vienǕdojums (3.9), kur i ï strǕvas maksimuma augstums 

noteiktai elektroǵǭmiskai reakcijai (mA), v ï izvǛrses Ǖtrums (mV s-1), a un b ï pielǕgojamie 

mainǭgie [113,114]. 

Ὥ ὥϽὺ (3.9) 
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KonstruǛjot vienǕdojumam (3.9) logaritmisko grafiku log(i)=f(log(v)) (3.4. att.), no 

lineǕras regresijas vǛrtǭbas noteica b-koeficientu vǛrtǭbas Li+ un Na+ 

interkalǕcijas/deinterkalǕcijas procesiem. Ja b-koeficienta vǛrtǭba ir Ò 0,5, tad tas norǕda uz 

difȊzijas-kontrolǛto procesu nozǭmǭgumu, bet, ja tǕ ir robeģǕs 0,5 < b Ò 1,0, tad uz 

kapacitatǭviem procesiem [113,114]. Abu elektrolǭtu gadǭjumos, aprǛǵinǕtǕs b-koeficientu 

vǛrtǭbas ir robeģǕs no 1,16-1,28 (Li+) un 0,90-0,98 (Na+), kas norǕda uz bȊtisku kapacitatǭvo 

procesu ieguldǭjumu (pseido-kapacitǕte un elektriskǕ dubultslǕǺa kapacitǕte). 

 

3.4. attǛls. b-koeficientu noteikġana Bi2Se3 plǕnǕm kǕrtiǺǕm interkalǕcijas (I) un 

deinterkalǕcijas (II I) procesu laikǕ, izmantojot funkcionǕlu sakarǭbu log(i)=f(log(v)):                        

a ï Li+ (izmantojot 5 M LiNO3), b ï Na+ (izmantojot 1 M NaNO3). 

Lai novǛrtǛtu kapacitatǭvo un difȊzijas-kontrolǛto procesu ieguldǭjumu atkarǭbǕ no 

daģǕdiem izvǛreses Ǖtrumiem tika izmantots (3.10) vienǕdojums, kur i(V) ï strǕvas stiprums 

pie noteikta potenciǕla, k1v ï kapacitatǭvo procesu ieguldǭjums un k2v ï difȊzijas-kontrolǛto 

procesu ieguldǭjums [115,116]. 

Ὥὠ Ὧὺ ὯὺȾ  (3.10) 

Kvantitatǭva (%) procesu ieguldǭjuma noteikġana pǛc (3.10) vienǕdojuma arǭ norǕda 

uz bȊtisku kapacitatǭvo procesa ieguldǭjumu (3.5. att.). Pie viszemǕkǕ nomǛrǭta izvǛrses 

Ǖtruma (0,1 mV s-1) kapacitatǭvo procesu ieguldǭjums sastǕda 51 % (Li+) un 40 % (Na+), kas 

var norǕdǭt, ka Bi2Se3 plǕnǕs kǕrtiǺas ir pakǸautas abu mehǕnismu norisei gan Li+ un Na+ 

difȊzijai starp elektrolǭta/elektroda robeģvirsmu, gan lǕdiǺa pǕrneses procesiem. SavukǕrt, 

pakǕpeniski palielinot izvǛrses Ǖtrumu lǭdz pat 1,0 mV s-1, kapacitatǭvo procesu ieguldǭjums 

kǸȊst arvien nozǭmǭgǕks sasniedzot lǭdz pat 78 % (Li+) un 69 % (Na+), norǕdot uz Ǖtru lǕdiǺa 

pǕrneses procesu norisi, kas ir saistǭts ar ievǛrojami samazinǕtu Li+ un Na+ difȊzijas barjeru 

interkalǕcijas/deinterkalǕcijas procesu laikǕ. 
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3.5. attǛls. Kapacitatǭvo un difȊzijas-kontrolǛto procesu ieguldǭjums (%) Bi2Se3 plǕnǕm kartiǺǕm 

atkarǭbǕ no potenciǕla izvǛrses Ǖtruma, izmantojot kǕ elektrolǭtus: a ï 5 M LiNO3, b ï 1 M NaNO3. 

Li+/Na+ difȊzijas koeficientu (cm2 s-1) vǛrtǭbas, interkalǕcijas un deinterkalǕcijas 

procesu laikǕ tika aprǛǵinǕtas pǛc (3.11) vienǕdojuma, kur D ï difȊzijas koeficients (cm2 s-1), 

slǭpums ï slǭpuma vǛrtǭba, ko nosaka no lineǕras regresijas vienǕdojuma, n ï elektronu skaits, 

kas piedalǕs elektroǵǭmiskajǕ reakcijǕ, F ï Faradeja konstante (C mol-1), A ï elektroda 

laukums (cm2), C ï elektrolǭta koncentrǕcija (mol cm-3), R ï universǕla gǕzes konstante   

(J K-1 mol-1), T ï temperatȊra (K) [113]. 

Ὀ
Ă

ȟ
  (3.11) 

Izmantojot lineǕrǕs regresijas slǭpuma vǛrtǭbas (3.6. att.), tika noteikts, ka Li+ 

gadǭjumǕ difȊzijas koeficientu vǛrtǭbas ir vienas pakǕpes robeģǕs: interkalǕcija             

(3,3 10-12 cm2 s-1), deinterkalǕcija (2,2·10-12 cm2 s-1). SavukǕrt, Na+ gadǭjumǕ difȊzijas 

koeficientu vǛrtǭbas starp interkalǕcijas un deinterkalǕcijas procesiem atġǵiras par vienu 

pakǕpi: interkalǕcija (1,4·10-11 cm2 s-1), deinterkalǕcija (1,1·10-12 cm2 s-1). ĠǕdu difȊzijas 

koeficientu vǛrtǭbu daģǕdǭbu interkalǕcijas/deinterkalǕcijas procesu laikǕ izmantojot 

1 M NaNO3 elektrolǭtu varǛtu izskaidrot ar sekojoġu reakcijas mehǕnismu norisi: 

1. InterkalǕcijas procesu norisi nǕtrija Ȋdens elektrolǭtu vidǛ galvenokǕrt nosaka lǕdiǺa 

pǕrnese, kǕ rezultǕtǕ tiek nodroġinǕta efektǭva elektronu un Na+ pǕrnese uzlǕdes laikǕ. 

SavukǕrt, deinterkalǕcijas process ir atkarǭgs no elektroda materiǕla struktȊras 

(nehomogenitǕte, porainǭba u.c.), ietekmǛjot Na+ difȊzijas spǛju [117]; 

2. ȉdens elektrolǭtǕ notiek Na+ solvatǕcija, kas ietekmǛ interkalǕcijas/deinterkalǕcijas 

procesu difȊziju. Elektroda virsmas tuvumǕ, solvatǛtie Na+ daǸǛji desolvatǛjas, kas 

nodroġina to interkalǕciju Bi2Se3 starpslǕǺu telpǕ. TǕ kǕ interkalǛtie Na+ ir daǸǛji 

hidratǛti, koordinǛjoties ar Ȋdens molekulǕm, tad attiecǭgi tǕ pozitǭvs lǕdiǺs tiek daǸǛji 

ekranǛts, kas izraisa lǛnǕku Na+ deinterkalǕciju [118]. 
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3.6. attǛls. Grafiks I=f(v1/2) slǭpuma koeficientu noteikġanai difȊzijas koeficientu (cm2 s-1) aprǛǵiniem 

priekġ interkalǕcijas (I) un deinterkalǕcijas (III) procesiem: a ï Li+ (izmantojot 5 M LiNO3),            

b ï Na+ (izmantojot 1 M NaNO3). 

Lai izvǛrtǛtu Bi2Se3 plǕno kǕrtiǺu iespǛjamo pielietojumu kǕ anoda materiǕlu LIB un 

SIB sistǛmu Ȋdens elektrolǭtu vidǛ, tika veikti galvanostatiskǕs uzlǕdes/izlǕdes (GCD) 

mǛrǭjumi pie 1 C1 (~0,2 A g-1) 100 ciklu garumǕ. 

Izmantojot 5 M LiNO 3 elektrolǭtu (3.7.a att.). PǛc 1. cikla Bi2Se3 plǕnǕs kǕrtiǺas 

uzrǕda samǛrǕ augstu sǕkotnǛjo kapacitǕti (uzlǕde ï 985 mAh g-1; izlǕde ï 404 mAh g-1). 

Pirmo 30 ciklu laikǕ var novǛrot pakǕpenisko uzlǕdes/izlǕdes kapacitǕġu samazinǕjumu, 

sasniedzot 30. ciklǕ 226 mAh g-1 (uzlǕde) un 151 mAh g-1 (izlǕde). ĠǕds pakǕpenisks 

kapacitǕtes samazinǕjums var bȊt saistǭts ar iespǛjamo elektroǵǭmisko un mehǕnisko SEI 

slǕǺa degradǕciju, kǕ rezultǕtǕ dotais slǕnis kǸȊst porainǕks, veidojot plaisas uz elektroda 

virsmas [119,120]. Tik ievǛrojamu SEI slǕǺa degradǕciju galvenokǕrt var izraisǭt Li2O un 

Li2CO3 (galveno SEI slǕǺa komponentu) augsta ġǵǭdǭba Ȋdens vidǛ, turklǕt, tǕ atkǕrtota 

izveidoġanas tiek aprgȊtinǕta zema izġǵǭduġǕ O2 un CO2 satura dǛǸ, kas jau pirms tam tika 

patǛrǛts uz SEI slǕǺa izveidi 1. cikla laikǕ. No 31. lǭdz 100. ciklam var novǛrot, ka 

uzlǕdes/izlǕdes kapacitǕtes turpina samazinǕties, bet jau ne tik strauji, sasniedzot 100. ciklǕ 

108 mAh g-1 (uzlǕde) un 79 mAh g-1 (izlǕde). KuloniskǕs efektivitǕtes lǭkne parǕda, ka no 

1. lǭdz 30. ciklam dotǕs vǛrtǭbas pakǕpeniski palielinǕs no 41 % lǭdz 67 %, norǕdot uz SEI 

slǕǺa pakǕpenisko degradǕcijas mazinǕġanos, kǕ rezultǕtǕ palielinǕs uzlǕdes/izlǕdes 

kapacitǕtes apgriezeniskums. SavukǕrt, tǕlǕkǕs uzlǕdes/izlǕdes veiktspǛjas testǛġanas laikǕ, 

KuloniskǕ efektivitǕte paliek praktiski nemainǭga sasniedzot lǭdz pat 73 % (100. cikls).  

Izmantojot 1 M NaNO3 elektrolǭtu (3.7.b att.). SalǭdzinǕjumǕ ar veiktspǛjas 

testǛġanas rezultǕtiem, izmantojot 5 M LiNO3 (3.7.a att.), 1 M NaNO3 gadǭjumǕ 

uzlǕdes/izlǕdes kapacitǕġu vǛrtǭbas 100 ciklu garumǕ ir par ~60-104 reizǛm zemǕkas. Tik 

ievǛrojami zema veiktspǛja var bȊt saistǭta ar lielǕku Na+ rǕdiusu (1,02 Å) [89,90], 

salǭdzinǕjumǕ ar Li+ (0,76 Å) [121], kǕ rezultǕtǕ, interkalǕcijas/deinterkalǕcijas procesu laikǕ 

var notikt bȊtiskas elektroda tilpuma izmaiǺas, izraisot anoda materiǕla degradǕciju 

 
1 ȗtrums, kurȘ baterija tiek uzlȘdȞta vai izlȘdȞta vienas stundas laikȘ. 
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[122,123]. Ġis faktors bȊtiski ietekmǛ uzlǕdes/izlǕdes veiktspǛju, kas noved pie pazeminǕtǕm 

kapacitǕġu vǛrtǭbǕm [124]. KopumǕ, uzlǕdes/izlǕdes veiktspǛja 100 ciklu garumǕ uzrǕda 

lǭdzǭgu uzvedǭbu kǕ 5 M LiNO3 elektrolǭta lietoġanas gadǭjumǕ. PǛc 1. cikla sǕkotnǛjo 

kapacitǕġu vǛrtǭbas sastǕda 16 mAh g-1 (uzlǕde) un 6 mAh g-1 (izlǕde), taļu pǛc 40. cikla to 

vǛrtǭbas ir samazinǕjuġǕs par ~5-8 reizǛm: 1,9 mAh g-1 (uzlǕde), 1,3 mAh g-1 (izlǕde). Lǭdzǭgi 

kǕ 5 M LiNO3 gadǭjumǕ, tik straujġ kapacitǕtes kritums ir saisǭts ar pakǕpenisko SEI slǕǺa 

degradǕciju, kur to galvenie komponenti (Na2O, Na2O2, Na2CO3) ir arǭ viegli ġǵǭstoġi Ȋdens 

vidǛ. PǛc 40. cikla uzlǕdes/izlǕdes kapacitǕġu vǛrtǭbas praktiski paliek nemainǭgas lǭdz pat 

100. ciklam, sasniedzot 1,7 mAh g-1 (uzlǕde) un 1,2 mAh g-1 (izlǕde). No 1. lǭdz 40. ciklam 

KuloniskǕ efektivitǕte palielinǕs no 37 % lǭdz 67 %, taļu tǕlǕkǕs veiktspǛjas testǛġanas tǕ 

paliek nemainǭga un 100. ciklǕ sasniedz 69 %. 

 

3.7. attǛls. GCD mǛrǭjumi Bi2Se3 plǕnǕm kǕrtinǕm 100 ciklu garumǕ pie 1 C strǕvas (~0,2 A g-1) 

izmantojot: a ï 5 M LiNO3 elektrolǭtu, b ï 1 M NaNO3 elektrolǭtu. 

Lai izpǛtǭtu Bi2Se3 plǕno kǕrtiǺu elektroǵǭmisko ǭpaġǭbu izmaiǺas veiktspǛjas 

testǛġanas laikǕ (3.7. att.), papildus abu elektrolǭtu (5 M LiNO3 ï 3.8.a att. un     

1 M NaNO3 ï 3.8.b att.) gadǭjumos tika veikti arǭ elektroǵǭmiskǕs impedances 

spektroskopijas (EIS) mǛrǭjumi. IegȊto impedanļu hodogrammu raksturoġanai tika izmantota 

standarta slǛguma shǛma (Rendla shǛma), kas atspoguǸo elektroǵǭmiskǕs ǭpaġǭbas uz 

elektrolǭta/elektroda robeģvirsmas. Papildus tam, dotǕ slǛguma shǛma tika modificǛta 

aizstǕjot kondensatora (C) elementu ar konstantas fǕzes elementu (CPE), kas raksturo darba 

elektroda dubultslǕǺa kapacitǕti un tǕ virsmas neviendabǭgumu. Abu elektrolǭtu (5 M LiNO3, 

1 M NaNO3) gadǭjumos, iegȊto impedanļu hodogrammas tika aprakstǭtas pǛc vienǕdǕm 

ekvivalentǕm slǛguma shǛmǕm (3.8.c,d att.), kas norǕda uz lǭdzǭgǕm elektroǵǭmiskǕm 

ǭpaġǭbǕm uz elektrolǭta/elektroda robeģvirsmas. 

Krustpunkts ar Zô asi raksturo elektrolǭta pretestǭbu (Rel) (3.8.c att.). VidǛjo frekvenļu 

diapazonǕ var novǛrot pusapli, kas raksturo Bi2Se3 plǕno kǕrtiǺu lǕdiǺa pǕrneses pretestǭbu 

(Rct). SlǛguma ǵǛdes papildus esoġais elements (CPEct) norǕda uz Bi2Se3 plǕno kǕrtiǺu 

virsmas neviendabǭgumu vai tǕ dubultslǕǺa kapacitǕti. Zemo frekvenļu diapazonǕ linearitǕtes 

apgabals norǕda uz VǕrburga elementu (W), kas raksturo jonu un/vai molekulu difȊziju uz 
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elektroda robeģvirsmas. Izveidojoties SEI slǕnim uz elektroda virsmas, pǛc 1. cikla augsto 

frekvenļu diapazonǕ var novǛrot papildus pusapli, kas raksturo dotǕ slǕǺa pretestǭbu (RSEI), 

kǕ arǭ tǕ virsmas neviendabǭgumu un dubultslǕǺa kapacitǕti (CPESEI) (3.8.d att.). 

 

3.8. attǛls. ElektroǵǭmiskǕs impedances spektroskopijas (EIS) rezultǕti Bi2Se3 plǕnǕm kǕrtiǺǕm Ȋdens 

elektrolǭtu lietoġanas gadǭjumǕ: a ï Nikvista diagramma izmantojot 5 M LiNO3, b ï Nikvista 

diagramma izmantojot 1 M NaNO3, c ï ekvivalentǕ slǛguma shǛma pirms veiktspǛjas uzsǕkġanas,   

d ï ekvivalentǕ slǛguma shǛma elektroǵǭmisko mǛrǭjumu laikǕ. 

Bi2Se3 plǕno kǕrtiǺu pretestǭbu vǛrtǭbas (Rel, Rct, RSEI) tika aprǛǵinǕtas, izmantojot 

Levenberga-MarkvǕda algoritmu, pirms un GCD mǛrǭjumu laikǕ (3.1. tabula):    

5 M LiNO3 ï 1., 5., 10., 25., 50., 100. cikls, 1 M NaNO3 ï 1., 5., 10., 20., 30. cikls. 

Abu elektrolǭtu lietoġanas gadǭjumos var novǛrot, ka aprǛǵinǕtǕs Rel vǛrtǭbas ir 

praktiski nemainǭgas un atrodas vienas kǕrtas robeģǕs, norǕdot uz augstu elektrolǭta stabilitǕti: 

0,058±0,007 kɋ cm2 (5 M LiNO3 100 ciklu garumǕ) un 0,041±0,002 kɋ cm2 (1 M NaNO3 

30 ciklu garumǕ). VeiktspǛjas testǛġanas laikǕ, abu elektrolǭtu lietoġanas gadǭjumos, var 

novǛrot pakǕpenisko Rct vǛrtǭbu palielinǕġanos, kas iespǛjams norǕda uz darba elektroda 

strukturǕlǕm un teksturǕlǕm izmaiǺǕm. Taļu 5 M LiNO3 gadǭjumǕ, pǛc 100. cikla Rct vǛrtǭbas 

ir samazinǕjuġas par ~4 reizǛm, kas var bȊt saistǭts ar Bi2Se3 plǕno kǕrtiǺu elektroǵǭmiskǕm 

un mehǕniskǕm izmaiǺǕm. AprǛǵinǕtǕs RSEI pretestǭbu vǛrtǭbǕs 100 (5 M LiNO3) un 30 

(1 M NaNO3) ciklu garumǕ pakǕpeniski samazinǕs, norǕdot uz SEI slǕǺa degradǕciju (piem., 

plaisu veidoġanǕs). 

SavstarpǛji salǭdzinot pretestǭbu vǛrtǭbas var novǛrot, ka izmantojot 1 M NaNO3 

elektrolǭtu, RSEI un Rct vǛrtǭbas ir aptuveni par divǕm kǕrtǕm zemǕkas nekǕ 5 M LiNO3 

gadǭjumǕ, kas iespǛjams var noradǭt uz bȊtisku SEI slǕǺa un Bi2Se3 plǕno kǕrtiǺu degradǕciju 

nǕtrija Ȋdens elektrolǭtu vidǛ, tǕdǛjǕdi negatǭvi ietekmejot uzlǕdes/izlǕdes veiktspǛju. Ġo faktu 

apstiprina arǭ iegȊto GCD veiktspǛjas rezultǕtu zemǕs kapacitǕġu vǛrtǭbas (3.7.b att.). 
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3.1. tabula. EkvivalentǕs shǛmas pretestǭbu vǛrtǭbas (kɋ cm2) Bi2Se3 plǕnǕm kǕrtiǺǕm 5 M LiNO3 un 

1 M NaNO3 elektrolǭtos atkarǭbǕ no ciklu skaita. 

Elektrolǭts Pretestǭba Pirmsa 
Cikls 

1 5 10 20 25 30 50 100 

5 M  

LiNO3 

Rel,  0,032 0,045 0,054 0,057 - 0,061 - 0,063 0,065 

RSEI,  - 812 467 386 - 282 - 103 91 

Rct,  892 323 420 306 - 467 - 603 264 

1 M 

NaNO3 

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

RSEI,  - 0,273 0,157 0,096 0,058 - 0,071 - - 

Rct,  1,586 0,900 1,010 1,155 1,178 - 1,221 - - 
aPretestǭbu vǛrtǭbas pirms veiktspǛjas testǛġanas uzsǕkġanas 

3.1. 3. Bi 2Se3 plȗno kȗrtiȾu izmaiȾu raksturoģana pȝc 
elektroȹȯmiskȗs izpȝtes 

PǛc 5 ciklu ciklisko voltampǛrlǭkǺu uzǺemġanas (3.2. att.), darba elektroda virsma 

tika uzmanǭgi noskalota no 3 lǭdz 5 reizǛm ar dejonizǛto Ȋdeni (0,055 µS cm-1) un izģǕvǛta 

istabas temperatȊrǕ (25 oC). Lai novǛrotu morfoloǥiskas izmaiǺas uz Bi2Se3 plǕno kǕrtiǺu 

virsmas, tika veikta SEM analǭze. SavukǕrt, ǵǭmiskǕ sastǕva izvǛrtǛġanai attiecǭgi tika 

izmantotas XPS (5 M LiNO3 gadǭjumǕ) un SEM-EDX (5 M LiNO3 un 1 M NaNO3 gadǭjumǕ) 

analǭzes metodes. 

Abu elektrolǭtu izmantoġanas gadǭjumos var novǛrot, ka Bi2Se3 plǕno kǕrtiǺu virsma 

ir pǕrklǕta ar neviendabǭgu amorfo slǕni, kas iespǛjams ir SEI slǕnis (5 M LiNO3 ï 3.9.a att.; 

1 M NaNO3 ï 3.9.b att.). 

 

3.9. attǛls. Bi2Se3 plǕno kǕrtiǺu morfoloǥiskas izmaiǺas pǛc ciklisko voltampǛrlǭkǺu uzǺemġanas 

5 ciklu garumǕ: a ï SEM attǛls izmantojot 5 M LiNO3 elektrolǭtu, b ï SEM attǛls izmantojot 

1 M NaNO3 elektrolǭtu. 

5 M LiNO3 elektrolǭta gadǭjumǕ no iegȊtiem XPS spektra datiem var novǛrot manǕmu 

Li 1s maksimumu (3.10.a att.), kas iespǛjams norǕda uz SEI slǕǺa galveno savienojumu 

klǕtbȊtni (Li2O, Li2CO3). Papildus var novǛrot arǭ Bi 4f5/2 maksimumus (3.10.b att.), kas 

attiecas uz oksidǛto Bi formu, norǕdot uz Bi2O3 klǕtbȊtni. IespǛjams, ka Bi2O3 varǛja 

izveidoties uz elektroda virsmas 1. cikla laikǕ, reaǥǛjot Bi2Se3 ar izġǵǭduġo skǕbekli, taļu 

izveidojoties SEI slǕnim, tǕ turpmǕka izveidoġanǕs varǛtu tikt kavǛta. PǛc ciklisko 
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voltampǛrlǭǵnu uzǺemġanas 5 ciklu garumǕ vǛl joprojǕm var novǛrot Bi2Se3 klǕtbȊtni, uz ko 

norǕda attiecǭgie Se (Se 3d3/2, Se 3d5/2 ï 3.10.a att.) un Bi (Bi 4f5/2, Bi 4f7/2 ï 3.10.b att.) 

maksimumi. 

 

3.10. attǛls. Rentgenstaru fotoelektronu spektrometra (XPS) spektrs Bi2Se3 plǕnǕm kǕrtiǺǕm 5 M 

LiNO3 elektrolǭtǕ pǛc ciklisko voltampǛrlǭkǺu uzǺemġanas 5 ciklu garumǕ: a ï Se 3d un Li 1s spektrs, 

b ï Bi 4f spektrs. 

IegȊtǕ SEM-EDX spektra atomǕrǕs masas (%) ǵǭmiskǕ sastǕva izvǛrtǛjums 

(3.2. tabula) norǕda uz nebȊtisku Se ġǵǭġanu Ȋdens elektrolǭta pirmo 5 ciklu laikǕ, 

demonstrǛjot augstu Bi2Se3 plǕno kǕrtiǺu stabilitǕti Ȋdens elektrolǭtu vidǛ. SavukǕrt, 

1 M NaNO3 elektrolǭta gadǭjumǕ, pǛc 5. cikla var novǛrot Na satura pieaugumu par 

~7 reizǛm, tǕdǛjǕdi apstiprinot SEI slǕǺa (Na2O, Na2O2, Na2CO3) klǕtbȊtni uz elektroda 

virsmas. 

3.2. tabula. SEM-EDX spektra atomǕrǕs masas (%) saturs Bi2Se3 plǕnǕm kǕrtiǺǕm 5 M LiNO3 un 

1 M NaNO3 elektrolǭtu gadǭjumos pirms elektroǵǭmiskiem mǛrǭjumiem un pǛc 5. cikla. 

Elements 
Pirms elektroǵǭmiskiem mǛrǭjumiem PǛc 5. cikla 

5 M LiNO 3 1 M NaNO3 5 M LiNO 3 1 M NaNO3 

Bi 41,0 ± 1,0 27 ± 2 46 ± 2 10,2 ± 1,2 

Se 59,2 ± 1,1 41 ± 2 54  ± 2 9,4  ± 1,2 

Na - 2,7  ± 1,3 - 18,3 ± 1,4 

3.2. Bi 2Se3/SWCNT heterostruktɏru raksturoģana 
pielietojumam  LIB un SIB sistȝmȗs 

3.2.1. Morfoloȧijas un ȹȯmiskȗ sastȗva izvȝrtȝjums 

SintezǛto Bi2Se3/SWCNT heterostruktȊru virsma sastǕv no nanostrukturǛtǕm Bi2Se3 

nanoplǕksnǛm izmǛrǕ 0,2-2,0 µm, kas tieġi aug uz individuǕliem SWCNT saiġǵu 

tǭklojumiem, kuru diametrs ir robeģǕs 20-80 nm (3.11.a att.). TurklǕt, var novǛrot, ka 

vairǕkums no Bi2Se3 nanoplǕksnǛm aug perpendikulǕri SWCNT saiġǵu tǭklojuma virsmai un 
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ir orientǛti lǭdzǕs SWCNT. Doto faktu apstiprina arǭ TEM/STEM analǭze (3.11.b att.), kur var 

novǛrot, ka brǭvi stǕvoġa Bi2Se3 nanoplǕksne ir ar vienu malu cieġi saistǭta (perpendikulǕri    

c-asij) ar SWCNT saiġǵa virmsu. SavukǕrt, ġǵǛrsgriezuma SEM attǛli (3.11.c att.) norǕda uz 

relatǭvi augstu Bi2Se3 nanoplǕkġǺu daudzumu tieġi uz elektroda virsmas, kas pakǕpeniski 

samazinǕs elektroda struktȊras iekġienǛ. 

 

3.11. attǛls. SintezǛto Bi2Se3/SWCNT heterostruktȊru morfoloǥija: a ï skenǛjoġa elektrona 

mikroskopa (SEM) attǛls Bi2Se3/SWCNT virsmai, b ï transmisijas elektronu mikroskopa (TEM) 

attǛls uzaudzǛtǕm Bi2Se3 nanostruktȊram uz SWCNT saiġǵiem (ielikumǕ ï skenǛjoġǕ transmisijas 

strarojuma elektrora mikroskopa (STEM) attǛls), c ï ġǵersgriezuma SEM attǛls. 

SEM-EDX spektra (3.12.a att.) un rentgendifrakcijas ainas (3.12.b att.) iegȊtie dati 

apstiprina sintezǛto Bi2Se3/SWCNT heterostruktȊru ǵǭmisko sastǕvu. Par Bi2Se3 

autentiskumu norǕda sekojoġie analǭģu rezultǕti: 

1. No SEM-EDX spektra datiem noteiktǕ Se/Bi atomǕrǕ attiecǭba norǕda uz pareizo 

Bi2Se3 stehiometriju (aprǛǵinǕtǕ ï 1,43; teorǛtiskǕ ï 1,50); 

2. Rentgendifrakcijas ainas signǕli norǕda uz Bi2Se3 romboedrisko (R-3m) kristǕlisko 

struktȊru (Kartǭtes Nr. PDF 00-033-0213) ar sekojoġiem kristǕlreģǥa parametriem: 

a = b = 4,13960 Å; c = 28,63600 Å. 

Abu analǭģu dati (SEM-EDX, XRD) liecina arǭ par vara klǕtbȊtni, norǕdot uz strǕvas 

kolektora pamatni. TurklǕt, SEM-EDX spektrǕ var novǛrot papildus intensǭvu oglekǸa 

signǕlu, kas apstiprina SWCNT klǕtbȊtni paraugǕ. 

SintezǛtǕ Bi2Se3/SWCNT heterostruktȊru materiǕla ǵǭmisko sastǕvu apstiprina arǭ 

iegȊtie XPS spektra rezultǕti. Bi 4f spektrǕ (3.12.c att.) var novǛrot maksimumus pie 

158,0 eV (4f7/2) un 163,3 eV (4f5/2), kas norǕda uz Bi2Se3 fǕzi. Maksimumi pie 158,9 eV 

(4f7/2) un 164,2 eV (4f5/2) var bȊt saistǭti ar Ǹoti plǕnu Bi2O3 klǕtbȊtni uz elektroda virsmas 

[125]. SavukǕrt, Se 3d spektra (3.12.d att.) maksimumi (3d3/2 ï 53,3 eV, 3d5/2 ï 54,2 eV), 

norǕda uz selǛna klǕtbȊtni Bi2Se3 fǕzǛ. 
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3.12. attǛls. SintezǛto Bi2Se3/SWCNT heterostruktȊru ǵǭmiskǕ sastǕva izvǛrtǛjums: a ï rentgenstaru 

enerǥijas dispersijas spektrometra (SEM-EDX) spektrs, b ï rentgendifrakcijas (XRD) aina,              

c ï rentgenstaru fotoelektronu spektrometra (XPS) Bi 4f spektrs, d ï XPS Se 3d spektrs. 

3.2.2. Elektroȹȯmisko procesu raksturoģana LIB un SIB sistȝmȗs 

Elektroǵǭmisko procesu raksturoġanai tika uzǺemtas cikliskǕs voltampǛrlǭknes 

potenciǕla diapazonǕ 0,01-2,50 V (LIB ï pret Li+/Li; SIB ï pret Na+/Na), ar izvǛrses Ǖtrumu 

0,1 mV s-1, 10 ciklu garumǕ. Doto elektroǵǭmisko mǛrǭjumu veikġanai, tika izvǛlǛts analizǛt 

Bi2Se3/SWCNT heterostruktȊru ar Bi2Se3:SWCNT masas attiecǭbu (1:1), kas uzrǕdǭja 

vislabǕko veiktspǛju LIB un SIB sistǛmǕs (3.18. att.). No iegȊtǕm cikliskǕm voltampǛrlǭknǛm 

var novǛrot sekojoġus strǕvas maksimumus: 

1. LIB sistǛma (3.13.a att.): 5 katodiskie (I, II, III, IV, V), 4 anodiskie (VI, IX, X, XII ) 

maksimumi; 

2. SIB sistǛma (3.13.b att.): 4 katodiskie (I, II, III, IV), 5 anodiskie (VII , VIII , X, XI , 

XII ) maksimumi. 

Analoǥiski kǕ litija (5 M LiNO3) un nǕtrija (1 M NaNO3) Ȋdens elektrolǭtu gadǭjumos 

(3.2. att.), arǭ LIB un SIB sistǛmǕs strǕvas maksimumu izkǕrtojums ir aptuveni vienǕds, 

norǕdot uz lǭdzǭgu Li+ un Na+ mijedarbǭbu ar Bi2Se3/SWCNT heterostruktȊru. 

Uz Li+/Na+ interkalǕcijas un deinterkalǕcijas procesiem Bi2Se3 starpslǕǺu telpǕ norǕda 

attiecǭgie strǕvas maksimumi I un XII  (3.1) [28,104]. Maksimumi II un X norǕda uz 

apmaiǺas reakciju starp Bi2Se3 un Li2Se/Na2Se (3.2) [28,106,126]. SIB sistǛmas gadǭjumǕ var 

novǛrot vǛl papildus strǕvas maksimumu XI, kas norǕda uz NaBiSe2 veidoġanos, Na+ reaǥǛjot 

ar Na2Se (3.11) [126,127]. PǛc 1. cikla LIB sistǛmǕ var novǛrot neapgriezenisko strǕvas 

maksimumu III, kas norǕda uz SEI slǕǺa izveidoġanos uz elektroda virsmas [128,129]. Taļu 

pǛc 2. cikla dotais strǕvas maksimums netiek novǛrots, kas norǕda uz SEI slǕǺa izveidoġanos 
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[129]. Svarǭgi ir piebilst, ka strǕvas maksimums III pǕrklǕjas ar intermetǕlisko reakciju 

veidoġanas maksimumiem IV un V, norǕdot uz doto savienojumu (LiBi , Li3Bi) iespǛjamo 

klǕtbȊtni SEI slǕǺa sastǕvǕ [28,129,130]. SIB sistǛmas gadǭjumǕ, strǕvas maksimums III 

netiek novǛrots, taļu tǕ vietǕ par SEI slǕǺa klatbȊtni liecina maksimuma II potenciǕla nobǭde 

par ~0,2 V, kas ir novǛrojams no 1. lǭdz 2. ciklam. Tik daģǕds strǕvas maksimumu 

izkǕrtojums SEI slǕǺa izveidoġanas procesam galvenokǕrt var bȊt saistǭts ar tǕ daģǕdu 

ǵǭmisko sastǕvu, kas ir atkarǭgs no tǕ, kǕds elektrolǭts tiek izmantots [131,132]. Abu bateriju 

sistǛmu gadǭjumos, katodiskie strǕvas maksimumi IV un V norǕda uz intermetǕlisko 

savienojumu veidoġanas reakciju norisi, kas attiecǭgi notiek divos posmos, veidojot 

LiBi/NaBi (3.12) un Li3Bi/Na3Bi (3.13) [28,133,134]. TurklǕt, dotǕs reakcijas notiek arǭ 

apgriezeniski, taļu katrǕ bateriju sistǛmǕ to mehǕnisms ir daģǕds:  

1. LIB sistǛma: anodiskais strǕvas maksimums VI norǕda uz Li3Bi pǕrvǛrġanos atpakaǸ 

par metǕlisko Bi un Li+ (3.14) [23,135]; 

2. SIB sistǛma: apgriezeniskǕ intermetalisko savienojumu izveidoġanǕs notiek divos 

posmos, uz ko norǕda attiecǭgie strǕvas maksimumi VII  (3.13) un VIII  (3.12) 

[106,134]. 

LIB sistǛmǕ var novǛrot vǛl vienu papildus anodisko maksimumu IX, kas iespǛjams ir 

saistǭts ar blakusreakciju, kur Li+ reaǥǛ ar SWCNT virsmas esoġǕm -COOH funkcionǕlǕm 

grupǕm (3.15) [136]. SavukǕrt, SIB sistǛmǕ ġǕds strǕvas maksimums netiek novǛrots, kas 

iespǛjams ir saistǭts ar vǕjǕku Na+ mijedarbǭbu ar -COOH grupǕm. Ġis faktors galvenokǕrt var 

bȊt saistǭts ar to, ka salǭdzinǕjumǕ ar Li+ joniem, Na+ jonam ir lielǕks jonu rǕdiuss un zemǕks 

lǕdiǺa blǭvums, kas noved pie vǕjǕkas elektrostatiskǕs pievilkġanas pie -COOH grupas 

elektronu mǕkoǺa [137].  

Abu bateriju sistǛmu gadǭjumos var novǛrot strǕvǕs maksimumu nobǭdi lielǕku 

potenciǕlu virzienǕ, kas iespǛjams norǕda uz polarizǕcijas efektu [138], kǕ arǭ uz strukturǕlǕm 

un teksturǕlǕm anoda materiǕla izmaiǺǕm [139].  

ςὔὥὛὩὄὭO ὔὥὄὭὛὩ σὔὥ σὩ  (3.11) 

ὄὭὓ Ὡ ὓὄὭ (ὓ ὒὭȟὔὥ           (3.12) 

ὓὄὭςὓ ςὩ ὓὄὭ (ὓ ὒὭȟὔὥ   (3.13) 

ὒὭὄὭO ὄὭσὒὭ σὩ                                  (3.14) 

ὼὒὭὲὙὅὕὕὌOὲὒὭὅὕὕὙὲὌ ὼὩ     (3.15) 
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3.13. attǛls. CikliskǕs voltampǛrlǭknes Bi2Se3/SWCNT (1:1) heterostruktȊrǕm pirmo 10 

uzlǕdes/izlǕdes ciklu laikǕ ar izvǛrses Ǖtrumu 0,1 mV s-1: a ï LIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V 

pret Li+/Li), b ï SIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V pret Na+/Na). 

IegȊtie uzlǕdes/izlǕdes profili pirmajiem 10 cikliem (3.14. att) saskan ar iegȊtiem CV 

rezultǕtiem (3.13. att.). Abu bateriju sistǛmu gadǭjumos, 1. ciklǕ var novǛrot izstieptu plato 

pie 0,80 V (LIB) un 1,25 V (SIB), kas norǕda uz SEI slǕǺa izveidoġanos. UzlǕdes un izlǕdes 

plato lǭknes pie 2,10 V (LIB), 2,01 (SIB) un 2,30 V (LIB), 2,20 V (SIB), norǕda attiecǭgi uz 

Li+/Na+ interkalǕcijas un deinterkalǕcijas procesiem. Uz apmaiǺas reakciju norisi starp Bi2Se3 

un Li2Se/Na2Se (3.2) norǕda attiecǭgǕs plato lǭknes: uzlǕde ï 1,60 V (LIB), 1,15 V (SIB); 

izlǕde ï 2,00 V (LIB), 1,65 V (SIB). SavukǕrt, SIB sistǛmas gadǭjumǕ tiek papildus novǛrota 

neliela izlǕdes plato lǭkne pie 1,90 V, kas norǕda uz NaBiSe2 veidoġanos (3.11). Par 

intermetǕlisko savienojumu veidoġanǕs reakcijas norisi LIB un SIB sistǛmu gadǭjumos var 

novǛrot nelielas plato lǭknes pie sekojoġiem potenciǕliem: 

1. LIB sistǛma (3.12, 3.13, 3,14): uzlǕde (0,75/0,80 V), izlǕde (0,90 V); 

2. SIB sistǛma (3.12, 3.13): uzlǕde (0,63 V/0,83 V), izlǕde (0,55 V/0,36 V). 

PǛc 5. cikla starp iegȊtǕm uzlǕdes/izlǕdes profilu lǭknǛm vairs nenovǛro bȊtiskas 

atġǵirǭbas, kas norǕda uz augstu anoda materiǕla struktȊrǕlo stabilitǕti [138] un augstu 

Li+/Na+ uzglabǕġanas apgriezeniskumu [128,140]. TurklǕt, uzlǕdes/izlǕdes profilu 

pǕrklǕġanǕs var arǭ norǕdǭt uz SEI slǕǺa stabilizǕcijas procesa beigǕm, kas tǕlǕko ciklu 

garumǕ nodroġina augstu stabilitǕti un uzlabotu veiktspǛju uzlǕdes/izlǕdes procesu laikǕ 

[141]. BȊtiski ir atzǭmǛt arǭ to, ka no uzlǕdes/izlǕdes profilu datiem nav novǛrojamas plato 

lǭknes, kas bȊtu attiecinǕmas uz SWCNT saistǭtiem elektroǵǭmiskiem procesiem, norǕdot uz 

faradisko procesu neesamǭbu.  
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3.14. attǛls. UzlǕdes/izlǕdes profili Bi2Se3/SWCNT (1:1) heterostruktȊrǕm pirmo 10 ciklu laikǕ ar 

strǕvas blǭvumu 0,1 A g-1: a ï LIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V pret Li+/Li), b ï SIB sistǛmas 

gadǭjumǕ (0,01 ï 2,50 V pret Na+/Na). 

Elektroǵǭmisko procesu un mehǕnismu noteikġanai Bi2Se3/SWCNT (1:1) 

heterostruktȊrǕm tika uzǺemtas vairǕkas cikliskǕs voltampǛrlǭknes izvǛrses Ǖtruma diapazonǕ 

no 0,1 lǭdz 1,0 mV s-1 (3.15. att.). 

 

3.15. attǛls. Bi2Se3/SWCNT (1:1) heterostruktȊru cikliskǕs voltampǛrlǭknes izvǛrses Ǖtruma 

diapazonǕ 0,1 ï 1,0 mV s-1: a ï LIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V pret Li+/Li), b ï SIB sistǛmas 

gadǭjumǕ (0,01 ï 2,50 V pret Na+/Na). 

PǛc vienǕdojuma (3.9) tika noteikta Bi2Se3/SWCNT (1:1) heterostruktȊru dominǛjoġǕ 

stadija Ǻemot vǛrǕ sekojoġus elektroǵǭmiskos procesus, kas ir saistǭti ar Li+/Na+ mijedarbǭbu 

ar Bi2Se3: 
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1. LIB sistǛma: apmaiǺas (II, X) un intermetǕlisko savienojumu veidoġanas (IV, V, VI) 

reakcijas; 

2. SIB sistǛma: apmaiǺas (II, X, XI) un intermetǕlisko savienojumu veidoġanas (IV, V, 

VII, VIII) reakcijas. 

AprǛǵinǕtǕs b-koeficientu vǛrtǭbas (3.16. att) norǕda uz bȊtisku kapacitatǭvo un 

difȊzijas-kontrolǛto procesu ieguldǭjumu abu bateriju sistǛmu gadǭjumos (LIB: 0,63 ï 0,80; 

SIB: 0,65 ï 0,98). VisaugstǕkǕ b-koeficienta vǛrtǭba LIB (b = 0,80) un SIB (b = 0,98) 

sistǛmǕs norǕda uz nozǭmǭgu kapacitǭvo procesu ieguldǭjumu. Tik nozǭmǭgs kapacitatǭvo 

procesu ieguldǭjums (pseido-kapacitǕte un elektriskǕ dubultslǕǺa kapacitǕte) galvenokǕrt var 

bȊt saistǭts ar paġa anoda slǕǺainu un nanostrukturǛtu struktȊru (Bi2Se3), kǕ arǭ ar ogklekǸa 

saturoġu aktǭvo materiǕlu klǕtbȊtni (SWCNT) [142], kas nodroġina augstu reakcijas Ǖtrumu. 

TurklǕt, LIB sistǛmas gadǭjumǕ, ar SWCNT saistǭtiem elektroǵǭmiskiem procesiem, 

maksimuma IX b-koeficenta vǛrtǭba ir arǭ samǛra augsta (0,89), apstiprinot bȊtisku 

kapacitatǭvo procesa ieguldǭjumu. 

 

3.16. attǛls. b-koeficientu noteikġana Bi2Se3/SWCNT (1:1) heterostruktȊrǕm izmantojot funkcionǕlu 

sakarǭbu log(i)=f(log(v)): a ï LIB sistǛma, b ï SIB sistǛma. 

Procesu (kapacitǭvo un difȊzijas-kontrolǛto) ieguldǭjuma noteikġana pǛc vienǕdojuma 

(3.10) apstiprina bȊtisku kapacitatǭvo procesu nozǭmǭgumu LIB un SIB sistǛmu gadǭjumos 

(3.17. att.). Pie viszemǕkǕ nomǛrǭtǕ izvǛrses Ǖtruma (0,1 mV s-1), kapacitatǭvo procesu 

ieguldǭjums sastǕda 44 % (LIB) un 69 % (SIB). SavukǕrt, pakǕpeniski palielinot izvǛrses 

Ǖtrumu lǭdz 1,0 mV s-1, kapacitatǭvo procesu ieguldǭjums kǸȊst arvien nozǭmǭgǕks sasniedzot 

74 % (LIB) un 88 % (SIB). 
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3.17. attǛls. Kapacitatǭvo un difȊzijas-kontrolǛto procesu ieguldǭjums (%) Bi2Se3/SWCNT (1:1) 

heterostruktȊrǕm: a ï LIB sistǛmǕ, b ï SIB sistǛmǕ. 

Lai izvǛrtǛtu daģǕdu Bi2Se3/SWCNT heterostruktȊru masas attiecǭbu ietekmi uz 

elektroǵǭmisko veiktspǛju LIB un SIB sistǛmǕs, tika veikti ǭstermiǺa GCD mǛrǭjumi 

100 ciklu garumǕ ar strǕvas blǭvumu 0,1 A g-1 sekojoġiem Bi2Se3:SWCNT paraugu masu 

attiecǭbǕm: LIB ï (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB ï (1:5), (1:2), (1:1), (2:1), (5:1). 

LIB sistǛmǕ (3.18.a att.) paraugs ar masas attiecǭbu (1:1) uzrǕda visaugstǕko 

sǕkotnǛjo izlǕdes kapacitǕti (879 mAh g-1), kas ievǛrojami pǕrsniedz Bi2Se3 (491 mAh g-1) 

[21] un SWCNT (~300 mAh g-1) [143] teorǛtisko kapacitǕġu vǛrtǭbas. Tik ievǛrojami augsta 

sǕkotnǛjǕ izlǕdes kapacitǕte var bȊt saistǭta ar izteiktiem kapacitatǭviem procesiem, kas 

norisinǕs uz elektroda virsmas un tiek nodroġinǕts pateicoties lielǕkam elektrolǭta/elektroda 

robeģvirsmas laukumam [142]. No 1. lǭdz 5. ciklam paraugiem ar masu attiecǭbǕm (1:5), (1:2) 

un (1:1) var novǛrot pakǕpenisku izlǕdes kapacitǕtes samazinǕġanos (1:5 ï no 331 mAh g-1 

lǭdz 301 mAh g-1; 1:2 ï no 412 mAh g-1 lǭdz 364 mAh g-1; 1:1 ï no 879 mAh g-1 lǭdz 

419 mAh g-1), kas iespǛjams ir saistǭts ar SEI slǕǺa izveidoġanos un tǕ tǕlǕko stabilizǕciju 

[28]. Paraugiem ar masu attiecǭbǕm (2:1), (3:1) un (5:1) izlǕdes kapacitǕtes kritums tiek 

novǛrots lǭdz pat 10. ï 15. ciklam, kas iespǛjams ir saistǭts ar papildus Bi2Se3 tilpuma 

izpleġanas procesu [97], ko galvenokǕrt izraisa relatǭvi zems SWCNT saturs. TurpmǕkas 

veiktspǛjas testǛġanas laikǕ no 6. lǭdz 100. ciklam visu masu attiecǭbu paraugiem (izǺemot 

5:1) var novǛrot pakǕpenisku izlǕdes kapacitǕtes pieaugumu, kas var bȊt saistǭts ar elektroda 

aktivǕcijas vai elektrolǭta sadalǭġanas procesiem [144]. Elektroda aktivǕcijas process 

galvenokǕrt ietver Se-C saiġu veidoġanǕs starp SWCNT un Se, kas novǛrġ Se ġǵǭġanu 

elektrolǭtǕ, nodroġinot labǕku elektrovadǕmǭbu [145], kǕ arǭ ievǛrojami palielina kapacitǕtǭvo 

procesu ieguldǭjumu. Paraugam ar masas attiecǭbu (5:1) ġǕds izlǕdes kapacitǕtes pieaugums 

100 ciklu garumǕ netiek novǛrots, kas var bȊt saistǭts ar zemu SWCNT saturu, kǕ rezultǕta 

Se-C saiġu veidoġanǕs nav tik efektǭva. PǛc 100. cikla starp visiem izanalizǛtiem anoda 
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materiǕliem, paraugs ar masas attiecǭbu (1:1) uzrǕda visaugstǕko izlǕdes kapacitǕti 

(523 mAh g-1), kas ir ievǛrojami lielǕka nekǕ tǕ teorǛtiskǕ vǛrtǭba, ko galvenokǕrt nodroġina 

izteikti kapacitatǭvie procesi uzlǕdes/izlǕdes laikǕ [146,147]. 

SIB sistǛmas (3.18.b att.) veiktspǛjas testǛġanas rezultǕti starp paraugiem ar daģǕdǕm 

masu attiecǭbǕm uzrǕda lǭdzǭgu tendeci kǕ LIB gadǭjumǕ (3.18.a att.). Paraugam ar masas 

attiecǭbu (1:1) ir ~2-3 reizes augstǕka sǕkotnǛja izlǕdes kapacitǕte (354 mAh g-1) nekǕ citu 

masu attiecǭbu kombinǕcijǕm: (1:5) ï 114 mAh g-1, (1:2) ï 200 mAh g-1, (2:1) ï 112 mAh g-1 

un (5:1) ï 188 mAh g-1. TurpmǕkǕs veiktspǛjas testǛġanas laikǕ visu masu attiecǭbu 

paraugiem tiek novǛrots pakǕpenisks izlǕdes kapacitǕtes samazinǕjums 100 ciklu garumǕ, kas 

var bȊt saistǭts ar elektrolǭta sadalǭġanos un/vai SEI slǕǺa degradǕciju. PǛc 100. cikla paraugs 

(1:1) uzrǕda ~2-4 reizes augstǕku izlǕdes kapacitǕti (247 mAh g-1) nekǕ citu masu attiecǭbu 

paraugi. BȊtiski ir atzǭmǛt, ka SIB sistǛmǕ netiek novǛrota pakǕpeniskǕ kapacitǕtes 

palielinǕġanǕs, kas bȊtu saistǭta ar elektroda aktivǕciju (Se-C saiġu izveidoġanos). Ġis faktors 

var bȊt saistǭts ar abu bateriju sistǛmu daģǕdiem reakciju mehǕnismiem [148]. IespǛjams, ka 

SIB sistǛmas gadǭjumǕ, katrǕ cikla laikǕ neapgriezeniski veidojoties NaBiSe2 (ko apstiprina 

iegȊtie CV dati ï 3.13.b .att), tas varǛtu mazinǕt brǭvǕ Se daudzumu, un lǭdz ar to traucǛjot 

Se-C saiġu izveidoġanos uz SWCNT virsmas. 

 

3.18. attǛls. GalvanostatiskǕs uzlǕdes/izlǕdes (GCD) ǭstermiǺa veiktspǛjas mǛrǭjumi Bi2Se3/SWCNT 

heterostruktȊram ar daģǕdǕm Bi2Se3:SWCNT masu attiecǭbǕm 100 ciklu garumǕ ar strǕvas blǭvumu 

0,1 A g-1: a ï LIB sistǛma, b ï SIB sistǛma. 

Tik ievǛrojami augsta veiktspǛja paraugam (1:1) LIB un SIB sistǛmu gadǭjumos 

(3.14. att.) galvenokǕrt var bȊt saistǭta ar izteiktiem kapacitatǭviem procesiem, kas tiek 

nodroġinǕts pateicoties efektǭvai Bi2Se3 nanostrukturǛġanai ap SWCNT saiġǵu tǭklojumu, 

veidojot sinerǥisku mijedarbǭbu. Porains Bi2Se3/SWCNT tǭklojums nodroġina lielǕku virsmas 

laukumu starp elektroda materiǕlu un elektrolǭtu, vairǕk vietas priekġ materiǕla izpleġanas 

uzlǕdes/izlǕdes laikǕ, augstǕku elektrovadǭtspǛju kǕ arǭ papildus vietu Li+/Na+ kapacitatǭvai 

uzglabǕġanai [146,147]. Palielinot Bi2Se3 relatǭvo masu attiecǭgiem LIB (2:1, 3:1, 5:1) un SIB 

(2:1, 5:1) sistǛmu paraugiem, tiek novǛrota veiktspǛjas pasliktinǕġanǕs, kas var bȊt saistǭta ar 

pǕrǕk augstu Bi2Se3 saturu anodǕ, izraisot Bi2Se3 nepilnǭgu iespieġanos SWCNT tilpumǕ, kǕ 

rezultǕtǕ nanostrukturǛts Bi2Se3 pǕrmǛrǭgi uzkrǕjas uz elektroda virspuses [149]. TǕdǛjǕdi 
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elektrodiem ar augstu Bi2Se3 saturu netiek nodroġinǕts tieġs Bi2Se3/SWCNT elektriskais un 

mehǕniskais kontakts, kǕ rezultǕtǕ tas noved pie zemǕkas elektrovadǭtspǛjas. Pie tam pǕrǕk 

zems SWCNT saturs elektroda materiǕlǕ var izraisǭt bȊtiskas tilpuma izmaiǺas [25], kas 

negatǭvi ietekmǛ elektroda struktȊru, padarot to trauslu. LIB un SIB sistǛmǕs izanalizǛtiem 

paraugiem ar relatǭvu augstu SWCNT saturu (1:2, 1:5), var arǭ novǛrot vǕjǕku veiktspǛju 

uzlǕdes/izlǕdes laikǕ. Ġis faktors var bȊt saistǭts ar to, ka, palielinot SWCNT masu elektrodǕ, 

tas ievǛrojami samazina kapacitǕti, kas ir saistǭts ar relatǭvi zemu aktǭvǕ materiǕla (Bi2Se3) 

masu paraugǕ. 

Lai izvǛrtǛtu Bi2Se3/SWCNT (1:1) heterostruktȊru izlǕdes kapacitǕġu vǛrtǭbu atkarǭbu 

no pielikta strǕvas blǭvuma, tika veikta ǕtrumspǛjas analǭze diapazonǕ no 0,1 lǭdz 5,0 A g-1 

(3.19. att.). Pie sekojoġǕm stǕvas blǭvuma vǛrtǭbǕm (0,1, 0,2, 0,5, 1,0, 2,0 un 5,0 A g-1), 

paraugs ar masas attiecǭbu (1:1) uzrǕdǭja attiecǭgas izlǕdes kapacitǕġu vǛrtǭbas: 

1. LIB  sistǛma (3.19.a att.): 650, 479, 402, 397, 400 un 420 mAh g-1; 

2. SIB sistǛma (3.19.b att.): 534, 361, 306, 267, 247 un 231 mAh g-1. 

Neskatoties uz to, ka palielinoties strǕvas blǭvumam izlǕdes kapacitǕte pakǕpeniski 

samazinǕs, tomǛr pie vislielǕkǕ lietotǕ strǕvas blǭvuma (5,0 A g-1), paraugs ar masas attiecǭbu 

(1:1) vǛl joprojǕm uzrǕda samǛra augstu izlǕdes kapacitǕti, norǕdot uz augstu anoda materiǕla 

stabilitǕti un tǕ apgriezeniskumu. TurklǕt, LIB sistǛmas gadǭjumǕ var novǛrot, ka atgrieģoties 

atpakaǸ pie 0,1 A g-1 (61. ï 70. cikls), izlǕdes kapacitǕte ir ievǛrojami palielinǕjusies 

salǭdzinǕjumǕ ar sǕkotnǛjam kapacitǕtes vǛrtǭbǕm (1. ï 10. cikls). Ġis faktors galvenokǕrt var 

bȊt saistǭts ar ievǛrojami ǕtrǕku elektroda aktivǕciju, kas norisinǕs pie lielǕka strǕvas blǭvuma. 

 

3.19. attǛls. ǔtrumspǛjas mǛrǭjumi Bi2Se3/SWCNT (1:1) heterostruktȊram strǕvas blǭvuma diapazonǕ 

no 0,1 lǭdz 5,0 A g-1: a ï LIB sistǛma (70 cikli), b ï SIB sistǛma (35 cikli) . 

Lai izvǛrtǛtu Bi2Se3/SWCNT (1:1) heterostruktȊru veiktspǛju ilgǕka laika periodǕ un 

pie intensǭvǕkiem uzlǕdes/izlǕdes apstǕkǸiem, tika veikti ilgtermiǺa GCD mǛrǭjumi. 

LIB sistǛmǕ (3.20.a att.) pie augstǕkǕm strǕvas blǭvuma vǛrtǭbǕm (2 un 5 A g-1), 

paraugs ar masu attiecǭbu (1:1) uzrǕda augstu veiktspǛju 500 ciklu garumǕ. Abos gadǭjumos 

(pie 2 un 5 A g-1) var novǛrot, ka sǕkotnǛji kapacitǕte samazinǕs lǭdz 20. ciklam, kas 

iespǛjams ir saistǭts ar SEI slǕǺa izveidoġanos un tǕ tǕlǕko stabilizǕcijas procesu. Svarǭgi ir 

piebilst arǭ to, ka dotǕ tendence tiek novǛrota arǭ ǭstermiǺa veiktspǛjas testǛġanǕ (3.18.a att.). 
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Pie 2 A g-1, var novǛrot, ka uzlǕdes/izlǕdes kapacitǕtes vǛrtǭbas pakǕpeniski pieaug lǭdz pat 

480. ciklam, sasniedzot tǕ maksimǕli pieǸaujamo vǛrtǭbu (1085 mAh g-1), kas norǕda uz 

tǕlǕku elektroda aktivǕcijas procesu. Arǭ turpinot veiktspǛjas testǛġanu, uzlǕdes/izlǕdes 

kapacitǕte paliek praktiski nemainǭga (~1080 mAh g-1) lǭdz pat 500. ciklam, norǕdot, ka 

turmpǕk elektroda aktivǕcijas process nenotiek. Veicot veiktspǛjas testǛġanu pie vǛl 

augstǕkas strǕvas blǭvuma vǛrtǭbas (5 A g-1), tiek novǛrots, ka kapacitǕte turpina pieaugt lǭdz 

pat 500. ciklam sasniedzot 809 mAh g-1. BȊtiski ir atzǭmǛt, ka pirmajos 100 ciklos 

sasniedzamǕs uzlǕdes/izlǕdes kapacitǕtes vǛrtǭbas pie 2 A g-1 ir ievǛrojami augstǕkas nekǕ 

ǭstermiǺa veiktspǛjas testǛġanas laikǕ pie 0,1 A g-1 (3.18.a att.). Ġis faktors var bȊt saistǭts ar 

to, ka veicot mǛrǭjumus pie lielǕkiem strǕvas blǭvumiem, tas palielina temperatȊru baterijas 

ġȊnǕ, nodroġinot augstǕku jonu mobilitǕti un labǕku elektroda procesa kinǛtiku [25]. 

SavukǕrt, veiktspǛjas mǛrǭjumi pie 5 A g-1, uzrǕda zemǕkas kapacitǕtes vǛrtǭbas, kas 

galvenokǕrt var bȊt saistǭts ar paaugstinǕtu mehǕnisko stresu, kǕ rezultǕtǕ anoda materiǕls 

tiek pakǸauts intensǭvǕkai degradǕcijai uzlǕdes/izlǕdes laikǕ. TurklǕt, salǭdzinoġi augsts 

strǕvas blǭvums var veicinǕt elektrolǭta sadalǭġanos, kǕ arǭ palielina Li+ patǛriǺu 

uzlǕdes/izlǕdes procesu laikǕ, kas izraisa kapacitǕtes samazinǕġanos [150]. KuloniskǕ 

efektivitǕte pie 2 un 5 A g-1 ir tuva 100 %, kas norǕda uz augstu anoda materiǕla stabilitǕti un 

uzlǕdes/izlǕdes apgriezeniskumu. 

SIB sistǛmas (3.20.b att.) gadǭjumǕ ilgtermiǺa veiktspǛjas testǛġana tika veikta 

400 ciklu garumǕ pie strǕvas blǭvuma 5 A g-1. Pirmajos 140 ciklos uzlǕdes/izlǕdes kapacitǕte 

ir samazinǕjusies par ~3 reizǛm (no 449 mAh g-1 uz 139 mAh g-1), kas ġajǕ gadǭjumǕ var bȊt 

saistǭts gan ar SEI slǕǺa degradǕciju, gan ar iespǛjamǕm strukturǕlǕm anoda materiǕla 

izmaiǺǕm. TǕlǕkǕs veiktspǛjas testǛġanas laikǕ uzlǕdes/izlǕdes kapacitǕġu vǛrtǭbas paliek 

praktiski nemainǭgas, un pǛc 400. cikla tǕs sasniedz 120 mAh g-1, norǕdot uz stabilu anoda 

materiǕla veiktspǛju. Lǭdzǭgi kǕ LIB sistǛmas gadǭjumǕ, arǭ ġeit Kuloniska efektivitǕte ir tuva 

100 %, norǕdot uz augstu stabilitǕti un izcilu uzlǕdes/izlǕdes apgriezeniskumu. 

 

3.20. attǛls. GalvanostatiskǕs uzlǕdes/izlǕdes (GCD) ilgtermiǺa mǛrǭjumi Bi2Se3/SWCNT (1:1) 

heterostruktȊram: a ï LIB sistǛmǕ 500 ciklu garumǕ pie 2 un 5 A g-1, b ï SIB sistǛmǕ 400 ciklu 

garumǕ pie 5 A g-1. 

Bi2Se3/SWCNT (1:1) heterostruktȊru elektroǵǭmisko izmaiǺu noteikġanai tika 

uzǺemti EIS spektri pirms ǭstermiǺa veiktspǛjas testǛġanas uzsǕkġanas un tǕ laikǕ pie 

sekojoġiem cikliem:  
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1. LIB  sistǛma: 1., 5., 20., 40., 100. cikls (3.21.a att.);  

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

IegȊtǕs EIS hodogrǕfu lǭknes tika aprakstǭtas pǛc lǭdzǭgǕm ekvivalentǕm slǛguma 

shǛmǕm (3.21.c,d att.), kǕ tas tika aprakstǭts Bi2Se3 plǕnǕm kǕrtiǺǕm izmantojot litija un 

nǕtrija Ȋdens elektrolǭtus (3.1.3. nodaǸa). Svarǭgi ir atzǭmǛt, ka Bi2Se3/SWCNT (1:1) 

heterostruktȊru veiktspǛjas testǛġana tika veikta divelektrodu pusġȊnǕ, kas pǛc struktȊras 

atġǵiras no trǭselektrodu sistǛmas. TǕdǛjǕdi, ġis faktors var izraisǭt sekojoġas izmaiǺas 

slǛguma shǛmu elementos: 

1. krustpunkts ar Zô asi raksturo elektrolǭta tilpuma ñbulkò pretestǭbu (Rb), kas ietver 

elektrolǭta, separatora un katodmateriǕla (LIB ï litija folija, SIB ï nǕtrija folija) 

pretestǭbu; 

2. lineǕrais apgabals, kas ir novǛrojams no Nikvista diagrammas zemo frekvenļu 

diapazonǕ, norǕda uz atvǛrto VǕrburga elementa (Wo) klǕtbȊtni, kas raksturo jonu 

un/vai molekulu difȊziju starp elektrolǭta/elektroda robeģvirmsu. 

 

3.21. attǛls. ElektroǵǭmiskǕs impedances spektroskopijas (EIS) rezultǕti Bi2Se3/SWCNT (1:1) 

heterostruktȊrǕm pirms ǭstermiǺa veiktspǛjas testǛġanas un tǕs laikǕ: a ï Nikvista diagramma LIB 

sistǛmai, b ï Nikvista diagramma SIB sistǛmai, c ï ekvivalentǕ slǛguma shǛma pirms ǭstermiǺa 

veiktspǛjas uzsǕkġanas, d ï ekvivalentǕ slǛguma shǛma ǭstermiǺa veiktspǛjas testǛġanas laikǕ. 

EkvivalentǕs ǵǛdes pretestǭbu (Rb, RSEI, Rct) vǛrtǭbas tika aprǛǵinǕtas izmantojot 

Simpleksa algoritmu (3.3. tabula). 

Abu bateriju sistǛmu gadǭjumos var novǛrot, ka 100 ciklu garumǕ Rb vǛrtǭbas ir 

savstarpǛji lǭdzǭgas un vienas kǕrtas robeģǕs, norǕdot uz augstu elektrolǭta stabilitǕti: 

(3,4 ± 0,4 ɋ cm2), SIB (6,5 Ñ 1,7 ɋ cm2). LIB sistǛmas gadǭjumǕ var novǛrot, ka Rct vǛrtǭbas 

samazinǕs no 173 ɋ cm2 (1. cikls) lǭdz 24 ɋ cm2 (100. cikls), kas iespǛjams ir saistǭts ar 

elektroda aktivǕcijas procesu (piem., Se-C saiġu veidoġanǕs uz SWCNT virsmas), palielinot 

uzlǕdes/izlǕdes kapacitǕti. Ġo faktu apstiprina arǭ ǭstermiǺa uzlǕdes/izlǕdes veiktspǛjas 

testǛġanas rezultǕti (3.18.a att.). Taļu SIB sistǛmas gadǭjumǕ tiek novǛrota pakǕpeniskǕ Rct 

vǛrtǭbu palielinǕġanǕs no 678 ɋ cm2 (1. cikls) lǭdz 1204 ɋ cm2 (100. cikls), kas var norǕdǭt uz 
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Bi2Se3/SWCNT degradǕciju un/vai nehomogǛna SEI slǕǺa ietekmi. LIB sistǛmǕ RSEI vǛrtǭbas 

pakǕpeniski samazinǕs no 350 ɋ cm2 (1. cikls) lǭdz 56 ɋ cm2 (100. cikls), norǕdot uz 

nebȊtisku SEI slǕǺa degradǕciju. SavukǕrt, SIB gadǭjumǕ SEI slǕnis paliek stabils lǭdz pat 

10. ciklam, taļu tǕlǕkǕs veiktspǛjas testǛġanas laikǕ tas sabrȊk uz ko norǕda RSEI vǛrtǭbu 

pakǕpeniskais kritums. 

SavstarpǛji salǭdzinot RSEI un Rct pretestǭbu vǛrtǭbas, var novǛrot, ka SIB gadǭjumǕ tǕs 

ir aptuveni par kǕrtu augstǕkas nekǕ LIB sistǛmai. IespǛjams, ka SIB gadǭjumǕ ievǛrojami 

augstas RSEI vǛrtǭbas norǕda uz biezǕka un izolǛjoġǕka SEI slaǺa izveidoġanos uz elektroda 

virmsas. TurklǕt, stabila SEI slǕǺa izveidoġanos varǛja nodroġinǕt FEC ġǵǭdinǕtǕja klǕtbȊtne 

elektrolǭtǕ [151]. SavukǕrt, augstas Rct vǛrtǭbas uzlades/izlǕdes laikǕ var norǕdǭt uz lǛnǕku 

lǕdiǺa pǕrnesi, ko galvenokǕrt ietekmǛ lielais Na+ rǕdiuss, kas ir raksturǭgs SIB sistemǕm 

[152,153]. 

3.3. tabula. EkvivalentǕs shǛmas pretestǭbu vǛrtǭbas (ɋ cm2) Bi2Se3/SWCNT (1:1) heterostruktȊrǕm 

LIB un SIB sistǛmǕs atkarǭbǕ no ciklu skaita. 

SistǛma Pretestǭba Pirmsa 
Cikls 

1 5 10 20 25 40 80 100 

LIB 

Rb 3,1 3,2 3,2 - 3,3 - 3,4 - 4,1 

RSEI - 350 76 - 70 - 68 - 56 

Rct  190 173 50 - 23 - 28 - 24 

SIB 

Rb 11,1 9,5 6,3 4,9 - 4,9 - 6,4 6,8 

RSEI - 2787 3510 2280 - 1442 - 553 353 

Rct  348 678 359 524 - 646 - 1158 1204 
aPretestǭbu vǛrtǭbas pirms veiktspǛjas testǛġanas uzsǕkġanas 

3.2. 3. Heterostruktɏru izmaiȾu raksturoģana pȝc veiktspȝjas 
testȝģanas 

PǛc ǭstermiǺa veiktspǛjas testǛġanas (100 cikli, 0,1 A g-1), CR2032 pusġȊna tika 

izjaukta, lai izǺemtu Bi2Se3/SWCNT (1:1) anoda materiǕlu. Lai atbrǭvotos no elektrolǭta 

pǕrpalikumiem, elektroda virsma, tika ~3-4 reizǛm izskalota ar izopropanolu un izģǕvǛta 

istabas temperatȊrǕ (25 °C). 

LIB sistǛmas gadǭjumǕ var novǛrot, ka anoda materiǕla virsma ir pǕrklǕta ar amorfu 

plǛvi, kas var liecinǕt par SEI slǕǺa klǕtbȊtni (3.22.a att.). TurklǕt, ġǵǛrsgriezuma SEM attǛls 

(3.22.b att.) norǕda, ka SEI slǕnis ir izveidojies ne tikai uz elektroda virsmas, bet gan visǕ tǕ 

materiǕla tilpumǕ, kas ir Ǹoti raksturǭgs nanostrukturǛtiem elektroda materiǕliem [154]. IegȊtǕ 

rentgendifrakcijas aina pulverveida Bi2Se3/SWCNT (1:1) paraugam, vǛl joprojǕm norǕda uz 

romboedriskas Bi2Se3 formas (Kartǭtes Nr. PDF 00-033-0213) klǕtbȊtni (3.22.c att.). Papildus 

var novǛrot intensǭvus Li2CO3 (Kartǭtes Nr. PDF 00-009-0359) un LiOH (Kartǭtes 

Nr. PDF 00-032-0564) signǕlus, kas pierǕda SEI slǕǺa klǕtbȊtni. SEM-EDX spektra dati 

(3.22.d att.), liecina, ka pǛc 100 ciklu garǕs veiktspǛjas testǛġanas, Se/Bi atomǕrǕ attiecǭba 

(eksperimentǕla ï 1,57) vǛl joprojǕm ir tuva teorǛtiskai (1,50), norǕdot uz labu Bi2Se3 

stabilitǕti. SavstarpǛji salǭdzinot iegȊtos Ramana spektroskopijas (3.22.e att.) datus (pirms 

ǭstermiǺa veiktspǛjas testǛġanas un pǛc 100. cikla) var novǛrot, ka spektra diapazonǕ no 

100 lǭdz 170 cm-1, izteiktu Bi2Se3 un Bi2O3 smaiǸu vietǕs, pǛc 100. cikla var novǛrot vairǕku 
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smaiǸu pǕrklǕġanos. DiapazonǕ no 130 cm-1 lǭdz 170 cm-1, var novǛrot plato apgabalu, kas var 

norǕdǭt uz iespǛjamo kristǕliskǕ Bi2Se3 un Bi2O3 joslu pǕrklǕġanos. SavukǕrt, smaile pie 

120 cm-1, norǕda uz LiF klǕtbȊtni, kas ir vǛl viens no SEI slǕǺa galveniem komponentiem. 

Analoǥiski var novǛrot arǭ Li2CO3 smaili pie 193 cm-1, kas lǭdzvǛrtǭgi tika pieradǭts arǭ ar 

XRD analǭzi (3.22.c att.). Papildus smailes pie ~240 cm-1 un ~251 cm-1 attiecǭgi norǕda uz Se 

un Se-C klǕtbȊtni, tǕdǛjǕdi pierǕdot Se-C saiġu veidoġanos elektroda uzlǕdes/izlǕdes laikǕ. 

Doto Se-C saiġu veidoġanǕs kavǛ selǛna ġǵǭġanu elektrolǭtǕ un nodroġina labǕku 

elektrovadǕmǭbu, kǕ rezultǕtǕ tiek palielinǕta uzlǕdes/izlǕdes kapacitǕte (3.18.a att.) un arǭ 

kapacitatǭvais ieguldǭjums (3.17.a att.). Papildus abu Ramana spektru gadǭjumos var novǛrot 

arǭ Cu2O klǕtbȊtni pie ~214 cm-1, norǕdot uz vara strǕvas kolektora pamatni. 

 

3.22. attǛls. Bi2Se3/SWCNT (1:1) heterostruktȊras morfoloǥijas un ǵǭmiskǕ sastǕva izvǛrtǛjums pǛc 

ǭstermiǺa veiktspǛjas testǛġanas (0,1 A g-1, 100 cikli) LIB sistǛmǕ: a ï SEM attǛls (ielikumǕ ï SEM 

attǛls lielǕkǕ palielinǕjumǕ), b ï ġǵǛrsgriezuma SEM attǛls, c ï rentgendifrakcijas aina,                    

d ï SEM-EDX spektrs, e ï Ramana spektrs. 

SIB sistǛma. Analoǥiski kǕ LIB sistǛmas gadǭjumǕ, arǭ ġeit pǛc veiktspǛjas testǛġanas 

gan uz elektroda virsmas (3.23.a att.), gan visǕ tǕ tilpumǕ (3.23.b att.) var novǛrot amorfo SEI 

slǕni. TurklǕt, uz elektroda virsmas var novǛrot pǕrslveida daǸiǺas izmǛrǕ ~20-120 µm, kas ir 

separatora mikroġǵiedras pǕrpalikumi. SEM-EDX spektrǕ (3.23.c att.) lǭdz ar Bi2Se3 klǕtbȊtni 

(Bi, Se signǕli), var novǛrot arǭ intensǭvus Na un O signǕlus, tǕdǛjǕdi apstiprinot SEI slǕǺa 

klǕtbȊtni (Na2O). 
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3.23. attǛls. Bi2Se3/SWCNT (1:1) heterostruktȊras morfoloǥijas un ǵǭmiskǕ sastǕva izvǛrtǛjums pǛc 

ǭstermiǺa veiktspǛjas testǛġanas (0,1 A g-1, 100 cikli) SIB sistǛmǕ: a ï SEM attǛls (ielikumǕ ï SEM 

attǛls lielǕkǕ palielinǕjumǕ), b ï ġǵǛrsgriezuma SEM attǛls, c ï SEM-EDX spektrs. 

3.3. Bi 2Se3/MXene/SWCNT heterostruktɏru raksturoģana 
pielietojumam  LIB un SIB sistȝmȗs 

3.3.1. Morfoloȧijas un ȹȯmiskȗ sastȗva izvȝrtȝjums 

Bi2Se3/MXene/SWCNT heterostruktȊru sintǛzei, tika izmantotas SWCNT ar diametru 

no 20 lǭdz 80 nm, kuru garums sastǕdǭja lǭdz pat vairǕkiem mikrometriem. No iegȊtiem SEM 

attǛliem (3.24.a att.) var novǛrot, ka uz stikla pamatnes uzputinǕtai SWCNT/MXene (1:1) 

suspensijai netiek novǛrota MXene nanoplǕksǺu aglomerǕcija, bet gan to izkliede visǕ 

SWCNT saiġǵu tǭklojumǕ, kas spǛj nodroġinǕt lielǕku elektroda virsmas laukumu, kǕ arǭ 

labǕku elektrovadǕmǭbu. TǕ kǕ SWCNT saiġǵiem ir lielǕks ǭpatnǛjais elektroda virsmas 

laukums (1315 m2 g-1 [155]) nekǕ MXene (~200 m2 g-1 [156]), tad visticamǕk, palielinǕts 

SWCNT saturs elektrodǕ spǛj nodroġinǕt vǛl lielǕku ǭpatnǛjo elektroda virsmas laukumu. 

PǛc Bi2Se3 sintǛzes uz SWCNT/MXene tǭklojuma var novǛrot, ka elektroda virsǛja 

kǕrta ir pǕrklǕta ar nejauġi orientǛtǕm Bi2Se3 nanoplǕksnǭtǛm, kuru izmǛrs sastǕdǕ no 100 lǭdz 

500 nm (3.24.b att.). TurklǕt, nanostrukturǛts Bi2Se3 nepǕrklǕj vienmǛrǭgi SWCNT virsmu, 

bet gan to augġana notiek starp SWCNT saiġǵiem (3.24.c-e att.). ĠǕds augġanas mehǕnisms 

nodroġina nehomogǛnu Bi2Se3 nanoplǕksnǭġu veidoġanos, kas ar vienu malu ir cieġi saistǭts ar 

SWCNT saiġǵiem (3.24.f att.). 
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3.24. attǛls. SintezǛto heterostruktȊru morfoloǥija: a ï SEM attǛls SWCNT/MXene (1:1) suspensijas 

maisǭjumam uz stikla pamatnes, b ï SEM attǛls Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊrai,     

c ï e ï skenǛjoġǕ transmisijas elektrona mikroskopa (STEM) attǛli, kas illustrǛ adatomu aglomerǕcijas 

sǕkumstadiju un Bi2Se3 nukleǕciju uz SWCNT saiġǵa Bi2Se3/MXene/SWCNT (1:1:2) 

heterostruktȊrai, f ï transmisijas elektrona mikroskopa (TEM) attǛls vienai Bi2Se3 nanoplǕksnei uz 

SWCNT saiġǵa Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊrai. 

IegȊtie SEM-EDX spektra dati norǕda uz Bi un Se signǕliem, kǕ arǭ papildus var 

novǛrot Ti un C, kas ir attiecinǕmi uz MXene (Ti3C2) un SWCNT klǕtbȊtni (3.25.a att.). 

IegȊtǕ rentgendifrakcijas aina apstiprina romboedrisko Bi2Se3 fǕzi (Kartǭtes          

Nr. PDF 00-033-0214), kǕ arǭ norǕda uz vara strǕvas kolektora un MXene klǕtbȊni 

Bi2Se3/MXene/SWCNT heterostruktȊrǕ (3.25.b att.). 

 

3.25. attǛls. SintezǛtǕs Bi2Se3/MXene/SWCNT heterostruktȊras ǵǭmiskǕ sastǕva izvǛrtejums:          

a ï SEM-EDX spektrs, b ï rentgendifrakcijas aina. 
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3.3.2. Elektroȹȯmisko procesu raksturoģana LIB un SIB sistȝmȗs 

CV lǭknes (0,01 ï 2,50 V / 0,1 mV s-1) tika uzǺemtas paraugiem ar vislabǕko 

veiktspǛju (3.31. att.), kam ir sekojoġas Bi2Se3:MXene:SWCNT masas attiecǭbas: LIB ï 1:1:2 

(3.26.a att.), SIB ï 2:1:1 (3.26.b att.). Abu bateriju sistǛmu gadǭjumos var novǛrot, ka 

katodiskie (I, II, IV, V) un anodiskie (VI, VII, VIII, IX, X, XI, XII) strǕvas maksimumi ir 

analoǥiski ar Bi2Se3/SWCNT heterostruktȊru, norǕdot uz vienǕdiem elektroǵǭmiskiem 

procesiem (3.2.2. nodaǸa). TomǛr lǭdz ar augstǕkminǛtiem strǕvas maksimumiem, var novǛrot 

arǭ sekojoġi jaunus maksimums: LIB (M-I, M-II, M-III, M -IV), SIB (M-V). 

LIB sistǛmas (3.26.a att.) gadǭjumǕ nelielas intensitǕtes strǕvas maksimumi M-I un 

M-IV, norǕda uz iespǛjamo Li+ reakciju (interkalǕcija/deinterkalǕcija) ar MXene (Ti3C2) 

(3.16) [157]. Ġǭs reakcijas klǕtbȊtne, iespǛjams, var liecinǕt par to, ka neskatoties uz MXene 

nanoplǕksǺu pǕrklǕġanu ar biezu Bi2Se3 slǕni, Li+ interkalǕcijas process MXene materiǕlǕ vǛl 

joprojǕm tiek nodroġinǕts. SavukǕrt, strǕvas maksimumi M-II un M-III , iespǛjams, norǕda uz 

Li+ interkalǕcijas/deinterkalǕcijas procesiem SWCNT materiǕlǕ (3.17) [158ï160]. 

SIB sistǛmǕ (3.26.b att.) papildus var novǛrot tikai vienu neapgriezenisko strǕvas 

maksimumu M-V, kas iespǛjams norǕda Na+ iesprȊġanu [161,162] starp MXene 

nanoplǕksnǛm [163]. DotǕ eletroǵǭmiskǕ reakcija ir nelabvǛlǭga, jo tǕ var izraisǭt bȊtisku 

MXene agregǕciju, ietekmǛjot Na+ pǕrnesi, kǕ rezultǕtǕ var ievǛjorami pasliktinǕties baterijas 

veiktspǛja [86]. 

Lǭdzǭgi kǕ Bi2Se3/SWCNT heterostruktȊras gadǭjumǕ, (3.13. att.) arǭ ġeit var novǛrot 

strǕvas maksimumu nobǭdi (1. ï 5. cikls) lielǕkǕ potenciǕla virzienǕ, norǕdot uz iespǛjamo 

polarizǕcijas efektu [138] un strukturǕlǕm/teksturǕlǕm elektroda materiǕla izmaiǺǕm [139]. 

ὝὭὅ ὼὒὭ ὼὩᴾὝὭὅὒὭ (3.16) 

ὅ ὼὒὭὼὩᴾὒὭὅ  (3.17) 

 

3.26. attǛls. CikliskǕs voltampǛrlǭknes Bi2Se3/MXene/SWCNT heterostruktȊrǕm pirmo 5 

uzlǕdes/izlǕdes ciklu laikǕ ar izvǛrses Ǖtrumu 0,1 mV s-1: a ï LIB sistǛmas gadǭjumǕ (1:1:2) paraugam 

(0,01 ï 2,50 V pret Li+/Li , b ï SIB sistǛmas gadǭjumǕ (2:1:1) paraugam (0,01 ï 2,50 V pret Na+/Na). 
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UzǺemto uzlǕdes/izlǕdes profilu (3.27. att.) lǭkǺu plato potenciǕli LIB un SIB 

sistǛmǕm ir analoǥiski ar Bi2Se3/SWCNT heterostruktȊrǕm (3.14. att.), kas attiecǭgi saskan 

arǭ ar iegȊtiem Bi2Se3/MXene/SWCNT CV lǭkǺu datiem (3.26. att.). TomǛr kǕ galveno 

atġǵirǭbu var norǕdǭt uz LIB sistǛmas izlǕdes (~2,30 V) un uzlǕdes (~2,00 V) plato lǭkǺu 

rajoniem, kas vienlaicǭgi norǕda uz Li+ interkalǕcijas/deinterkalǕcijas procesiem ar Bi2Se3 

(3.1) un MXene (3.16) materiǕliem. 

 

3.27. attǛls. UzlǕdes/izlǕdes profili Bi2Se3/MXene/SWCNT heterostruktȊram pirmo 5 ciklu laikǕ pie 

strǕvas blǭvuma 0,1 A g-1: a ï LIB sistǛmas gadǭjumǕ (1:1:2) paraugam (0,01 ï 2,50 V pret Li+/Li),  

b ï SIB sistǛmas gadǭjumǕ (2:1:1) paraugam (0,01 ï 2,50 V pret Na+/Na). 

No uzǺemtǕm CV lǭknǛm izvǛrses Ǖtruma diapazonǕ 0,1 ï 1,0 mV s-1 (3.28. att.), tika 

noteikta Bi2Se3/MXene/SWCNT heterostruktȊru procesu dominǛjoġa stadija pǛc 

vienǕdojuma (3.9), sekojoġǕm elektroǵǭmiskǕm reakcijǕm: 

1. LIB sistǛma: apmaiǺas reakcija (II, X) , intermetǕlisko savienojumu veidoġanas 

reakcija (IV, V, VI) , Li+ saistǭġanǕs ar -COOH (IX), Li+ interkalǕcija un 

deinterkalǕcija ar SWCNT (M-II, M-III);  

2. SIB sistǛma: apmaiǺas reakcija (II, X, XI), intermetǕlisko savienojumu veidoġanas 

reakcija (IV, V, VII, VIII), Na+ iesprȊġanu starp MXene (M-V). 
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3.28. attǛls. Bi2Se3/MXene/SWCNT heterostruktȊru iegȊtas cikliskǕs voltampǛrlǭknes izvǛrses 

Ǖtruma diapazonǕ 0,1 ï 1,0 mV s-1: a ï LIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V pret Li+/Li),               

b ï SIB sistǛmas gadǭjumǕ (0,01 ï 2,50 V pret Na+/Na). 

Li+/Na+ saistoġiem procesiem ar Bi2Se3 (II, IV, V, VI, VII, VIII, X, XI ) norǕda uz 

bȊtisku kapacitatǭvo procesu (pseido-kapacitǕte un elektriskǕ dubultslǕǺa kapacitǕte) 

ieguldǭjumu abu bateriju sistǛmu gadǭjumos (3.29. att.): LIB (b = 0,70 ï 0,87), SIB 

(b = 0,65 ï 0,96). Lǭdzǭga tendence tiek novǛrota arǭ LIB sistǛmǕ ar SWCNT saistǭtiem 

procesiem (IX, M-II, M-III), norǕdot uz kapacitatǭvo procesu klǕtbȊtni uz SWCNT virsmas 

(b = 0,60 ï 0,99) [142]. SavukǕrt, ar MXene saistǭtiem procesiem (LIB sistǛma) dominǛjoġǕ 

stadija netika aprǛǵinǕta, jo to strǕvas smaile maksimumǕ ir nenozǭmǭga. Ġis fakts, iespǛjams, 

var norǕdǭt, ka MXene salǭdzinǕjumǕ ar SWCNT darbojas kǕ tǭrs kondensators, kas spǛj 

nodroġinǕt visa anoda materiǕla strukturǕlo stabilitǕti. Taļu SIB sistǛmǕ Na+ iesprȊġana starp 

MXene nanoplaksnǛm (M-V) arǭ norǕda uz bȊtisku kapacitatǭvo procesu ieguldǭjumu 

(b = 0,99). 
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3.29. attǛls. b-koeficientu noteikġana Bi2Se3/MXene/SWCNT heterostruktȊram izmantojot 

funkcionǕlu sakarǭbu log(i)=f(log(v)): a ï LIB sistǛmǕ paraugam (1:1:2), b ï SIB sistǛmǕ paraugam 

(2:1:1). 

ProcentuǕli aprǛǵinǕtais difȊzijas-kontrolǛto/kapacitatǭvo procesu ieguldǭjums pǛc 

(3.10) vienǕdojuma, apstiprina kapacitatǭvǕ procesa dominanci abu bateriju sistǛmu 

gadǭjumos (3.30. att.). Gan LIB, gan SIB sistǛmǕ var novǛrot sekojoġu kapacitatǭvo procesu 

ieguldǭjuma pieaugumu atkarǭbǕ no potenciǕla izvǛrses Ǖtruma: 

1. LIB sistǛmǕ: no 38 % (0,1 mV s-1) lǭdz 70 % (1,0 mV s-1); 

2. SIB sistǛmǕ: no 64 % (0,1 mV s-1) lǭdz 86 % (1,0 mV s-1). 

 

3.30. attǛls. Kapacitatǭvo un difȊzijas-kontrolǛto procesu ieguldǭjums (%) Bi2Se3/MXene/SWCNT 

heterostruktȊram: a ï LIB sistǛmǕ paraugam (1:1:2), b ï SIB sistǛmǕ paraugam (2:1:1). 
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ǬstermiǺa GCD veiktspǛjas testǛġana (100 cikli, 0,1 A g-1) tika veikta sekojoġiem 

Bi2Se3/MXene/SWCNT heterostruktȊru Bi2Se3:MXene:SWCNT masas attiecǭbu paraugiem: 

LIB ï (1:1:1, 1:2:2, 0,5:1,5:2, 1:1:2, 2:1:1, 1,5:0,5:2), SIB ï (2:1:1, 1:2:2, 1:2:1). 

LIB sistǛma (3.31.a att.). Bi2Se3/MXene/SWCNT (1:1:2) uzrǕda ~2-5 reizǛm lielǕku 

sǕkotnǛju izlǕdes kapacitǕti (806 mAh g-1) nekǕ citu masu attiecǭbu paraugi. TurklǕt, (1:1:2) 

parauga sǕkotnǛjǕ izlǕdes kapacitǕte ievǛrojami pǕrsniedz (~1,7-2,7 reizes) arǭ Bi2Se3 

(491 mAh g-1) [22], SWCNT (~300 mAh g-1) [143] un MXene (Ti3C2) (~320 mAh g-1) [94] 

teorǛtisko kapacitǕġu vǛrtǭbas. Tik ievǛrojami augsta sǕkotnǛjǕ izlǕdes kapacitǕte, iespǛjams, 

tiek nodroġinǕta, pateicoties izteiktiem kapacitatǭviem procesiem, lǭdzǭgi kǕ Bi2Se3/SWCNT 

(1:1) heterostruktȊras gadǭjumǕ (3.18.a att.). No 1. lǭdz 10. ciklam paraugam ar masas 

attiecǭbu (1:1:2) var novǛrot pakǕpenisku izlǕdes kapacitǕtes samazinǕġanos no 806 uz 

651 mAh g-1, norǕdot uz SEI slǕǺa izveidoġanos [28] un tǕ tǕlǕko stabilizǕcijas procesa 

ietekmi [141]. Lǭdzǭgs kapacitǕtes kritums tiek novǛrots arǭ citu masu attiecǭbu paraugiem. 

No 11. lǭdz 100. ciklam (1:1:2) paraugam pakǕpeniski palielinǕs izlǕdes kapacitǕte, kas 

norǕda uz elektroda aktivǕcijas procesu (Se-C saiġu izveidoġanǕs), kas novǛrġ Se ġǵǭġanu 

elektrolǭtǕ, nodroġinot labǕku elektrovadǕmǭbu, kǕ arǭ ievǛrojami palielina kapacitatǭvo 

procesu ieguldǭjumu [145]. VisstraujǕkais izlǕdes kapacitǕtes pieaugums tiek novǛrots tieġi 

(1:1:2) paraugam, kas iespǛjams ir saistǭts ar relatǭvi augstu SWCNT saturu paraugǕ. TurklǕt, 

citu masu attiecǭbu paraugiem izlǕdes kapacitǕtes pieaugums ir nebȊtisks. PǛc 100. cikla 

(1:1:2) paraugam novǛro visaugstǕko izlǕdes kapacitǕti (738 mAh g-1), kas ir ~2-7 reizǛm 

lielǕka nekǕ citu masu attiecǭbu paraugiem: 371 mAh g-1 (1:1:1), 217 mAh g-1 (1:2:2), 

172 mAh g-1 (2:1:1), 329 mAh g-1 (0,5:2:1,5), 338 mAh g-1 (1,5:2:0,5). SavstarpǛji salǭdzinot 

pǕrǛjo masu attiecǭbu kombinǕcijas, var secinǕt, ka pǕrmǛrǭgs Bi2Se3 saturs elektroda 

materiǕlǕ var izraisǭt bȊtiskas tilpuma izmaiǺas, kǕ rezultǕtǕ ievǛrojami samazinǕs kapacitǕte 

un izmainǕs elektroda struktȊra. SavukǕrt, palielinot MXene un/vai MXene/SWCNT saturu, 

tas var izraisǭt savstarpǛju salipġanu, kǕ arǭ ievǛrojami samazina aktǭvǕ materiala (Bi2Se3) 

saturu, negatǭvi ietekmǛjot LIB sistǛmas veiktspǛju. Ġie augstǕkminǛtie faktori tiek 

apstiprinǕti, savstarpǛji salǭdzinot daģǕdu masas attiecǭbu paraugus. 

SIB sistǛmas gadǭjumǕ (3.31.b att.), paraugs ar masas attiecǭbu (2:1:1) uzrǕda 

visaugstǕko veiktspǛju nekǕ pǕrǛjas izanalizǛtas masas attiecǭbas. TurklǕt, svarǭgi ir piebilst, 

ka LIB sistǛmǕ paraugs (2:1:1) uzrǕdǕ viszemǕko veiktspǛju, starp pǕrǛjo masas attiecǭbu 

paraugiem. Salǭdzinot sǕkotnǛjǕs izlǕdes kapacitǕtes vǛrtǭbas, (2:1:1) paraugam tǕ ir ~1,5-3,0 

reizǛm augstǕka (254 mAh g-1). TurpmǕkǕs veiktspǛjas testǛġanas laikǕ var novǛrot, ka visu 

masu attiecǭbu paraugiem izlǕdes kapacitǕte samazinǕs 100 ciklu garumǕ, kas iespǛjams ir 

saistǭts gan ar elektrolǭta sadalǭġanos, gan ar SEI slǕǺa degradǕciju. PǛc 100. cikla paraugs 

(2:1:1) sasniedz 188 mAh g-1 augstu kapacitǕti, kas ir ~15-70 % lielǕka nekǕ pǕrǛjǕm masas 

attiecǭbu paraugiem. SalǭdzinǕjumǕ ar Bi2Se3/SWCNT (1:1), Bi2Se3/MXene/SWCNT (2:1:1) 

heterostruktȊra uzrǕda zemǕku veiktspǛju. GalvenokǕrt, tas var bȊt saistǭts ar Na+ iesprȊġanas 

procesu starp MXene nanoplǕksnǛm, kas izraisa MXene agregǕciju, ierobeģojot jonu pǕrnesi 

elektrodǕ [86]. To labi pierǕda paraugs (1:2:1), kam ir visaugstǕkais MXene saturs, kǕ arǭ 

viszemǕkǕ veiktspǛja 100 ciklu garumǕ. 
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3.31. attǛls. GalvanostatiskǕs uzlǕdes/izlǕdes (GCD) ǭstermiǺa veiktspǛjas mǛrǭjumi 

Bi2Se3/MXene/SWCNT heterostruktȊram ar daģǕdǕm Bi2Se3:MXene:SWCNT masu attiecǭbǕm 100 

ciklu garumǕ ar strǕvas blǭvumu 0,1 A g-1: a ï LIB sistǛma, b ï SIB sistǛma. 

TǕ kǕ LIB sistǛmas gadǭjumǕ Bi2Se3/MXene/SWCNT heterostruktȊra ar masas 

attiecǭbu (1:1:2) uzrǕdǭja vislabǕko veiktspǛju, tad attiecǭgi tika veikta papildus ilgtermiǺa 

GCD veiktspǛjas testǛġana un ǕtrumspǛjas analǭze. Paraugam ar masas attiecǭbu (1:1:2) var 

novǛrot augstu un stabilu izlǕdes kapacitǕti (306Ñ6 mAh g-1) strǕvas blǭvuma diapazonǕ    

0,1-10,0 A g-1 (3.32.a att.). IlgtermiǺa veiktspǛjas testǛġanas rezultǕti (1:1:2) paraugam 

(3.32.b att.) uzrǕda augstu veiktspǛju 900 ciklu garumǕ pie augsta strǕvas blǭvuma   

(10,0 A g-1). Acǭmredzami, ka ġǭ veiktspǛja ir ievǛrojami augstǕka nekǕ ǭstermiǺa veiktspǛjas 

testǛġanas laikǕ, kas var bȊt saistǭts ar bȊtisku kapacitatǭvo procesu pieaugumu tieġi pie 

lielǕkǕm strǕvas blǭvuma vǛrtǭbǕm. No 1. lǭdz 3. ciklam var novǛrot pakǕpenisku kapacitǕtes 

kritumu no 252 mAh g-1 uz 185 mAh g-1. Taļu tǕlǕkas veiktspǛjas testǛġanas laikǕ seko 

straujġ kapacitǕtes pieaugums lǭdz pat 465. ciklam sasniedzot 460 mAh g-1. Lǭdzǭgi kǕ 

ǭstermiǺa veiktspǛjas testǛsanas laikǕ, straujġ kapacitǕtes pieaugums ir saistǭts ar elektroda 

aktivǕcijas procesu (Se-C saiġu veidoġanǕs uz SWCNT virsmas). No 465. lǭdz 690. ciklam 

var novǛrot kapacitǕtes kritumu no 433 mAh g-1 uz 330 mAh g-1, norǕdot uz elektroda 

aktivǕcijas beigǕm un uz iespǛjamo anoda materiǕla degradǕciju. PǛc 690. cikla 

uzlǕdes/izlǕdes kapacitǕtes vǛrtǭbas paliek praktiski nemainǭgas, kǕ rezultǕtǕ tǕs sasniedz 

320 mAh g-1 pǛc 900. cikla. KuloniskǕ efektivitǕte ir tuva 100 %, norǕdot uz augstu anoda 

materiǕla stabilitǕti un uzlǕdes/izlǕdes procesu apgriezeniskumu. 
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3.32. attǛls. Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊras veiktspǛjas testǛġana LIB sistǛmǕ:       

a ï ǕtrumspǛjas analǭze strǕvas blǭvuma diapazonǕ 0,1 ï 10,0 A g-1 (40 cikli), b ï ilgtermiǺa GCD 

veiktspǛjas testǛġana pie strǕvas blǭvuma 10 A g-1 (900 cikli). 

IegȊto EIS hodogrǕfu lǭknes (1:1:2) paraugam LIB sistǛmǕ (3.33.a att.) pirms un 

ǭstermiǺa veiktspǛjas testǛġanas laikǕ (1., 5., 10., 25., 50. un 100. cikls.) var tikt aprakstǭtas 

pǛc 3.33.b,c attǛla redzamajǕm ekvivalentǕm slǛguma shǛmǕm, kas ir analoǥiskas ar 

Bi2Se3/SWCNT (1:1) heterostruktȊras gadǭjumu. (3.21.c,d att.). 

 

3.33. attǛls. ElektroǵǭmiskǕs impedances spektroskopijas rezultǕti Bi2Se3/MXene/SWCNT (1:1:2) 

heterostruktȊrǕm LIB sistǛmǕ pirms ǭstermiǺa veiktspǛjas testǛġanas un tǕ laikǕ: a ï Nikvista 

diagramma, b ï ekvivalentǕ slǛguma shǛma pirms ǭstermiǺa veiktspǛjas uzsǕkġanas, c ï ekvivalentǕ 

slǛguma shǛma ǭstermiǺa veiktspǛjas testǛġanas laikǕ. 

Pretestǭbu (Rb, RSEI, Rct) vǛrtǭbas tika aprǛǵinǕtas pǛc Simpleksa algoritma 

(3.4. tabula). Visu 100 ciklu garumǕ var novǛrot, ka Rb pretestǭbu vǛrtǭbas ir vienas kǕrtas 

robeģǕs (10,7Ñ1,8 ɋ cm2), norǕdot uz augstu elektrolǭta stabilitǕti. Lǭdzǭgi kǕ Bi2Se3/SWCNT 

(1:1) heterostruktȊru gadǭjumǕ (3.3. tabula), arǭ ġeit 100 ciklu garumǕ tiek novǛrota Rct 

vǛrtǭbu samazinǕġanǕs no 465 ɋ cm2 (1. cikls) lǭdz 92 ɋ cm2 (100. cikls), kas var bȊt saistǭts 

ar elektroda aktivǕcijas procesu (piem., Se-C saiġu veidoġanǕs uz SWCNT virsmas). 

SavukǕrt, RSEI vǛrtǭbas 100 ciklu garumǕ samazinǕs no 291 ɋ cm2 (1. cikls) lǭdz 152 ɋ cm2 

(100. cikls), norǕdot uz nebȊtisku SEI slǕǺa degradǕciju. 
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3.4. tabula. EkvivalentǕs shǛmas pretestǭbu vǛrtǭbas (ɋ cm2) Bi2Se3/MXene/SWCNT (1:1:2) 

heterostruktȊrǕm LIB sistǛmǕ atkarǭbǕ no ciklu skaita. 

Pretestǭba Pirmsa 
Cikls 

1 5 10 25 50 100 

Rb 15,5 13,7 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 
aPretestǭbu vǛrtǭbas pirms elektroǵǭmisko mǛrǭjumu uzsǕkġanas 

3.4. Pȝtȯto anodmateriȗlu veiktspȝjas savstarpȝjs 
salȯdzinȗjums 

LIB sistǛma. Bi2Se3 plǕnǕm kǕrtiǺǕm veiktspǛjas testǛġanas rezultǕti (~0,2 A g-1), 

izmantojot Ȋdens elektrolǭtu (5 M LiNO3), uzrǕda par ~85-90 % zemǕku izlǕdes kapacitǕti 

nekǕ Bi2Se3/SWCNT (1:1) un Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊrǕm (3.5.tabula). 

Tas galvenokǕrt var bȊt saistǭts ar Ȋdens elektrolǭta izmantoġanas ierobeģojumiem (Ȋdens 

sadalǭġanǕs potenciǕla diapazons u.c.) [13,14]. Salǭdzinot ar citiem pǛtǭjumiem par anoda 

materiǕliem organiskajos elektrolǭtos (Bi2Se3 ar mikrostienǭġu un ziedveida struktȊru), var 

secinǕt, ka Bi2Se3 plǕnǕm kǕrtiǺǕm pie salǭdzinoġi lielǕka strǕvas blǭvuma ir gandrǭz lǭdzǭga 

izlǕdes kapacitǕte. TurklǕt, Bi2Se3 organiskajos elektrolǭtos zema veiktspǛja galvenokǕrt var 

bȊt saistǭta ar selǛna ġǵǭdǭbu, kas negatǭvi ietekmǛ materiǕla struktȊras stabilitǕti. SavukǕrt, 

litija  Ȋdens elektrolǭtǕ, netiek novǛrota bȊtiska selǛna ġǵǭdǭba (3.1.3. nodaǸa), tǕdǛjǕdi uzrǕdot 

augstu Bi2Se3 plǕno kǕrtiǺu strukturǕlo stabilitǕti. KopumǕ salǭdzinot un izvǛrtǛjot Bi2Se3 

plǕno kǕrtiǺu veiktspǛju var secinǕt, ka dotais materiǕls var bȊt perspektǭvs anoda elektrods 

LIB sistǛmǕ litija Ȋdens elektrolǭtǕ. 

ǬstermiǺa veiktspǛjas testǛġanas laikǕ (0,1 A g-1) 100 ciklu garumǕ, 

Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊrai var novǛrot par ~30 % augstǕku izlǕdes 

kapacitǕti (738 mAh g-1) nekǕ Bi2Se3/SWCNT (1:1) (523 mAh g-1). Tik salǭdzinoġi augsta 

veiktspǛja galvenokǕrt ir sasniedzama, pateicoties MXene (Ti3C2) klǕtbȊtnei paraugǕ, kas 

nodroġina gan materiǕla augsto strukturǕlo stabilitǕti, gan ievǛrojami palielina kapacitatǭvo 

procesu ietekmi, kas veicina ǕtrǕku Bi2Se3/MXene/SWCNT elektroda aktivǕciju 

uzlǕdes/izlǕdes laikǕ. SavstarpǛji salǭdzinot ar citu zinǕtnieku pǛtǭto anodu materiǕlu 

ǭstermiǺa veiktspǛju var novǛrot, ka Bi2Se3 uz oglekǸa allotropa bǕzes modifikǕcijas 

(Bi2Se3/grafǛns, CNTs@C@Bi2Se3) ir par ~62-88 % augstǕka izlǕdes kapacitǕte nekǕ Bi2Se3 

(mikrostienǭġu un ziedveida struktȊrai). TurklǕt, svarǭgi ir piebilst, ka Bi2Se3/grafǛna un 

CNTs@C@Bi2Se3 elektrodi ir pagatavoti mehǕniskǕ maisǭjuma formǕ. SavukǕrt, 

Bi2Se3/SWCNT (1:1) un Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊru veiktspǛja ǭstermiǺa 

testǛġanas laikǕ ir par ~18-73 % augstǕka nekǕ Bi2Se3/grafǛnam un CNTs@C@Bi2Se3. 

IlgtermiǺa veiktspǛjas testǛġana pie lielǕkǕm strǕvas blǭvuma vǛrtǭbǕm un ilgǕkǕ 

uzlǕdes/izlǕdes laikǕ, abu pǛtǭto heterostruktȊru materiǕli uzrǕda par ~24-78 % augstǕku 

izlǕdes kapacitǕti nekǕ CNTs@C@Bi2Se3. TurklǕt, Bi2Se3/MXene/SWCNT (1:1:2) pie 

ievǛrojami augstas strǕvas blǭvuma vǛrtǭbas (10 A g-1), 900 ciklu garumǕ uzrǕda augstu un 

stabilu veiktspǛju, demonstrǛjot doto anoda materiǕlu stabilu darbǭbu LIB sistǛmǕ pie 

intensǭvǕkǕ uzlǕdes/izlǕdes reģǭma. Salǭdzinot Bi2Se3/SWCNT (1:1) un 
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Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊru veiktspǛju ar citu autoru pǛtǭtiem anoda 

materiǕliem var secinǕt, ka dotie anoda materiǕli var bȊt perspektǭvi pielietojumam LIB 

sistǛmǕs. 

3.5. tabula. IzlǕdes kapacitǕġu vǛrtǭbu salǭdzinǕjums ar literatȊrǕ aprakstǭtiem anoda materiǕliem LIB 

sistǛmǕs. 

Anods 

ǬstermiǺa veiktspǛja IlgtermiǺa veiktspǛja 

Atsauce StrǕvas 

blǭvums 

IzlǕdes 

kapacitǕte 

StrǕvas 

blǭvums 

IzlǕdes 

kapacitǕte 

Bi2Se3  

plǕnǕs kǕrtiǺasa 

~0,2 A g-1 

(1 C) 

79 mAh g-1 

(100 cikli) 
Netika veikts 

Dotais 

pǛtǭjums 

Bi2Se3/SWCNT  

(1:1) 
0,1 A g-1 

523 mAh g-1 

(100 cikli) 

2 A g-1 

5 A g-1 

 

1080 mAh g-1 

809 mAh g-1 

(500 cikli) 

Bi2Se3/MXene/SWCNT 

(1:1:2) 
0,1 A g-1 

738 mAh g-1 

(100 cikli) 
10 A g-1 

320 mAh g-1 

(900 cikli) 

Bi2Se3 mikrostienǭġi 0,05 A g-1 
55 mAh g-1 

(50 cikli) 
Nav norǕdǭts [20,164] 

Bi2Se3/grafǛns 0,05 A g-1 
205 mAh g-1 

(100 cikli) 
Nav norǕdǭts [20,25] 

CNTs@C@Bi2Se3 0,1 A g-1 
431 mAh g-1 

(100 cikli) 
1 A g-1 

243 mAh g-1 

(300 cikli) 
[28] 

Bi2Se3 ziedveida 

struktȊra 
0,1 A g-1 

77 mAh g-1 

(100 cikli) 
Nav norǕdǭts [28] 

aVeiktspǛja mǛrǭta izmantojot litija Ȋdens elektrolǭtu (5 M LiNO3) 

SIB sistǛma. Bi2Se3 plǕnǕs kǕrtiǺas nǕtrija Ȋdens elektrolǭtǕ (1 M NaNO3) uzrǕda 

ievǛrojami zemǕku izlǕdes kapacitǕti salǭdzinǕjumǕ ar pǛtǭtǕm heterostruktȊram un citiem 

anoda materiǕliem SIB sistǛmǕ. Tik zema veiktspǛja galvenokǕrt ir saistǭta ar bȊtisku anoda 

materiǕla degradǕciju, ko izraisa lielais Na+ rǕdiuss interkalǕcijas/deinterkalǕcijas procesu 

laikǕ (3.1.2. nodaǸa) [89,90]. 

Bi2Se3/SWCNT (1:1) heterostruktȊra ǭstermiǺa veiktspǛjas testǛġanas laikǕ uzrǕda par 

~24 % augstǕku izlǕdes kapacitǕti nekǕ Bi2Se3/MXene/SWCNT (2:1:1). SalǭdzinǕjumǕ ar 

LIB sistǛmu (3.3. tabula), SIB gadǭjumǕ MXene klǕtbutne anoda materiǕlǕ pasliktina 

uzlǕdes/izlǕdes veiktspǛju, kas ir saistǭts ar Na+ iespruġanu starp MXene nanoplǕksnǛm, 

izraisot to agregǕciju [86]. SavstarpǛji salǭdzinot Bi2Se3/SWCNT (1:1) heterostruktȊras 

ǭstermiǺa veiktspǛju ar citiem zinǕtnieku pǛtǭtiem anoda materiǕliem, tad tǕ izlǕdes kapacitǕte 

ir par ~11-82 % augstǕka nekǕ Bi2Se3, Bi2S3 un Bi2Se3/MXene gadǭjumos. TurklǕt, var 

novǛrot, ka ǭstermǭǺa veiktspǛjas testǛġanas laikǕ Bi2Se3/Bi2O3 izlǕdes kapacitǕte ir par 

~20 % augstǕka nekǕ Bi2Se3/SWCNT (1:1). Taļu ir svarǭgi piebilst, ka salǭdzinǕjumǕ ar 

ilgtermiǺa veiktspǛjas testǛġanas rezultǕtiem, Bi2Se3/SWCNT (1:1) heterostruktȊrai ir 

neabġaubǕmi labǕka veiktspǛja, jo pie ievǛrojami augstǕka strǕvas blǭvuma (5 A g-1) spǛj 

nodroġinǕt lǭdz pat 120 mAh g-1 (400. cikls) augstu izlǕdes kapacitǕti nekǕ Bi2O3/Bi2Se3 

gadǭjumǕ (310 mAh g-1, 100 cikli, 1 A g-1). TǕdǛjǕdi savstarpǛji salǭdzinot pǛtǭto anodu 

veiktspǛju var secinǕt, ka Bi2Se3/SWCNT (1:1) heterostruktȊras materiǕls var bȊt perspektǭvs 

kǕ anods SIB sistǛmǕ. 
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3.6. tabula. IzlǕdes kapacitǕġu vǛrtǭbu salǭdzinǕjums ar literatȊrǕ aprakstǭtiem anoda materiǕliem SIB 

sistǛmǕ. 

Anods 

ǬstermiǺa veiktspǛja IlgtermiǺa veiktspǛja 

Atsauce StrǕvas 

blǭvums 

IzlǕdes 

kapacitǕte 

StrǕvas 

blǭvums 

IzlǕdes 

kapacitǕte 

Bi2Se3  

plǕnǕs kǕrtiǺasa 

~0,2 A g-1 

(1 C) 

1,2 mAh g-1 

(100 cikli) 
Netika veikts 

Dotais 

pǛtǭjums 
Bi2Se3/SWCNT  

(1:1) 
0,1 A g-1 

247 mAh g-1 

(100 cikli) 
5 A g-1 

120 mAh g-1 

(400 cikli) 

Bi2Se3/MXene/SWCNT 

(2:1:1) 
0,1 A g-1 

188 mAh g-1 

(100 cikli) 
Netika veikts 

Bi2Se3/Bi2O3 0,1 A g-1 
310 mAh g-1 

(100 cikli) 
1 A g-1 

243 mAh g-1 

(100 cikli) 
[72] 

Bi2Se3 0,1 A g-1 
45 mAh g-1 

(100 cikli) 
Nav norǕdǭts [72] 

Bi2S3 0,5 A g-1 
110 mAh g-1 

(100 cikli) 
Nav norǕdǭts [165] 

Bi2S3/MXene 0,5 A g-1 
220 mAh g-1 

(100 cikli) 
Nav norǕdǭts [165] 

aVeiktspǛja mǛrǭta izmantojot nǕtrija Ȋdens elektrolǭtu (1 M NaNO3) 
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Secinȗjumi 

1. Bi2Se3 plǕnǕs kǕrtiǺas litija Ȋdens elektrolǭtǕ (5 M LiNO3) demonstrǛ augstǕku 

elektroǵǭmisko veiktspǛju salǭdzinǕjumǕ ar nǕtrija Ȋdens elektrolǭtu (1 M NaNO3), ko 

nodroġina pirmo 5 ciklu laikǕ izvedojies stabils SEI slǕnis, kas nodroġina Ǖtru Li+ 

transportu interkalǕcijas/deinterkalǕcijas procesu laikǕ. Litija  Ȋdens elektrolǭta 

gadǭjumǕ, pǛc 100. cikla pie 1 C (~0,2 A g-1) Bi2Se3 plǕnǕs kǕrtiǺas uzrǕda augstu 

kapacitǕti (79 mAh g-1) ar 73 % Kulonisko efektivitǕti salǭdzinǕjumǕ ar nǕtrija Ȋdens 

elektrolǭtu (kapacitǕte ï 1,2 mAh g-1, KuloniskǕ efektivitǕte ï 69 %). Ġie rezultǕti 

parǕda, ka Bi2Se3 plǕnǕs kǕrtiǺas var bȊt kǕ potenciǕls anoda materiǕls litija jonu 

bateriju (LIB) sistǛmǕ Ȋdens elektrolǭtǕ. 

2. Bi2Se3/SWCNT heterostruktȊras ar masas attiecǭbu (1:1) uzrǕda lǭdz pat 523 mAh g-1 

un 247 mAh g-1 augstu izlǕdes kapacitǕti (100 cikli, 0,1 A g-1) attiecǭgi LIB un nǕtrija 

jonu bateriju (SIB) sistǛmǕs. TurklǕt, LIB sistǛmǕ izlǕdes kapacitǕte ievǛrojami 

pǕrsniedz atseviġku kompontentu (Bi2Se3, SWCNT) teorǛtisko kapacitǕġu vǛrtǭbas. 

Pie lielǕkiem strǕvas blǭvumiem Bi2Se3/SWCNT (1:1) heterostruktȊra uzrǕda augstu 

un stabilu veiktspǛju (LIB ï 1080 mAh g-1, 2 A g-1 / 809 mAh g-1, 5 A g-1 (500 cikli); 

SIB ï 243 mAh g-1, 5 A g-1 (400 cikli)), sasniedzot Kulonisko efektivitǕti lǭdz pat 

~100 %. 

3. LIB sistǛmǕ Bi2Se3/MXene/SWCNT heterostruktȊra ar masas attiecǭbu (1:1:2) uzrǕda 

par ~30 % augstǕku veiktspǛju nekǕ Bi2Se3/SWCNT (1:1), nodroġinot lǭdz pat 

739 mAh g-1 (0,1 A g-1, 100 cikli) augstu izlǕdes kapacitǕti. Pie ievǛrojami augstǕkas 

strǕvas blǭvuma (10 A g-1), Bi2Se3/MXene/SWCNT (1:1:2) heterostruktȊra spǛj 

sasniegt lǭdz pat 320 mAh g-1 (900 cikli ) augstu izlǕdes kapacitǕti ar ~100 % 

Kulonisko efektivitǕti. Tik ievǛrojami augsta veiktpǛja norǕda uz to, ka MXene 

(Ti3C2) klǕtbȊtne heterostruktȊras materiǕlǕ bȊtiski palielina kapacitatǭvo procesa 

ieguldǭjumu, kǕ arǭ nodroġina papildus lǕdiǺa vietas uzlǕdes/izlǕdes laikǕ. SavukǕrt, 

SIB sistǛmǕ MXene klǕtbȊtne heterostruktȊrǕ uzrǕda par ~24 % zemǕku veiktspǛju 

nekǕ Bi2Se3/SWCNT (1:1) gadǭjumǕ, kam galvenais faktors var bȊt saistǭts ar Na+ 

iesprȊġanu starp MXene nanoplǕksnǛm, tǕdǛjǕdi izraisot to agregǕciju. 
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Abstract  

In the framework of the Doctoral thesis, the electrochemical characterization of 

Bi2Se3 thin films, Bi2Se3/SWCNT, and Bi2Se3/MXene/SWCNT heterostructures were carried 

out to investigate their potential use as anode materials for lithium (LIB) and sodium (SIB) 

ion batteries. For the first time, electrochemical characterization of synthesized Bi2Se3 thin 

films was tested for LIB and SIB systems using aqueous electrolytes. In addition, a new type 

of binder-free heterostructure anode materials was developed based on Bi2Se3, SWCNT, and 

MXene components (Bi2Se3/SWCNT, Bi2Se3/MXene/SWCNT), exhibiting improved 

physical and electrochemical properties. The electrochemical characterization of synthesized 

heterostructures was carried out in LIB and SIB systems using non-aqueous electrolytes. 

Multiple heterostructures were synthesized with different material component mass ratios 

(Bi2Se3, SWCNT, MXene) to find the best anode material with the highest performance. The 

results of this work demonstrated the perspective use of Bi2Se3 thin films in the LIB system 

(aqueous electrolyte media) exhibiting high performance during battery charge/discharge 

processes. Currently, synthesized heterostructure materials showed significantly higher 

performance than well-known anode materials, demonstrating their potential use in LIB and 

SIB systems. 

 

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

(Bi2Se3), single-walled carbon nanotubes (SWCNT), MXene (Ti3C2), nanostructuring, 

electrochemical characterization, battery performance 
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CV ï cycling voltammetry 
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EDX ï energy-dispersive X-ray spectroscopy 

EES ï efficient energy system 

EIS ï electrochemical impedance spectroscopy 

FEC ï fluoroethylene carbonate 

GCD ï galvanostatic charge/discharge 

LIB ï lithium-ion battery 

MWCNT ï multi-walled carbon nanotube 

PC ï propylene carbonate 

PVD ï physical vapour deposition 

SEI ï solid electrolyte interphase 

SEM ï scanning electron microscope 

SIB ï sodium-ion battery 

STEM ï scanning transmission electron microscope 

SWCNT ï single-walled carbon nanotube 

TEM ï transmission electron microscope 

XRD ï X-ray diffraction 

XPS ï X-ray photoelectron spectroscopy 

  



67 

Introduction  

In the last 20 years, the development of different battery systems used in portable 

devices (mobile phones, laptops, etc.), electric vehicles, and large-scale stationary batteries 

has become a critically important task [1,2].  

Since 1991, lithium-ion batteries (LIBs) have dominated the worldwide market as one 

of the most advanced forms of efficient energy system (EES) technologies and their demand 

still increases [3,4]. In 2017, the LIB global market was worth ~11 billion euros, but in 2023, 

it increased up to 65 billion euros. The main LIB advantages over lead-acid and nickel-hybrid 

batteries are high nominal voltage (~3.7 V), high cycling lifespan (>2000 cycles), and 

environmental friendliness [5ï7]. 

Sodium-ion batteries (SIBs) have gained significant attention as potential 

replacements for LIBs. The development of SIBs has more perspectives as the abundance of 

sodium in the Earthôs crust is higher than lithium, which can reduce the cost of manufacturing 

large-scale energy storage systems [8]. Both sodium and lithium share similar chemical and 

physical properties, but the larger mass, ionic radius, and standard potential of Na+ can cause 

lower reversible capacity, energy density, and shorter lifespan [9,10]. However, despite these 

drawbacks, SIBs have relatively lower self-discharge than LIBs [9]. 

LIB and SIB systems consist of non-aqueous electrolytes, which are highly flammable 

and explosive in contact with air [11,12]. An alternative way to minimize these risks would 

be a replacement of non-aqueous electrolytes with aqueous electrolytes. This option is more 

environmentally friendly, safer, and cheaper. The commercialization of these batteries is 

hindered due to the serious limitations: low potential window (~1.23 V), low 

charge/discharge performance, and decomposition of the water [13,14]. However, in the last 

5 years, the demand for different forms of EES has increased, leading to a huge interest in the 

development of different anode materials that would be suitable for use in lithium and sodium 

aqueous electrolytes [15ï17]. 

Bismuth selenide (Bi2Se3) is one of the most promising anode materials for LIBs and 

SIBs. This material has a unique layer structure [18,19] providing high ionic and thermal 

conductivity [20]. In addition, Bi2Se3 has high electrical conductivity [21], high density [22], 

and theoretical capacity [21], allowing to production of small electrical devices. The layered 

crystalline structure of Bi2Se3 ensures the efficient transport of lithium and sodium ions 

during the intercalation/deintercalation processes [18,19,23]. However, a significant volume 

expansion and dissolution of selenium remains the main drawback of Bi2Se3, leading to 

electrode degradation and deterioration of battery performance [21,24,25]. 

In addition, studies that could be aimed at the investigation of the potential use of 

Bi2Se3 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 Bi2Se3 (active material) with carbon allotropes (graphene [26], 

carbon nanotubes (CNTs) [27], etc.) can significantly improve physical and electrochemical 

properties. The most reported technique for the preparation of nanostructured Bi2Se3 

(Bi2Se3/graphene [25], CNTs@C@Bi2Se3 [28], etc.) is a slurry-coating method, which 
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involves the preparation of mechanical solvent (mixture) and its deposition on the current 

collector (e.g., copper or aluminium) [29]. However, anodes formed by this method usually 

have significant defects such as unstable mechanical and electrical contact between main 

electrode components, causing deterioration of its performance [29,30]. 

To solve these issues, in the framework of the doctoral thesis is developed a new 

technique of direct nanostructuring of Bi2Se3 (active material) around the SWCNT bundle 

network (binder-free material) using the physical vapour deposition (PVD) method. This 

nanostructuring technique has the following advantages: 

1. A formation of direct electrical and mechanical contact between Bi2Se3 and the 

SWCNT network provides good electrical contact [31], leading to a significant 

increase in the electrochemical performance; 

2. The flexible and porous buckypaper-type SWCNT bundle network ensures resilience 

against material expansion and contraction during the charge/discharge processes; 

3. Bi2Se3 nanostructuring in combination with the SWCNT network ensures a significant 

increment of charge/discharge capacity. 

To achieve even higher performance of Bi2Se3, MXene (Ti3C2) 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 Bi2Se3 around porous the 

MXene/SWCNT network can help to achieve the following aspects: 

1. MXene provides high structural stability for nanostructured Bi2Se3, resulting in 

capacity increment during the charge/discharge processes; 

2. The porous SWCNT network prevents MXenes from self-stacking and ensures the 

conductive backbone for the Bi2Se3 growth; 

3. A direct mechanical and electrical contact between Bi2Se3 and MXene/SWCNT 

network protects the MXenes from oxidation. 

The aim of the doctoral thesis 

Investigate the electrochemical characteristics of Bi2Se3 thin films in the aqueous 

electrolytes and develop a new type of Bi2Se3/SWCNT, Bi2Se3/MXene/SWCNT 

heterostructure anodes for LIB and SIB systems. 

The tasks of the doctoral thesis 

1. Synthesize and investigate the electrochemical properties of Bi2Se3 thin films in 

lithium and sodium aqueous electrolytes to show the possibilities of their use as anode 

material in LIB and SIB systems; 

2. Develop a new type of binder-free Bi2Se3/SWCNT and Bi2Se3/MXene/SWCNT 

heterostructure anode electrodes with improved physical and electrochemical 

properties; 

3. Perform electrochemical characterization of Bi2Se3/SWCNT and 

Bi2Se3/MXene/SWCNT heterostructures to estimate the prospective use as anodes in 

LIB and SIB systems. 
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Scientific novelty 

1. The possibilities of using Bi2Se3 thin films in lithium and sodium aqueous electrolytes 

are presented for the first time; 

2. A new type of binder-free Bi2Se3/SWCNT and Bi2Se3/MXene/SWCNT 

heterostructure anode electrodes has been developed for LIB and SIB systems; 

3. Reaction mechanisms that represent the interaction between electrolyte and electrode 

(ion intercalation/deintercalation processes, electron transfer, etc.) have been 

described. 

Practical significance 

A new type of binder-free Bi2Se3/SWCNT and Bi2Se3/MXene/SWCNT 

heterostructure electrodes with improved physical and electrochemical properties are 

proposed. The performance of developed heterostructures significantly exceeds well-known 

anode material parameters, demonstrating their potential use in LIB and SIB systems and 

commercialization. 
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1. Research background  

1.1. The characterization of lithium and sodium ion 
batteries  

Lithium -ion batteries (LIBs). Since 1991, LIBs have been considered the most 

capable forms of efficient energy system (EES) technologies [3,4]. Over time, LIBs have 

gained a huge presence in the global market by becoming the main choice of consumers due 

to their unique characteristics: high nominal voltage (~3.7 V), high energy density 

(>270 Wh kg-1), and long cycling lifespan (>2000 cycles) [5ï7]. LIBs are widely used in 

portable devices (mobile phones, computers, etc) [4,36], electric vehicles [37], and         

large-scale stationary batteries (wind and solar power plants), where the produced electrical 

energy is stored and transported [38]. Graphite is used as an anode material for LIB, as it has 

a low cost (875 $ per 1 t), high stability, and electrical conductivity (3·105 S m-1). However, 

the low theoretical capacity (372 mAh g-1) of graphite material remains the main drawback, 

which could significantly limit LIB demand in the future [39,40]. This scenario can be 

triggered by the rapid development of high-tech, causing even higher demand after more 

powerful EES. On the other hand, lithium (3860 mAh g-1) [41] or silicon (4200 mAh g-1) [42] 

could serve as promising anode materials for the LIB system as it has ~10-11 times higher 

theoretical capacity than graphite. Still, distinctly low electrical conductivity and low Li+ 

diffusion can lead to LIB performance deterioration [41,42]. Moreover, lithiumôs 

development faces several technological complications (production cost, environmental 

hazard risks, limited possibilities of disposal, etc.), which significantly hinders its 

development as an anode for the LIB system [43]. The main goal is to select and develop 

anodes that could provide high charge/discharge capacities over a long battery lifetime and 

ensure high mechanical stability, and good electrical conductivity. As a result, to improve the 

performance of LIBs, a wide variety of different anode materials (TiX2 (X= O, S, Se) [44], 

SnO2 [45], MnO [46], MoS2 [47], etc.) have been extensively investigated in the last 10 years 

[48]. 

Sodium-ion batteries (SIBs). The ever-increasing demand for LIBs in everyday life 

causes a significant increment in production cost [12,49]. Lithium abundance in the Earthôs 

crust is depleted leading to an increment of Li2CO3 mineral price (2010 ï $5 180 per 1 t, 

2022 ï $37 000 per 1 t) [50]. Such a negative tendency promotes the interest in investigating 

alternative forms of EES. SIBs can be considered a potential alternative to LIBs due to their 

similar physical and chemical properties [51]. Moreover, the deposits of sodium in the 

Earthôs crust are higher than lithium (Na ï 2.83 %, Li ï 0.01 %), making the production of 

SIBs much cheaper [8]. At this moment, the development of SIBs is hindered due to serious 

shortcomings. The main drawback is a large atomic mass (1.06 Å) and radius (23 g mol-1) of 

sodium (lithium ï radius 0.76 Å; atomic mass 6.9 g mol-1) [9,52], which can cause a 

significant volume change during the Na+ intercalation/deintercalation processes leading to 

the deterioration of electrode structure. This factor negatively affects the battery performance 

by causing a decrement in charge/discharge capacity and reducing the lifespan [9,10]. 

Multiple studies have been carried out to improve the performance of SIB with the 
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modification of electrodes (cathode/anode), electrolytes, and separators or even the 

replacement with more efficient analogous. Until now, several potential cathode materials 

(NaxVO2, VO2 [53], NaFeO2 [54], etc.) with high performance have been selected for SIB 

development. In turn, the anode material development with improved physical and chemical 

properties has encountered a significant limitation (low cycling performance, electrode 

volume expansions [55], etc.) that hinders the overall progress of SIBs [56]. Analogously to 

the LIBs, metallic sodium could be a potential anode material for SIBs due to its significantly 

high theoretical capacity (1166 mAh g-1) [57], but it has multiple technological limitations 

(environmental hazard risks, limited possibilities of disposal, low electrical conductivity, etc.) 

hindering its practical application [58]. For example, TiO2 is currently considered one of the 

potential anode materials for SIB due to its high theoretical capacity (335 mAh g-1) [59] and 

stability. However, TiO2 has low electrical conductivity and slow Na+ diffusion which causes 

a significant drop of charge/discharge capacity leading to the deterioration of battery 

performance [60ï62]. 

LIB and SIB systems use non-aqueous electrolytes, which pose a high hazard risk in 

contact with the ambient environment due to their high flammability and explosiveness. This 

risk factor is extremely high in the case of battery damage (e.g., defect in the structural 

hermeticity) [63]. The non-aqueous electrolytes consist of inorganic salt (e.g., LIB ï LiPF6, 

SIB ï NaClO4) dissolved in the mixture of organic solvents (e.g., carbonate/diethyl 

carbonate, propylene carbonate/fluoroethylene carbonate) [11,12]. Moreover, the 

manufacturing of LIB and SIB with non-aqueous electrolytes takes place in the gloveboxes 

under an inert (argon) atmosphere, which significantly increases the production cost [64]. The 

alternative solution to mitigate these risks is to replace lithium and sodium non-aqueous 

electrolytes with aqueous electrolytes using water-soluble salt compounds (LIB ï LiCl, 

LiNO3 [13], SIB ï NaCl, NaNO3 [65]). Back in 1994, the Canadian scientist Dahn and his 

research group, for the first time, demonstrated a LIB system based on the lithium aqueous 

electrolyte (5 M LiNO3) by developing a cell system that consisted of LiMn2O4 (cathode) and 

VO2(B) (anode). This battery system exhibited an average voltage of 1.5 V with an energy 

density of 75 Wh kg-1, which was ~2 times higher than the Pb-acid battery system  

(30 Wh kg-1) [66]. For a long time, investigations on the development of aqua-based batteries 

were suspended due to serious limitations such as low voltage window (~1.23 V), poor 

cycling performance, and decomposition of water, making these batteries commercially 

unviable [13,14]. Over the last 5 years, the requirement for a cheap, safe, and 

environmentally friendly EES has extensively gained huge interest for both LIB and SIB 

system development [15ï17]. To this moment, significant progress has been made in the 

development of cathode materials [64] with improved chemical and physical properties that 

are suitable for aqueous electrolytes: LIB (LiFePO4, LiCoO2, LiMn2O4 [13], etc.), SIB 

(Na2FeP2O7, MoO3, Na2VTi(PO4)3 [65], etc). On the other hand, the research on anode 

materials has hindered the progress of LIB and SIB system development in aqueous 

electrolyte media for the following reasons: low charge/discharge capacity, short lifetime, 

and rapid capacity fade [17,64,67]. A correct choice of the aqueous electrolyte plays a crucial 

role in battery performance. The most common aqueous electrolytes for LIB and SIB systems 
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are LiNO3 and Na2SO4 respectively. Among different lithium aqueous electrolytes, LiNO3 

exhibits higher electrochemical stability than LiCl and Li2SO4 [68] and can be prepared in 

high concentrations (up to 9 M) which provides even higher mobility of Li+ [69,70]. Na2SO4 

is a commonly used aqueous electrolyte in the SIB system, but its high anion reactivity  

(SO4
2-) can cause significant limitations. The combination of Bi2Se3 with Na2SO4 can cause 

the formation of various crystalline hydrates (Bi2(SO4)3·3H2O, Bi2(SO4)3·3.5H2O, 

Bi2(SO4)3·7H2O) on the electrode surface [71], resulting the deterioration of anode 

performance. To overcome this issue, the alternative approach for the SIB system is to 

replace Na2SO4 with a NaNO3 electrolyte.  

1.2. The characterization, interaction , and application of 
bismuth selenide (Bi 2Se3), carbon nanotubes (CNT) , and 
MXene composites 

Bismuth selenide (Bi2Se3) is a bismuth chalcogenide class compound (Bi2X3 X = S, 

Se, Te) that has been widely used in several fields (thermoelectric sensors, photodetectors, 

optical filters, etc.) [20]. Among other chalcogenides, Bi2Se3 has a high theoretical capacity 

(491 mAh g-1) [21], high density (7.47 g cm-3) [22], and good electrical conductivity 

(106 S cm-1) [21], which makes it a promising anode material for LIB [19,21] and SIB [72] 

systems. Bi2Se3 has a unique layered arrangement (perpendicular to the trigonal C-axis) 

consisting of five atomic planes of Bi2Se3 forming a quintuple layer                                

(···Se1ïBiïSe2ïBiïSe1···), where between Se1 atoms are located Wan der Waals gaps 

(Fig. 1.1) [18,19]. The quintuple layer thickness is ~1 nm, which is sufficient to ensure the 

large-scale transportation of Li+ and Na+ during the intercalation/deintercalation processes 

[23]. However, a significant volume expansion and dissolution of selenium remain the main 

drawbacks, hindering the application of Bi2Se3 as an anode for LIB and SIB systems, causing 

anode material degradation and rapid decrement of charge/discharge capacity [21,24,25]. On 

the other hand, no studies have been carried out to this date on the potential use of Bi2Se3 as 

an anode material for LIB and SIB systems using aqueous electrolytes.  
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Figure 1.1. Crystal lattice structure of bismuth selenide (Bi2Se3). 

The most common method to improve the electrochemical performance of anode 

materials involves nanostructuring with carbon allotropes such as graphene [26], carbon 

nanotubes (CNT) [27], or carbon nanofibers (CNF) [73]. This method can significantly 

improve the performance of anode material by providing a highly conductive structural 

backbone to the electrode [74,75]. Among several types of carbon allotropes, single-walled 

carbon nanotubes (SWCNTs) have attracted considerable interest as a binder-free material for 

anode nanostructuring due to their porosity, high surface-to-volume ratio, tensile strength 

(>60 GPa) [76], and high conductivity (107 S cm-1), which is almost for two orders higher 

than for multi-walled carbon nanotubes (MWCNTs) (105 S cm-1) [31,77]. SWCNTs consist 

of single-layer folded graphite sheets forming one-dimensional (1D) cylindrical tubes 

(Fig. 1.2) [31]. The nanostructuring of an active material along with a porous SWCNT 

network can significantly improve the performance by increasing mechanical stability, and 

electrical conductivity as well as providing high resilience against significant volume changes 

[78,79]. 

 

Figure 1.2. Schematic illustration of carbon nanotubes (CNTs). 



77 

MXene can also be used as a binder-free material for anode nanostructuring, which 

has created a high resonance in the energy field [32,33,80]. MXene is a two-dimensional 

(2D) transition metal carbide and carbonitride class compound with the general formula 

Mn+1XnTx, where M is a transition metal group element, X is C and/or N, T represents 

functional groups (ïOH, ïF and/or ïO), and n = 1, 2 or 3 [81,82]. Due to the high specific 

surface area, high flexibility, and electrical conductivity [34,35], MXene has become a 

promising anode material for use in LIB systems [83ï85]. However, the application of 

MXene in SIB system has been hindered by the formation of aggregates, self-stacking 

[86,87], and relatively low interlayer space (0.977 nm) [32,88], which is not sufficient to 

ensure large-scale transportation of Na+ [87] due to its high ionic radius (1.02 Å) [89,90]. 

Among the different MXenes, titanium carbide (Ti3C2) [91,92] has the highest theoretical 

capacity (~320 mAh g-1) [93], which can increase twice via the formation of a double-layer of 

Li+ between the MXene sheets [94]. Despite the high theoretical capacity, in real-life 

scenarios, the surface of Ti3C2 can consist of different functional groups, which can lead to 

the significant decrement of initial capacity (LIB system: Ti3C2(OH)2 ï 130 mAh g-1 [95], 

Ti3C2F3 ï 67 mAh g-1 [96]). To overcome these issues an innovative technique could be a 

modification of MXene along with CNTs, which can serve as a stable backbone for active 

anode material, providing high charge/discharge capacity, high mechanical stability, and 

flexibility [82]. 

The most reported technique to prepare nanostructured anodes is a slurry-coating 

method. This method involves the preparation of mechanical solvent (mixture) by mixing 

both anode components (binder-free and active material) and coating them on the current 

collector (e.g., copper or aluminium). This technique is widely used for research purposes 

and in the industry [29]. For the LIB system, a slurry-coating method was also applied to 

prepare nanostructured Bi2Se3 together with different carbon allotropes (Bi2Se3/graphene 

[25], CNTs@C@Bi2Se3 [28], Bi2Se3/CNF [97], etc.). The results of these works 

demonstrated that in comparison to pristine Bi2Se3, a modification along with carbon 

allotropes significantly increased the charge/discharge capacity and its lifespan [25,28,97]. 

The same technique was also applied to investigate different anode materials in the SIB 

system: Sb/Sb2O3-C [98], CNT@SnO2@PPy [99] and SeP@HCG [100]. To develop a    

high-quality anode, multiple synthesis parameters must be strictly controlled (mechanical 

solvent mixing speed, current collector coating speed, drying temperature, etc.). If the 

parameters are not controlled, the resulting anode material will present critical defects (e.g., 

fragility, mechanical cracks, non-uniform electrode thickness), leading to unstable 

mechanical and electrical contact between the electrode and current collector, causing 

deterioration of its performance [29,30]. A significant progress could be achieved by a direct 

nanostructuring of the active material around the binder-free structural network, which could 

improve the overall performance of anode material. In comparison with a slurry-coating 

method, this method allows for increase even higher performance of anode material due to 

the following advantages: 

 



78 

1. A direct electrical and mechanical contact between the active material and binder-free 

network provides high electron and charge transfer kinetics. In addition, this 

nanostructured anode material design ensures high ion transport efficiency and ion 

migration between electrolyte/electrode interface during the charge/discharge 

processes; 

2. The nanostructuring of active material around the binder-free network provides 

robustness against volume expansion processes, preventing degradation of the active 

material and its separation from the current collector substrate during the long battery 

operation; 

3. The production cost of nanostructured anode materials is lower than with the     

slurry-coating method. Moreover, the nanostructured anodes have low active material 

mass and exhibit high flexibility and bendability [101]. 

  



79 

2. Experimental section  

2.1. The synthesis of Bi 2Se3 and their heterostructures  

Nanostructured Bi2Se3 thin films were synthesized on a glass substrate using the 

physical vapour deposition (PVD) method (Fig. 2.1). A detailed description of the synthesis 

of Bi2Se3 thin films is summarized in publications No.1 (pp. 2-3) and No.2 (pp. 2-3). 

 

Figure 2.1. Schematic illustration of the physical vapour deposition (PVD) equipment for the 

synthesis of nanostructured Bi2Se3 thin films. 

Bi2Se3/SWCNT heterostructures were synthesized on a copper current collector 

substrate using the spray-coating and PVD methods (Fig. 2.2) in the following 

Bi2Se3:SWCNT mass ratios LIB ï (1:5), (1:2), (1:1), (2:1), (3:1), (5:1); SIB ï (1:5), (1:2), 

(1:1), (2:1), (5:1). A detailed description of the synthesis of Bi2Se3/SWCNT heterostructures 

is summarized in publications No.3 (p. 2) and No.4 (p. 2). 

 

Figure 2.2. Schematic illustration of the Bi2Se3/SWCNT heterostructure synthesis procedure. 

Bi2Se3/MXene/SWCNT heterostructures were synthesized on a copper current 

collector using the spray-coating and PVD methods (Fig. 2.3) in the following 

Bi2Se3:MXene:SWCNT mass ratios: LIB ï (1:1:1), (1:1:2), (1:2:2), (1.5:0.5:2), (2:1:1), 

(0.5:1.5:2), SIB ï (2:1:1), (1:2:2), (1:2:1). A detailed description of the synthesis of 

Bi2Se3/MXene/SWCNT heterostructures is summarized in publications No.4 (p. 2) and No.5 

(pp. 2-3). 
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Figure 2.3. Schematic illustration of the Bi2Se3/MXene/SWCNT heterostructure synthesis procedure. 

2.2. The electrochemical characteri zation of synthesized 
anode materials  

2.2.1. The characterization of electrochemical cell  

Nanostructured Bi2Se3 thin films. The electrochemical measurements were carried 

out using lithium (5 M LiNO3) and sodium (1 M NaNO3) aqueous electrolytes. A 3-electrode 

electrochemical cell, developed in the laboratory, was used (Fig. 2.4) with Ag/AgCl 

(reference electrode), Pt wire (counter electrode), and synthesized Bi2Se3 thin films (working 

electrode). A detailed description of a 3-electrode electrochemical cell is summarized in 

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

 

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

Bi2Se3/SWCNT and Bi2Se3/MXene/SWCNT heterostructures. The electrochemical 

performance was investigated using CR2032 half-cells (Fig. 2.5). Synthesized 

heterostructures were applied as an anode, while lithium (LIB) and sodium (SIB) foil served 

as a cathode. Polypropylene ñCelgardò film (LIB) and glass microfiber (SIB) were used as a 

separator. As electrolytes were used following non-aqueous solutions: LIB ï 1 M LiPF6 

dissolved in the mixture of ethylene carbonate/diethyl carbonate (EC/DEC),                    

SIB ï 1 M NaClO4 dissolved in the mixture of propylene carbonate/fluoroethylene carbonate 

(PC/FEC). A detailed description of a CR2032 half-cell is summarized in publications No.3 

(p. 3), No.4 (p. 2) and No.5 (p. 3). 
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Figure 2.5. Schematic illustration of CR2032 half-cell. 

2.2. 2. The description of electrochemical equipment  

For the characterization of electrochemical processes, the potentiostat ñPalmSens 4ò 

and electrochemical workstation ñBioLogic BCS-800ò (Institute of Chemical Physics, 

University of Latvia) were used in the following modes: 

1. Cyclic voltammetry (CV) ï determination of oxidation/reduction reaction, 

investigation of electrochemical reaction reversibility, the contribution analysis of 

capacitive and diffusion-controlled processes, calculation of diffusion coefficients; 

2. Galvanostatic charge/discharge (GCD) ï investigation of anode material cycling 

performance at different current densities for a certain amount of cycles; 

3. Electrochemical impedance spectroscopy (EIS) ï investigation 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 electron microscope (SEM) ñHitachi FE-SEM S-4800, Marunouchiò 

equipped with energy-dispersive X-ray (EDX) detector ñBruker XFLASH 5010ò ï 

Institute of Chemical Physics, University of Latvia, Latvia; 

2. X-ray diffractometer (XRD) ñBruker D8 Discoverò ï Faculty of Chemistry, 

University of Latvia, Latvia; 

3. X-ray photoelectron spectroscopy (XPS) ñThermoFisher Escalab 250Xi+ò ï Institute 

of Solid State Physics, University of Latvia, Latvia; 

4. Raman microscope (Renishaw in Via Qontor, Wotton-under-Edge) ï Department of 

Chemistry and Materials Science, Aalto University, Finland; 

5. High-resolution transmission electron microscope (TEM) ñHR-TEM FEI Titan 

Themis 200ò ï Institute of Physics, University of Tartu, Estonia.  
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3.  Results and discussion  

3.1. The characteri zation of nanostructured Bi 2Se3 thin 
films in lithium and sodium aqueous electrolytes  

3.1.1. The analysis of morphology and chemical composition  

Nanostructured Bi2Se3 thin films were synthesized on a glass substrate using the 

physical vapour deposition (PVD) method. The selected synthesis method provides the 

growth of Bi2Se3 nanoplates at different angles to the glass substrate (partly disordered 

orientation) [102,103], which significantly increases the surface area of the electrode, 

ensuring efficient interaction with the electrolyte. The size of synthesized Bi2Se3 nanoplates 

varies from 1.0 ï 8.0 ɛm (Fig. 3.1a), and its thickness varies between 350 ï 500 nm. The 

SEM-EDX spectra (Fig. 3.2b) showed the following peaks: Bi, Se ï synthesized Bi2Se3 thin 

films, Si, O, C ï 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 Bi2Se3. The XRD pattern (Fig 3.1c) of the scratched-off Bi2Se3 powder showed diffraction 

peaks of Bi2Se3, which refer to rhombohedral (R-3m) crystal system (Ref. card.   

No. PDF 01-085-9274): a = b = 4.13850 Å; c = 28.62400 Å. In addition, diffraction peaks 

from the cubic (I23) system ɔ-Bi2O3 (a = b = c = 10.08000 Å) were observed as well (Ref. 

card No. PDF 01-074-1375). The formation of Bi2O3 could be explained by the oxidation of 

Bi2Se3 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. 

 

Figure 3.1. a ï SEM image of synthesized Bi2Se3 thin films on the glass substrate, b ï SEM-EDX 

spectra of synthesized Bi2Se3 thin films on the glass substrate, c ï XRD pattern of Bi2Se3 powder 

obtained by scratching the as-grown thin film off the substrate. 
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3.1.2. The characterization of electrochemical processes in the 
lithium and sodium aqueous electrolytes  

Cyclic voltammetry (CV) curves of Bi2Se3 thin films in 5 M LiNO3 (Fig. 3.2a) and 

1 M NaNO3 (Fig. 3.2b) electrolytes were obtained in the potential range from -1.0 V to 1.3 V 

(vs. Ag/AgCl) at the scan rate of 0.25 mV s-1. For both electrolytes, the arrangement of 

current peaks is analogous, indicating a similar interaction of Li+ and Na+ with Bi2Se3. The 

obtained CV curves of the first five cycles show two cathodic (I, II) and four anodic (III, IV, 

V, VI) peaks. Peaks I and III are attributed to the Li+ and Na+ intercalation/deintercalation 

processes occurring in the interlayer space of Bi2Se3 (Eq. 3.1) [23,104]. On the other hand, 

peaks II and IV are attributed to the conversion reaction between Bi2Se3 and Li2Se/Na2Se 

(Eq. 3.2) [105,106]. Anodic peak V might be related to a formation of NO2
- from NO3

- 

(Eq. 3.3) [107], which can rapidly oxidize back to NO3
- due to the presence of the dissolved 

O2 in the electrolyte [108]. After the 1st cycle, an irreversible anodic peak VI can be 

observed, which might correspond to the formation of the solid electrolyte interphase (SEI) 

layer on the electrode surface [109]. The SEI layer formation occurs as the electrolyte reacts 

with dissolved O2 and CO2 to form: Li+ ï Li2O (Eq. 3.4), Li2CO3 (Eq. 3.5) [110,111];        

Na+ ï Na2O (Eq. 3.6), Na2O2 (Eq. 3.7), Na2CO3 (Eq. 3.8) [112]. From the 1st to 3rd cycle, all 

determined peaks shifted towards the higher potential side, which might be related to the pre-

treatment process, indicating the stabilization of the SEI layer until the entire electrode 

surface is covered. After the 3rd cycle, no further peak shifts were observed, indicating the 

end of the SEI layer pre-treatment process. 

ὄὭὛὩ ὼὓ ὼὩ ὓ ὄὭὛὩ  (ὓ ὒὭȟὔὥ (3.1) 

ὄὭὛὩ φὓ φὩ σὓὛὩςὄὭ (ὓ ὒὭȟὔὥ (3.2) 

ὔὕ ςὌ ςὩ ᴼὔὕ Ὄὕ  (3.3) 

SEI layer (5 M LiNO3) SEI layer (1 M NaNO3) 

τὒὭ ὕ τὩ ᴼςὒὭὕ   (3.4) 
τὔὥ ὕ τὩ ᴼςὔὥὕ   (3.6) 

ςὔὥ ὕ ςὩ ᴼὔὥὕ   (3.7) 

ςὒὭ ὕ ὅὕ ςὩ ᴼὒὭὅὕ  (3.5) τὔὥ σὅὕ τὩ ᴼςὔὥὅὕ (3.8) 
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Figure 3.2. Cyclic voltammograms of Bi2Se3 thin films in the potential range from -1.0 V to 1.3 V vs. 

(Ag/AgCl) at the scan rate 0.25 mV s-1 using: a ï 5 M LiNO3, b ï 1 M NaNO3. 

To investigate the mechanisms of Li+/Na+ intercalation (I) and deintercalation (III) 

processes, the CV curves (Fig. 3.3) were obtained at different scan rates (0.1 ï 1.0 mV s-1). 

For both electrolytes (5 M LiNO3 ï Fig. 3.3a, 1 M NaNO3 ï Fig. 3.3b), the mechanisms were 

investigated after the 3rd cycle, as it represents the formation of the stable SEI layer.  

 

Figure 3.3. Cyclic voltammograms of Bi2Se3 thin films (from -1.0 V to 1.3 V vs. Ag/AgCl) after the 

3rd cycle in the scan rate range from 0.1 mV s-1 to 1.0 mV s-1: a ï 5 M LiNO3, b ï 1 M NaNO3. 

To determine the dominant stage (capacitive or diffusion-controlled processes), the 

Semeran criterion equation (3.9) was used, where i ï the current height of the specific 

electrochemical reaction (mA), v ï scan rate (mV s-1), a and b ï adjustable fitting values 

[113,114]. 

Ὥ ὥϽὺ (3.9) 
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By constructing log-scale plots log(i)=f(log(v)) for (Eq. 3.9), the b-values for Li+ and 

Na+ intercalation/deintercalation processes were determined from the linear regression slope. 

If b Ò 0.5, it indicates the significance of diffusion-controlled processes, while 0.5 < b Ò 1.0 

demonstrates capacitive processes [113,114]. For both electrolytes (Fig. 3.4), the calculated 

b-values range from 1.16-1.28 (Li+) and 0.90-0.98 (Na+), indicating a significant contribution 

of capacitive processes (pseudo and electrical-double layer capacitance). 

 

Figure. 3.4. Log-scale plots log(i)=f(log(v)) of Bi2Se3 thin films during the intercalation (I) 

and deintercalation (III) processes of: a ï Li+ (using 5 M LiNO3), b ï Na+ (using1 M NaNO3). 

The quantitative contribution of capacitive and diffusion-controlled processes at the 

different scan rates was calculated using equation (3.10), where i(V) ï current at the certain 

voltage, k1v ï contribution of capacitive processes, and k2v ï contribution of              

diffusion-controlled processes [115,116]. 

Ὥὠ Ὧὺ ὯὺȾ  (3.10) 

The calculated contribution (%) demonstrates the notable impact of capacitive 

processes for both electrolytes (Fig. 3.5). At the lowest scan rate (0.1 mV s-1), the 

contribution of capacitive processes is 51 % (Li+) and 40 % (Na+), demonstrating that the 

Bi2Se3 thin films are affected by both processes (Li+/Na+ diffusion between 

electrolyte/electrode interphase and charge transfer). With the increase of the scan rate up to 

1.0 mV s-1, the contribution of capacitive processes becomes more pronounced reaching up to 

78 % (Li+) and 69 % (Na+). Such a high contribution of capacitive processes might indicate a 

promoted charge transfer processes and diminished diffusion barrier of Li+ and Na+ during 

intercalation/deintercalation processes.  
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Figure 3.5. The contribution (%) of capacitive and diffusion-controlled processes for Bi2Se3 thin 

films depending on the scan rate: a ï 5 M LiNO3, b ï 1 M NaNO3. 

The diffusion coefficients (cm2 s-1) for Li+ and Na+ intercalation/deintercalation 

processes were calculated using equation (3.11), where D ï diffusion coefficient (cm2 s-1), 

slope ï linear fitted slope value, n ï number of electrons involved in the electrochemical 

reaction, F ï Faraday constant (C mol-1), A ï electrode surface area (cm2), C ï electrolyte 

concentration (mol cm-3), R ï universal gas constant (J K-1 mol-1), T ï temperature (K) [113]. 

Ὀ
Ȣ

  (3.11) 

To calculate diffusion coefficients, linear slope values were determined from the 

I=f(v1/2) graph (Fig. 3.6). In the case of Li+, diffusion coefficients are similar for both 

intercalation (3.3·10-12 cm2 s-1) and deintercalation (2.2·10-12 cm2 s-1) processes. Meanwhile, 

for Na+, diffusion coefficient values for the intercalation (1.4·10-11 cm2 s-1) and 

deintercalation (1.1·10-12 cm2 s-1) processes differ by an order of magnitude which could be 

explained by the following reaction mechanisms: 

1. The intercalation process in the aqueous sodium electrolyte media is dominated by 

charge transfer which ensures efficient transportation of electrons and Na+ during the 

charge state. In addition, the deintercalation process is affected by the structure of the 

electrode material (inhomogeneity, porosity, etc.), influencing the diffusivity of Na+ 

[117]. 

2. In the aqueous sodium electrolytes, the solvation of Na+ affects the diffusivity of 

intercalation/deintercalation processes. At the electrode surface, the solvated Na+ 

partially desolvates, which enables its intercalation into the interlayer space of Bi2Se3. 

Since the intercalated Na+ is partially hydrated by coordination with the water 

molecules, its positive charge is consequently protected, leading to slower Na+ 

deintercalation [118]. 
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Figure 3.6. Dependence of v1/2 vs. I for Bi2Se3 thin films for intercalation (I) and deintercalation (III) 

processes with fitted slope values for: a ï Li+ (using 5 M LiNO3), b ï Na+ (using 1 M NaNO3). 

To investigate the possibility of using Bi2Se3 thin films as anodes in LIB and SIB 

systems (aqueous electrolyte media), galvanostatic charge/discharge (GCD) measurements 

were performed at 1 C2 (~0.2 A g ĭ) for 100 cycles. 

Cycling performance using 5 M LiNO3 electrolyte (Fig. 3.7a). After the 1st cycle, 

Bi2Se3 thin films exhibit relatively high initial capacity (charge ï 985 mAh g-1;         

discharge ï 404 mAh g-1). During the first 30 cycles, a gradual drop in charge/discharge 

capacity can be observed, reaching 226 mAh g-1 (charge) and 151 mAh g-1 (discharge), which 

could be attributed to the electrochemical and mechanical degradation of the SEI layer (the 

formation of mechanical cracks and cavities) [119,120]. Such significant degradation of the 

SEI layer might be caused by the high solubility of Li2O and Li2CO3 (the main components 

of the SEI layer) in aqueous electrolyte media. Moreover, the re-formation of this layer is 

hindered by the low concentration of dissolved O2 and CO2, which was already consumed in 

the 1st cycle. With further cycling (31st ï 100th cycle), the charge/discharge capacities 

continue to decline but not as rapidly, reaching 108 mAh g-1 (charge) un 79 mAh g-1 

(discharge) at the 100th cycle. The Coulombic efficiency demonstrates a gradual increment 

from 41 % (1st cycle) to 67 % (30th cycle), indicating a decrease in the SEI layer degradation 

process and an improvement in charge/discharge reversibility. In the subsequent cycling, the 

Coulombic efficiency remains almost unchanged, reaching up to 73 % at the 100th cycle. 

Cycling performance using 1 M NaNO3 electrolyte (Fig. 3.7b). Over the 

100 cycles, Bi2Se3 thin films in 1 M NaNO3 electrolyte demonstrated ~60-104 times lower 

charge/discharge capacities than in the 5 M LiNO3 electrolyte (Fig. 3.7a). Such a low 

performance may be due to the larger Na+ radius (1.02 Å) [89,90] in comparison to Li+ 

(0.76 Å) [121ï123], causing significant volume changes and degradation of the anode 

material which leads to the low charge/discharge capacities [124]. Over 100 cycles, cycling 

performance demonstrates similar behaviour as in the 5 M LiNO3 electrolyte. From the 1st to 

40th cycle, charge/discharge capacities decrease ~5-8 times (charge ï from 16 to 1.9 mAh g-1, 

 
2 The rate at which the battery cell is fully charged or discharged in one hour.  
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discharge ï from 6 to 1.3 mAh g-1). Similarly to 5 M LiNO3 performance (Fig. 3.7a), such a 

drastic capacity drop could be attributed to the degradation of the SEI layer by the dissolution 

of main layer components (Na2O, Na2O2, Na2CO3) in the aqueous electrolyte media. 

However, after the 40th cycle, the charge/discharge capacities remain almost unchanged, and 

after the 100th cycle, it reaches 1.7 mAh g-1 (charge) and 1.2 mAh g-1 (discharge). From the 

1st to 40th cycle, the Coulombic efficiency exhibits a gradual increment from 37 % to 67 %, 

but in further cycling, it remains almost constant by reaching 69 % (100th cycle). 

 

Figure 3.7. Galvanostatic charge/discharge (GCD) cycling performances of Bi2Se3 thin films at 1 C 

(~0.2 A g-1) for 100 cycles: a ï using 5 M LiNO3 electrolyte, b ï using 1 M NaNO3 electrolyte. 

To investigate the changes in electrochemical properties of Bi2Se3 thin film during the 

cycling performance (Fig. 3.7), electrochemical impedance spectroscopy (EIS) measurements 

were carried out for both electrolytes (5 M LiNO3 ï Fig. 3.8a and 1 M NaNO3 ï Fig. 3.8b). 

The obtained EIS hodographs were described using a standard equivalent circuit scheme 

(Randles circuit scheme) illustrating the electrochemical properties at electrolyte/electrode 

interphase. The selected circuit scheme was modified by replacing the capacitor (C) element 

with the constant phase element (CPE), characterizing the double-layer behaviour and 

inhomogeneity/roughness of the working electrode. For both electrolytes (5 M LiNO3, 

1 M NaNO3), 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 Zô axis represents the electrolyte resistance (Rel) (Fig. 3.8c). The 

semicircle in the medium-frequency range corresponds to the charge-transfer resistance (Rct) 

of Bi2Se3 thin films. The additional circuit element (CPEct) characterizes the 

inhomogeneity/roughness of the surface of Bi2Se3 thin films and its double-layer capacity. 

The linear slope region in the low-frequency range is attributed to the diffusion of the 

reacting ions and/or molecules to the electrode interface. After the 1st cycle, an additional 

semicircle can be observed in the low-frequency range, which is attributed to the SEI layer, 

characterizing its resistance (RSEI) as well as surface inhomogeneity/roughness and      

double-layer capacity (CPESEI) (Fig. 3.8d). 
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Figure 3.8. Electrochemical impedance spectroscopy (EIS) results of Bi2Se3 thin films using aqueous 

electrolytes: a ï Nyquist plot for using 5 M LiNO3, b ï Nyquist plot for using 1 M NaNO3,              

c ï equivalent circuit scheme before cycling, d ï equivalent circuit scheme during the cycling. 

The resistance values of Bi2Se3 thin films (Rel, Rct, RSEI) were calculated using the 

Levenberg-Marquardt algorithm before cycling and during the GCD measurements 

(Table 3.1): 5 M LiNO3 ï 1st, 5th, 10th, 25th, 100th cycle, 1 M NaNO3 ï 1st, 5th, 10th, 20th, 30th 

cycle. 

For both electrolytes, the calculated Rel values remained almost unchanged and with 

the same order of magnitude indicating the high stability of electrolyte: 0.058Ñ0.007 kɋ cm2 

(5 M LiNO3 100 cycles) and 0.041Ñ0.002 kɋ cm2 (1 M NaNO3 30 cycles). During the 

cycling performance, a gradual increment of Rct values can be observed for both electrolytes 

which might represent the possible structural and/or textural changes of the working electrode 

(Bi2Se3 thin films). In the case of 5 M LiNO3, after the 100th cycle, the Rct values have been 

decreased ~4 times which might be related to the possible degradation of Bi2Se3 thin films. 

The calculated RSEI values gradually decrease over 100 (5 M LiNO3) and 30 (1 M NaNO3) 

cycles, indicating the possible degradation (e.g., formation of mechanical cracks and cavities) 

of the SEI layer. 

By comparing the resistance values between both electrolytes, the RSEI and Rct values 

using 1 M NaNO3 are about two orders of magnitude lower than using 5 M LiNO3. Such a 

significant difference might represent a notable degradation of the SEI layer and Bi2Se3 thin 

films in the aqueous sodium electrolyte media which negatively affects the charge/discharge 

performance. This fact is also confirmed by the low charge/discharge capacities during the 

GCD performance testing (Fig. 3.7b). 
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Table 3.1. Cycle-depended fitted resistance values (kɋ cm2) of Bi2Se3 thin films using 5 M LiNO3 

and 1 M NaNO3 electrolytes. 

Electrolyte Resistance 
Before 

cycling 

Cycle 

1st 5th 10th 20th 25th 30th 50th 100th 

5 M  

LiNO3 

Rel  0.032 0.045 0.054 0.057 - 0.061 - 0.063 0.065 

RSEI  - 812 467 386 - 282 - 103 91 

Rct  892 323 420 306 - 467 - 603 264 

1 M 

NaNO3 

Rel  0.036 0.041 0.041 0.039 0.043 - 0.041 - - 

RSEI  - 0.273 0.157 0.096 0.058 - 0.071 - - 

Rct  1.586 0.900 1.010 1.155 1.178 - 1.221 - - 

3.1.3. The characterization of the changes of Bi 2Se3 thin films after 
the electrochemical processes  

The post-mortem analysis was performed after the CV measurements of the first 

5 cycles (Fig. 3.2). The surface of the working electrode (Bi2Se3 thin films) was gently 

washed ~3-5 times with deionized water (0.055 µS cm-1) and dried at room temperature 

(25 °C). A SEM analysis method was performed to investigate the morphological changes on 

the electrode surface. However, for the investigation of chemical composition XPS 

(5 M LiNO3) and SEM-EDX (5 M LiNO3 and 1 M NaNO3) analysis techniques were applied. 

For both electrolytes, the surface of Bi2Se3 thin films is coated with an amorphous 

film, which presumably could be a SEI layer (5 M LiNO3 ï Fig. 3.9a;                 

1 M NaNO3 ï Fig. 3.9b). 

 

Figure 3.9. Morphological changes of Bi2Se3 thin films after the cycling voltammetry measurements 

(after the 5th cycle): a ï SEM image (5 M LiNO3 electrolyte), b ï SEM image (1 M NaNO3 

electrolyte). 

The XPS spectra of Bi2Se3 thin films in 5 M LiNO3 electrolyte (Fig 3.10a) showed a 

notable Li 1s peak, which could be attributed to the SEI layer which consists of Li2O and 

Li2CO3. The Bi 4f spectra showed the presence of oxidized Bi form (peaks ï Bi 4f5/2, 

Bi 4f7/2), which is attributed to the Bi2O3. Presumably, the initial formation of Bi2O3 on the 

electrode surface could occur in the 1st cycle by the reaction of Bi2Se3 with the dissolved O2. 

However, the further growth of Bi2O3 was inhibited by the formation of the SEI layer. After 

the 5th cycle, the presence of Bi2Se3 is still observed, which is indicated by the following 

peaks: Se (Se 3d3/2, Se 3d5/2 ï Fig. 3.10a) and Bi (Bi 4f5/2, Bi 4f7/2 ï Fig. 3.10b). 
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Figure 3.10. XPS spectra of Bi2Se3 thin films in 5 M LiNO3 electrolyte after the cyclic voltammetry 

measurements (after the 5th cycle): a ï Se 3d and Li 1s spectra, b ï Bi 4f spectra. 

The atomic mass (%) of chemical composition calculated from SEM-EDX spectra 

data (Table 3.2), shows negligible dissolution of Se in the first 5 cycles, demonstrating the 

high stability of Bi2Se3 thin films in the aqueous electrolyte media. In the case of 

1 M NaNO3, after the 5th cycle, the content of Na increased ~7 times, which confirms the 

presence of the SEI layer (Na2O, Na2O2, Na2CO3) on the electrode surface. 

Table 3.2. Quantitative SEM-EDX analysis (atomic %) of Bi2Se3 thin films in 5 M LiNO3 un 1 M 

NaNO3 electrolytes before cycling and after the cycling voltammetry (after the 5th cycle). 

Element 
Before cycling After the 5th cycle 

5 M LiNO 3 1 M NaNO3 5 M LiNO 3 1 M NaNO3 

Bi 41.0 ± 1.0 27 ± 2 46 ± 2 10.2 ± 1.2 

Se 59.2 ± 1.1 41 ± 2 54 ± 2 9.4 ± 1.2 

Na - 2.7 ± 1.3 - 18.3 ± 1.4 

3.2. The characterization of Bi 2Se3/SWCNT 
heterostructures as anodes in the LIB and SIB systems 

3.2.1. The analysis of morphology and chemical composition  

The surface of the synthesized Bi2Se3/SWCNT heterostructure (Fig. 3.11a) consists of 

Bi2Se3 nanoplates (size 0.2-2.0 µm) growing directly on the individual SWCNTs bundle 

network (diameter 20-80 nm). Most Bi2Se3 nanoplates grow perpendicularly to the surface of 

the SWCNT bundles and are orientated alongside the SWCNTs. This fact is confirmed by 

TEM/STEM analysis (Fig. 3.11b) which showed that a free-standing Bi2Se3 nanoplate is 

tightly bonded with one edge (perpendicular to the c-axis) to the surface of the SWCNT 

bundle. The cross-section SEM image (Fig. 3.11c) shows a relatively high concentration of 

Bi2Se3 nanoplates on the electrode surface, which gradually decreases inside the SWCNT 

network. 
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Figure 3.11. The morphology of synthesized Bi2Se3/SWCNT heterostructure: a ï SEM image of the 

surface of Bi2Se3/SWCNT, b ï transmission electron microscope (TEM) image of a Bi2Se3 

nanostructure grown on SWCNT bundle (inset ï scanning transmission electron microscope (STEM) 

image), c ï cross-section SEM image. 

The data obtained from SEM-EDX spectra (Fig. 3.12a) and XRD pattern (Fig 3.12b) 

confirm the chemical composition of synthesized Bi2Se3/SWCNT heterostructure by the 

following results: 

1. The Se/Bi atomic ratio determined from the SEM-EDX spectra indicates the 

stoichiometric composition of Bi2Se3 (calculated ï 1.43, theoretical ï 1.50); 

2. The XRD pattern indicates the rhombohedral (R-3m) crystal structure of Bi2Se3 (Card 

No. PDF 00-033-0213) with the following crystal lattice parameters: 

a = b = 4.13960 Å; c = 28.63600 Å. 

Both analysis methods (SEM-EDX, XRD) also showed the presence of copper 

representing the current collector substrate. Additionally, the SEM-EDX spectra showed a 

carbon signal, confirming the presence of SWCNTs in the sample. 

The XPS spectra results also confirm the uniform chemical composition of the 

Bi2Se3/SWCNT heterostructure. The Bi 4f spectra (Fig. 3.12c) exhibit peaks at 158.0 eV 

(4f7/2) and 163.3 eV (4f5/2) which correspond to the Bi2Se3 phase. Peaks at 158.9 eV (4f7/2) 

and 164.2 eV (4f5/2) might be related to the presence of a very thin Bi2O3 on the electrode 

surface [125]. On the other hand, the Se 3d spectra (Fig. 3.12d) peaks at 53.3 eV (3d3/2) and 

54.2 eV (3d5/2) indicating the presence of Se in the Bi2Se3 phase. 
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Figure 3.12. The analysis of the chemical composition of synthesized Bi2Se3/SWCNT 

heterostructure: a ï SEM-EDX spectra, b ï XRD pattern, c ï XPS spectra of Bi 4f data,                   

d ï 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 for Bi2Se3/SWCNT heterostructure 

(Bi2Se3:SWCNT ï 1:1) with the highest performance in LIB and SIB systems (Fig. 3.18). CV 

curves were obtained in the potential range 0.01-2.50 V (LIB ï vs. Li+/Li; SIB ï vs. Na+/Na), 

at the scan rate of 0.1 mV s-1, for the first 10 cycles. For both battery systems, the following 

peaks were observed: 

1. LIB  (Fig. 3.13a): five cathodic (I, II, III, IV, V), four anodic (VI, IX, X, XII) peaks; 

2. SIB (Fig. 3.13b): four cathodic (I, II, III, IV), five anodic (VI, IX, X, XII) peaks. 

As in the case of using lithium (5 M LiNO3) and sodium (1 M NaNO3) 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 Bi2Se3/SWCNT heterostructure. 

The Li+/Na+ intercalation and deintercalation processes in Bi2Se3 are indicated by 

peaks I and XII (3.1), respectively [28,104]. Peaks II and X correspond to the conversion 

reaction between the Bi2Se3 and Li2Se/Na2Se (3.2) [28,106,126]. In the SIB system, an 

additional peak XI indicates the formation of NaBiSe2 by the reaction of Na+ with Na2Se 

(3.11) [126,127]. After the 1st cycle, an irreversible peak III (LIB system) corresponds to the 

formation of the SEI layer on the electrode surface [128,129]. The absence of peak III in the 

2nd cycle indicates the end of the formation of the SEI layer [129]. In addition, peak III 

overlaps with the formation of alloys (IV, V) which could indicate a possible presence of 

alloy compounds (LiBi, Li3Bi) in the SEI layer composition [28,129,130]. In the SIB system, 
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instead of peak III, the presence of the SEI layer is confirmed by a potential shift of peak II 

for ~0.2 V from the 1st to the 2nd cycle. Such a different peak arrangement might be related to 

the different chemical composition of the SEI layer in LIB and SIB systems, which depends 

on the electrolyte composition [131,132]. For both battery systems, cathodic peaks IV and V 

correspond to the multi-step formation of LiBi/NaBi (3.12) and Li3Bi/Na3Bi (3.13) 

[28,133,134] alloys (alloying reactions) respectively. Moreover, the dealloying reaction for 

both battery systems occurs through different mechanisms as follows: 

1. LIB system: anodic peak VI corresponds to the formation of Li3Bi back to metallic 

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

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

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

The additional anodic peak IX in the LIB system may represent a possible side 

reaction of Li+ with -COOH groups located on the surface of the SWCNT (3.15) [136]. This 

peak is not observed in the SIB, which can be attributed to the weaker interaction of Na+ with 

-COOH groups. Compared to Li+, Na+ has a larger ionic radius and lower charge density, 

which leads to a weaker electrostatic attraction to the -COOH group electron cloud [137]. 

In both battery systems, a shift of determined peaks can be observed towards a higher 

potential side, which might be related to the polarization effect [138] and structural/textural 

changes of anode material [139]. 

ςὔὥὛὩὄὭO ὔὥὄὭὛὩ σὔὥ σὩ  (3.11) 

ὄὭὓ Ὡ ὓὄὭ (ὓ ὒὭȟὔὥ           (3.12) 

ὓὄὭςὓ ςὩ ὓὄὭ (ὓ ὒὭȟὔὥ   (3.13) 

ὒὭὄὭO ὄὭσὒὭ σὩ                                  (3.14) 

ὼὒὭὲὙὅὕὕὌOὲὒὭὅὕὕὙὲὌ ὼὩ     (3.15) 

 

Figure 3.13. Cyclic voltammograms of Bi2Se3/SWCNT (1:1) heterostructures for the first 10 cycles at 

the scan rate 0.1 mV s-1: a ï LIB system (0.01 ï 2.50 vs. Li+/Li),                                                           

b ï SIB system (0.01 ï 2.50 vs. Na+/Na). 
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The charge/discharge profiles of the first 10 cycles (Fig. 3.14) are in good agreement 

with the CV results (Fig 3.13). In the 1st cycle, a wide discharge plateau at 0.80 V (LIB) and 

1.25 V (SIB) corresponds to the formation of the SEI layer. The charge and discharge 

plateaus at 2.10 V (LIB), 2.01 (SIB), and 2.30 V (LIB), 2.20 V (SIB) correspond to Li+/Na+ 

intercalation and deintercalation processes respectively (3.1). The conversion reaction 

between Bi2Se3 and Li2Se/Na2Se (3.2) is represented by the following charge/discharge 

plateaus: charge ï 1.60 V (LIB), 1.15 V (SIB); discharge ï 2.00 V (LIB), 1.65 V (SIB). In the 

case of the SIB system an additional discharge plateau at 1.90 V, indicating the formation of 

NaBiSe2 (3.11). For the alloying/dealloying reactions, multiple small plateau curves can be 

observed at the following potentials: 

1. LIB system (3.12, 3.13, 3,14): charge (0.75/0.80 V), discharge (0.90 V); 

2. SIB system (3.12, 3.13): charge (0.63 V/0.83 V), discharge (0.55 V/0.36 V). 

After the 5th cycle, the charge/discharge profiles did not change significantly, 

indicating the good structural stability of the anode [138], and excellent Li+/Na+ storage 

reversibility [128,140]. In addition, the overlapping of charge/discharge profiles may also 

indicate the end of the SEI layer pre-treatment process, which provides high stability and 

improved performance during the charge/discharge processes [141]. Moreover, there are no 

plateaus in the charge/discharge profiles that could represent SWCNT-related 

electrochemical processes, indicating the absence of predominant Faradaic processes. 

 

Figure 3.14. Charge/discharge profiles of Bi2Se3/SWCNT (1:1) heterostructures for the first 10 cycles 

at current density 0.1 A g-1: a ï LIB system (0.01 ï 2.50 vs. Li+/Li),                                                      

b ï SIB system (0.01 ï 2.50 vs. Na+/Na). 

To investigate the electrochemical processes and mechanisms for Bi2Se3/SWCNT 

(1:1) heterostructure, multiple CV curves were obtained in the scan rate range from 

0.1 to 1.0 mV s-1 (Fig. 3.15). 
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Figure 3.15. Cyclic voltammograms of Bi2Se3/SWCNT (1:1) heterostructures in the scan rate range 

from 0.1 mV s-1 to 1.0 mV s-1: a ï LIB system (0.01 ï 2.50 vs. Li+/Li),                                                  

b ï SIB system (0.01 ï 2.50 vs. Na+/Na). 

The dominant stage of Bi2Se3/SWCNT (1:1) heterostructure was determined using 

equation (3.9) for the processes involving Bi2Se3 interaction with Li+/Na+: 

1. LIB system: conversion (II, X) and alloying/dealloying (IV, V, VI) reaction; 

2. SIB system: conversion (II, X, XI) and alloying/dealloying (IV, V, VII, VIII). 

In both battery systems, calculated b-values (Fig. 3.16) demonstrate that the 

Bi2Se3/SWCNT (1:1) heterostructure exhibits a significant contribution from both capacitive 

and diffusion-controlled processes (LIB: 0.63 ï 0.80; SIB: 0.65 ï 0.98). The upper limit of   

b-values in the LIB (b = 0.80) and SIB (b = 0.98) systems indicates a dominant contribution 

of capacitive processes. Such a significant contribution of the capacitive processes (pseudo 

and electrical-double layer capacitance) can be expected from layered, nanostructured, 

porous, and carbon-containing active materials (e.g., SWCNT, graphene) [142], which 

provide a high kinetic rate of electrochemical reactions. 
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Figure 3.16. Log-scale plots log(i)=f(log(v)) of Bi2Se3/SWCNT (1:1) heterostructures:                        

a ï LIB system, b ï SIB system. 

The quantitative contribution of capacitive and diffusion-controlled processes, 

calculated using equation (3.10), confirms a notable dominance of capacitive processes in 

LIB and SIB systems (Fig. 3.17). At the lowest scan rate (0.1 mV s-1), the contribution of 

capacitive processes is 44 % (LIB) and 69 % (SIB). However, with a gradual increase of scan 

rate up to 1.0 mV s-1, the contribution of capacitive processes becomes more pronounced 

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

 

Figure 3.17. The contribution (%) of capacitive and diffusion-controlled processes for 

Bi2Se3/SWCNT (1:1) heterostructures: a ï LIB system, b ï SIB system. 
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To find how the changes in Bi2Se3/SWCNT relative content can affect heterostructure 

performance, short-term GCD measurements were carried out (100 cycles, 0.1 A g-1) for the 

following Bi2Se3:SWCNT mass ratios: LIB ï (1:5), (1:2), (1:1), (2:1), (3:1), (5:1);          

SIB ï (1:5), (1:2), (1:1), (2:1), (5:1). 

LIB system (Fig 3.18a). The sample with the mass ratio of (1:1) demonstrated the 

highest initial discharge capacity (879 mAh g-1), which significantly exceeds the theoretical 

capacity of pristine Bi2Se3 (491 mAh g-1) [21] and SWCNT (~300 mAh g-1) [143]. Such a 

high initial discharge capacity might be related to the pronounced capacitive processes on the 

electrode surface which are enabled by the large electrode/electrolyte contact area [142]. 

From the 1st to 5th cycle, samples (1:5), (1:2), and (1:1) exhibit a gradual decrement of 

discharge capacity (1:5 ï from 331 mAh g-1 to 301 mAh g-1; 1:2 ï from 412 mAh g-1 to 

364 mAh g-1; 1:1 ï from 879 mAh g-1 to 419 mAh g-1), which could be attributed to the 

formation of SEI layer and its further pre-treatment process [28]. For the sample (2:1), (3:1), 

and (5:1), a discharge capacity drop is observed until the 10th ï 15th cycle, which might be 

related to the additional volume expansion effect of the Bi2Se3 [97], caused by low relative 

content of SWCNTs. In the subsequent cycling (6th ï 100th cycle), all mass ratio samples 

(except 5:1) demonstrate a gradual increment of discharge capacity, which could be related to 

the electrode activation process or electrolyte decomposition [144]. The electrode activation 

process involves the formation of Se-C bonds between SWCNT and Se, which inhibit the 

dissolution of selenium, provide additional electron pathways [145], and promote the 

significant contribution of capacitive processes. For the sample with a mass ratio (5:1) 

sample, a gradual capacity increment was not observed due to the insufficient content of the 

SWCNT in the anode, which led to the less efficient formation of Se-C bonds. After the 

100th cycle, among all studied anode materials, sample (1:1) showed the highest discharge 

capacity (523 mAh g-1), which significantly exceeds the theoretical capacity values. Such a 

significant increment in discharge capacity can be related to the large contribution of 

capacitive storage of Li+ [146,147]. 

SIB system (Fig. 3.18b) short-term cycling performance of different mass ratio 

samples showed a similar tendency as in the case of LIB (Fig.3.18a). The sample (1:1) has 

~2-3 times higher initial discharge capacity (354 mAh g-1) than for other studied mass ratios: 

(1:5) ï 114 mAh g-1, (1:2) ï 200 mAh g-1, (2:1) ï 112 mAh g-1 and (5:1) ï 188 mAh g-1. In 

the subsequent cycling, all studied mass ratio samples demonstrate a gradual decrement of 

discharge capacity till the 100th cycle, which could be attributed to the electrolyte 

decomposition and/or SEI layer degradation. After the 100th cycle, the sample (1:1) 

demonstrates ~2-4 times higher discharge capacity (247 mAh g-1) than other studied mass 

ratios. It is important to note, that the SIB system does not exhibit the gradual capacity 

increase which is associated with the electrode activation process (formation of Se-C bonds). 

This factor might be related to different reaction mechanisms in both battery systems [148]. 

In the case of the SIB system, the irreversible formation of NaBiSe2 (confirmed by CV 

results ï Fig 3.13b) might reduce the amount of free Se which hinders the formation of Se-C 

bonds on the SWCNT surface. 
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Figure 3.18. Galvanostatic charge/discharge (GCD) short-term cycling performances 

of Bi2Se3/SWCNT (1:1) heterostructures for different Bi2Se3:SWCNT mass ratios (100 cycles,        

0.1 A g-1): a ï LIB system, b ï SIB system. 

Such an excellent performance for Bi2Se3/SWCNT (1:1) heterostructure in LIB and 

SIB systems (Fig. 3.14) might be related to the pronounced contribution of capacitive 

processes which is ensured by efficient nanostructuring of Bi2Se3 on the SWCNT network, 

resulting in synergistic interaction. A porous Bi2Se3/SWCNT network ensures a large contact 

area between electrolyte and electrode material providing extra space for volume expansion 

during the charge/discharge processes, good electrical conductivity, and additional sites for 

capacitive storage of Li+/Na+ [146,147]. With the increase of the relative mass of Bi2Se3, LIB 

(2:1, 3:1, 5:1) and SIB (2:1, 5:1) system samples demonstrated gradual deterioration of anode 

performance which could be due to the high concentration of Bi2Se3 in the anode. It could 

cause the incomplete penetration of Bi2Se3 in the volume of SWCNT, resulting in the      

over-accumulation of Bi2Se3 on the electrode surface [149]. Moreover, the electrode with a 

high Bi2Se3 content could not provide a direct electrical and mechanical contact of 

Bi2Se3/SWCNT leading to the lower electrical conductivity. On the other hand, relatively low 

SWCNT content in the electrode material can cause significant volume changes making the 

electrode structure more fragile [25]. Samples with a relatively high SWCNT content (1:2, 

1:5) also exhibited lower charge/discharge performance, which might be related to the 

decrease of the active material (Bi2Se3) relative mass in the anode. 

To investigate how different current densities can affect the discharge capacities of 

the Bi2Se3/SWCNT (1:1) heterostructure, a rate capability analysis was performed in the 

range of 0.1 ï 5.0 A g-1. At the respective current density values of 0.1, 0.2, 0.5, 1.0, 2.0, and 

5.0 A g-1, the sample (1:1) demonstrated the following discharge capacities. 

1. LIB system (Fig. 3.19a): 650, 479, 402, 397, 400 un 420 mAh g-1; 

2. SIB system (Fig. 3.19b): 534, 361, 306, 267, 247 un 231 mAh g-1. 

For both battery systems, a Bi2Se3/SWCNT (1:1) heterostructure still shows relatively 

high discharge capacity at the highest applied current density (5.0 A g-1), indicating high 

stability and reversibility of the anode material. In the case of the LIB system, from the 61st to 
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70th cycle (0.1 A g-1), the sample (1:1) showed a significant increment of discharge capacity 

in comparison to initial values (1st ï 10th cycle), which might be related to the enhanced 

electrode activation at larger current densities. 

 

Figure 3.19. The rate capability of Bi2Se3/SWCNT (1:1) heterostructures in the current density range 

from 0.1 to 5.0 A g-1: a ï LIB system (70 cycles), b ï SIB system (35 cycles). 

Additional long-term GCD measurements were carried out to investigate 

Bi2Se3/SWCNT (1:1) heterostructure performance over extended cycle periods under more 

intense charge/discharge conditions. 

LIB system (Fig. 3.20a). At the higher current densities (2 and 5 A g-1), the 

Bi2Se3/SWCNT (1:1) heterostructure demonstrates excellent performance over the 

500 cycles. Initially, for both current densities (2 and 5 A g-1), a gradual charge/discharge 

capacity decrement can be observed till the 20th cycle, which could be attributed to the 

formation and further pre-treatment process of the SEI layer. A similar tendency is 

observed also for short-term cycling performance results (Fig. 3.18a). At the current density 

of 2 A g-1, the charge/discharge capacities continue to increase up to the 480th cycle by 

reaching its maximum value of 1085 mAh g-1, indicating a further activation process of the 

electrode. In the subsequent cycling, charge/discharge capacities remain unchanged and reach 

1080 mAh g-1 at the 500th cycle, demonstrating the endpoint of the electrode activation 

process. The long-term cycling performance at the higher current density (5 A g-1), the (1:1) 

sample exhibits continuous capacity increment till the 500th cycle by reaching 809 mAh g-1. 

For the first 100 cycles, the exhibited charge/discharge capacity values at 2 A g-1 are higher 

than during the short-term cycling performance at 0.1 A g-1 (Fig. 3.18a). This fact might be 

related to the increment of internal temperature in the battery cell, which provides higher ion 

mobility and electrode kinetic at higher current densities [25]. On the other hand, at a current 

density of 5 A g-1, Bi2Se3/SWCNT (1:1) heterostructure shows reduced capacity due to the 

heightened mechanical stress-induced degradation, in contrast to the electrodes operating at 

0.1 A g-1 and 2 A g-1 current densities. In addition, a relatively high current density can 

promote significant decomposition of electrolytes and increase the consumption of Li+ during 

the charge/discharge process, which leads to the capacity fade [150]. The Coulombic 
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efficiency for both current densities (2 and 5 A g-1) is close to 100 %, indicating high stability 

of the anode material and good charge/discharge reversibility. 

SIB system (Fig. 3.20b). The long-term cycling performance of Bi2Se3/SWCNT (1:1) 

heterostructure was performed for 400 cycles at a current density of 5 A g-1. In the first 

140 cycles, the charge/discharge capacity has been decreased ~3 times (from 449 mAh g-1 to 

139 mAh g-1), 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 400th cycle, it reaches 120 mAh g-1, demonstrating a 

stable anode performance. As with the LIB system, the Coulombic efficiency is close to 

100 % indicating high stability and excellent reversibility.  

 

Figure 3.20. Long-term cycling performance of Bi2Se3/SWCNT (1:1) heterostructures: a ï LIB 

system (500 cycles; 2 and 5 A g-1), b ï SIB system (400 cycles; 5 A g-1). 

The EIS hodographs were obtained before and during the short-term cycling 

performance, to investigate the changes in the electrochemical properties of Bi2Se3/SWCNT 

(1:1) heterostructure: 

1. LIB system (Fig. 3.21a): after the 1st, 5th, 20th, 40th, 100th cycle;  

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

The obtained EIS hodographs were described by similar equivalent circuit schemes 

(Fig. 3.21c,d) as described for Bi2Se3 thin films (Chapter 3.1.3). It should be noted, that 

Bi2Se3/SWCNT (1:1) heterostructure performance was investigated using a 2-electrode cell, 

which is structurally different from the 3-electrode cell system, leading to the following 

changes in the circuit elements: 

1. The intercept with the Zô axis describes the bulk resistance (Rb), which includes the 

resistance of the electrolyte, separator, and counter/reference electrode (LIB ï lithium 

foil; SIB ï sodium foil); 

2. The linear slope in the low-frequency range represents the Warburg open element 

(Wo) describing the diffusion of ions and/or molecules between the 

electrolyte/electrode interface. 
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Figure 3.21. Electrochemical impedance spectroscopy (EIS) results of Bi2Se3 /SWCNT (1:1) 

heterostructure in the LIB and SIB system before cycling and during the short-term cycling 

performance: a ï Nyquist plot, b ï equivalent circuit scheme before the cycling performance,          

c ï equivalent circuit scheme during the cycling performance. 

The equivalent circuit resistance values (Rb, RSEI, Rct) were described using the 

Simplex algorithm (Table 3.3). 

For both battery systems, the values of Rb over 100 cycles are almost similar and 

within the same order of magnitude, indicating a high stability of the electrolyte: 

(3.4 ± 0.4 ɋ cm2), SIB (6.5 Ñ 1.7 ɋ cm2). In the case of the LIB system, the Rct values 

gradually decrease from 176 ɋ cm2 (1st cycle) to 24 ɋ cm2 (100th cycle) which might 

represent the electrode activation process (e.g., Se-C bond formation on the SWCNT 

surface), increasing the charge/discharge capacity. This fact is also confirmed by the      

short-term cycling performance results (Fig. 3.18a). On the other hand, the SIB system 

demonstrates the increment of Rct values from 678 ɋ cm2 (1st cycle) to 1204 ɋ cm2 

(100th cycle) which could indicate a degradation of the Bi2Se3/SWCNT and the possible 

effect of an inhomogeneous SEI layer. In the LIB system, the value of RSEI gradually 

decreases from 350 ɋ cm2 (1st cycle) to 56 ɋ cm2 (100th cycle) representing a negligible 

degradation of the SEI layer. In contrast, the RSEI value for the SIB system remains stable up 

to the 10th cycle, but its gradual drop can be observed in the subsequent cycling. 

The RSEI and Rct values for the SIB system are almost one order higher than in the 

LIB system. The relatively high RSEI values might be attributed to the formation of the thicker 

and more insulating SEI layer on the electrode surface. Moreover, the formation of the stable 

SEI layer could be assured by the presence of the FEC solvent in the electrolyte [151]. The 

relatively high Rct values during the charge/discharge processes may indicate a slower charge 

transfer, which is mainly influenced by the large Na+ radius [152,153]. 
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Table 3.3. Cycle-depended fitted resistance values (ɋ cm2) of Bi2Se3/SWCNT (1:1) heterostructure in 

the LIB and SIB system. 

System Resistance 
Before 

cycling 

Cycle 

1st 5th 10th 20th 25th 40th 80th 100th 

LIB 

Rb 3.1 3.2 3.2 - 3.3 - 3.4 - 4.1 

RSEI - 350 76 - 70 - 68 - 56 

Rct  190 173 50 - 23 - 28 - 24 

SIB 

Rb 11.1 9.5 6.3 4.9 - 4.9 - 6.4 6.8 

RSEI - 2787 3510 2280 - 1442 - 553 353 

Rct  348 678 359 524 - 646 - 1158 1204 

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

After the short-term cycling performance (100 cycles, 0.1 A g-1), the CR2023 half-cell 

was disassembled to remove the Bi2Se3/SWCNT (1:1) anode. To get rid of excess electrolyte, 

the surface of the electrode was washed ~3-4 times with isopropanol and dried at room 

temperature (25 °C). 

LIB system. The post-mortem analysis showed that the surface of the anode material 

is coated with amorphous film, which presumably could be the SEI layer (Fig. 3.22a). The 

cross-section SEM image (Fig. 3.22b) shows that the SEI layer is formed both on the 

electrode surface and the entire electrode volume which is very common for nanostructured 

electrode materials [154]. The obtained XRD pattern of powder-form Bi2Se3/SWCNT (1:1) 

heterostructure still demonstrates the presence of rhombohedral Bi2Se3 (Ref. card 

No. PDF 00-033-0213). The additional intense signals of Li2CO3 (Ref. card         

No. PDF 00-009-0359) and LiOH (Ref. card No. PDF 00-032-0564) confirm the presence of 

the SEI layer. The SEM-EDX spectra (Fig. 3.22d) showed that after the 100th cycle, the 

atomic ratio of Se/Bi is still close to the theoretical (theoretical ï 1.50, experimental ï 1.57), 

illustrating the high stability of Bi2Se3. The Raman spectroscopy was carried out before and 

after the short-term cycling performance (Fig. 3.22e). After the 100th cycle, from 100 to 

170 cm-1, can be observed the overlapping of several bands. The plateau between 130 and 

170 cm-1, shows the presence of crystalline Bi2Se3 and Bi2O3 bands (after the 100th cycle). In 

addition, the peak at ~120 cm-1, is attributed to the presence of LiF, which is another main 

component of the SEI layer. The peak at ~190 cm-1, represents Li2CO3 (SEI layer 

component), which was also confirmed by XRD analysis (Fig. 3.22c). The additional signals 

at ~240 cm-1 and ~251 cm-1 show the presence of Se and Se-C, respectively. The formation of 

Se-C bonds inhibits the dissolution of selenium and provides additional electron transport 

pathways, which ensures the increment of charge/discharge capacity (Fig. 3.18a) and 

capacitive contribution (Fig. 3.17a). In addition, in both Raman spectra (before cycling and 

after the 100th cycle), the presence of Cu2O (~214 cm-1) is attributed to the background from 

the current collector. 
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Figure 3.22. The analysis of morphology and chemical composition of Bi2Se3/SWCNT (1:1) 

heterostructure after the short-term cycling performance (0.1 A g-1, 100 cycles) in the LIB system:     

a ï SEM image (inset ï SEM image in the higher magnification), b ï cross-section SEM image,         

c ï XRD pattern, d ï SEM-EDX spectra, e ï Raman spectra. 

SIB system. Analogous to the LIB system, an amorphous SEI layer is observed after 

the short-term cycling performance on both the electrode surface (Fig. 3.23a) and the entire 

material volume (Fig. 3.23b). The surface of the electrode is also covered with small flakes 

(~20-120 µm), representing the remnants of the microfiber separator. Along with the 

presence of Bi2Se3 (Bi and Se signals), the SEM-EDX (Fig. 3.23c) spectra showed intense 

signals of Na and O, which confirm the presence of the SEI layer in the form of Na2O. 

 

Figure 3.23. The analysis of morphology and chemical composition of Bi2Se3/SWCNT (1:1) 

heterostructure after the short-term cycling performance (0.1 A g-1, 100 cycles) in the SIB system:      

a ï SEM image (inset ï SEM image in the higher magnification), b ï cross-section SEM image,         

c ï SEM-EDX spectra. 


























































