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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Temas aktualitate

Lidz ar pieaugoSo atjaunojamo energijas avotu izmantoSanu un dazadu nozaru
elektrifikaciju globalais pieprasijums péc efektiviem un ilgtsp€jigiem energijas uzglabasanas
risinajumiem tikai pieaug [1]-[5]. Atjaunojamajiem energijas avotiem ir raksturiga energijas
raZoSanas neregularitate, pieméram, Saules energiju ir iesp&ams iegit tikai diennakts gaisaja
laika [6]-[8]. Tadel uzladeéjamam baterijam ir butiska nozime atjaunojamo energoresursu
neregularitates mazinasand, nodro§inot uzticamu energijas uzglabasanu un stabilu
elektroenergijas apgadi péc pieprasijuma [9]-[12]. Patlaban viena no izplatitakajam un
veiksmigakajam elektroenergijas uzkrasanas iesp&am ir litija jonu uzlad€jamas baterijas [13]—
[17]. Tam ir augsts energijas (Iidz 500 Wh/g) un jaudas (Iidz 300 W/kg) blivums, Li anodam ir
liela teoretiska kapacitate jeb ladinietilpiba (3860 mA h/g), augsts darbibas spriegums
(> 3,7 V), ka arT augsta uzlades-izlades stabilitate (vairak neka 10 000 ciklu) ar zemu pasizladi
[18]-[24]. Tomer litija jonu uzladejamo bateriju galvenie trukumi ir to dro$iba, kas saistita ar
parkarSanu un iesp&jamo paSaizdegSanos [25]-[29], ka arT ierobeZotas litija ieguves iespgjas
[30]-[33]. Sie aspekti ir mudinajusi meklgt alternativas, atistot jaunas vai uzlabojot esosas
bateriju tehnologijas.

No jau eso$ajam bateriju tehnologijam ievérojamu uzmanibu ir piesaistijusas tdens
elektrolita Zn-MnQO; baterijas, kas jau Sobrid dominé neuzladg€jamo bateriju tirgi [34], [35].
Tam ir zemakas izmaksas, augstaka drosiba, tas ir videi draudzigakas, salidzinot ar litija jonu
uzladgjamajam baterijam [36]-[38]. Tomeér nakotnes merkiem nepiecieSams attistit So bateriju
potencialo lietojumu uzlad&jamo bateriju joma, un tas saistits ar vairakiem izaicinajumiem,
pieme@ram, elektrolita stabilitate, elektrodu degradacija un veiktspgjas ierobezojumi [19],[39]—
[43].

Viena no problémam, kas raksturiga Zn-MnO» uzladéjamam baterijam, ir zemais darba
spriegums un slikta cikljamiba, kas izriet no MnO» katoda nestabilitates un nevélamajam
blakusreakcijam, tadam ka MnO- disproporciong$anas un $kiSana, fazu parejas uz kimiski
neaktivam fazé€m, skabekla izdaliSanas reakcija (OER) un Kimiski neaktivu savienojumu
veidoSanas ar Zn?* joniem [44], [45]. Lai optimiz&tu $o uzlad&jamo bateriju veiktsp&ju, ir pétiti
dazadi elektrolitu sastavi, tostarp sarmaini [19], [38], [46], [47], neitrali [48]—-[51] un skabi
[52], [53], tomé&r katra pieeja nevelami ietekmé cikla ilgumu, efektivitati un reakcijas kinétiku.
Pieméram, sarmaina elektrolita apstaklos izlades procesa Mn?* joni reagé ar OH- un veido
neskistoSas Mn(OH)2 nogulsnes, skaba elektrolita Zn anods korodg, neitrala elektrolita veidojas
kimiski neaktivas fazes ka ZnMn»O4. Savukart talaka elektrolitu pielago$ana un izpéte, veidojot
pH gradienta elektrolitus un divu elektrolitu sistémas, veicina ievérojamus uzlabojumus Zn-
MnO; sisteému elektrokimiskaja stabilitaté un darba sprieguma palielinasana. Riipigi pielagojot
elektrolita vidi ap anodu un katodu, iesp&jams paplasinat elektrokimisko tidens sadalisanas
diapazonu, vienlaikus mazinot nevélamas blakusreakcijas [54]-[59].

Papildus elektrolitu optimizacijai nepiecieSams pieveérst uzmanibu ari MnO; katoda
strukturalajai stabilitatei. MnO: ir vairaki polimorfi, un tiem ir dazadas elektrokimiskas ipasSibas
atkariba no to kristala struktiiras. Attiecigajai fazu rindai a > & > P, teorctiska kapacitate



samazinas, tadejadi dazadas fazes uzrada atskirigu elektrokimisko cikl&jamibu un jonu difuziju
[60]-[62]. Ja sarmainos elektrolitos MnO: katods veido elektrokimiski neaktivas fazes ka
Mn(OH)2, Mn203 un Mn3Os4 [19], tad skabos elektrolitos blakusreakciju rezultata tas var iz8kist
vai pariet cita polimorfa [40], [63], kas izraisa kapacitates samazinasanos. Heteroatomu
ievadiSana elektrodu struktira ir potencials So problému risindjums, lai uzlabotu
elektrokimiskas Tpasibas [64]. Lidz Sim ir veikti ptijumi, apskatot heteroatomu ietekmi uz
MnO», sarmainos un neitralos elektrolitos. Pieméram, dopesana ar Co [65]-[67], ka arT Mo
[68], [69] veicina defektu rasanos MnO, kristalrezgi, kas stabilizé kadu konkrétu polimorfo
struktiru. Savukart dop&sana ar Bi [34],[70]-[73] sasaurina MnO> aizliegtas zonas platumu,
kas palielina MnO> elektrisko vaditsp&ju, lai lautu efektivak parvietoties elektrokimiskajai
reakcijai nepiecieSamajiem elektroniem, tadgjadi veicinot elektrokimiskas S$kiSanas un
nogulsnésanas procesu.

VeI viens biitisks ierobeZojums idens elektrolita Zn jonu baterijam ir metaliska Zn anoda
nestabilitate, ka rezultata veidojas dendriti, norisinas tidenraza izdaliSanas reakcija (HER) un
notiek virsmas pasivacija [41]-[43]. Lai novérstu Sis nevélamas blakusreakcijas, ir pétitas
dazadas virsmas modifikacijas metodes ar mérki uzlabot Zn anoda elektrokimiskas 1pasibas.
Galvenie virzieni ir saistiti ar elektroda virsmas parklasanu vai elektrolita modific€Sanu, kas
kontrolé anoda elektrokimiskas SkiSanas un nogulsnéSanas reakcijas. Dazi no parklajumu
veidiem ieklauj CaCOs3 [74], ZnO [75]-[77], ZrO> [78]-[80] un TiO; [81]-[83], ka ari dazadu
poliméru parklajumu veidosanu [84]-[87].

So péttjumu talaka attistisana, kas ietver elektrolitu izstradi, katoda stabilizaciju, Zn virsmas
modificéSanu un integraciju baterijas, ir nozimigs solis cela uz uzladeéjamu tdens elektrolita
Zn-MnO; bateriju komercializaciju. Tadel $aja promocijas darba pievérsta uzmaniba
galvenajiem ierobezojumiem elektrolita, katoda un anoda limeni ar mérki veicinat tadas
uzladgjamas baterijas attistibu, kurai ir lielaks energijas blivums, uzlabota dro$iba un kas ir
elektrokimiski ciklgjama.

Pétijjuma merkis un uzdevumi

Promocijas darba merkis ir izstradat konceptu tidens elektrolita Zn-MnO; bateriju
sprieguma palielinaSanai virs 2 V, ka ar1 izpétit nepiecieSamas elektrolita, katoda un anoda
modifikacijas §1 koncepta realizésanai.

Darba meérka sasniegSanai tika definéti vairaki uzdevumi.

1. Izstradat stratégiju tdens bazes elektrolita ladejamu bateriju darba sprieguma
palielinasanai virs 2 V, apejot tidens sadaliSanas sprieguma ierobezojumus.

2. Sintezet MnO> pulverus, kas dopéti ar Bi un Mo joniem. Novertet iegiito materialu
Tpasibas, izmantojot dazadas analizu metodes, un sagatavot planos parklajumus uz ogles
papira. Veikt elektrokimiskos meérjumus sagatavotajiem parklajumiem skaba
elektrolita.

3. Modificét Zn plaksnes ar impulsu lazeru pie dazadam energijas plasmam. Veikt
sagatavoto paraugu raksturoSanu, izmantojot dazadas analizu metodes, un veikt
elektroktmiskos merfjumus baziska elektrolita.

4. Izveidot pH gradienta elektrolitu, izmantojot hidrogelus. Izveidot Zn-MnO; bateriju,
izmantojot sagatavoto pH gradienta elektrolitu, veikt elektrokimiskos mérjjumus un
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noteikt, vai ir iesp&jams paplasinat fidens elektrolita darbibas sprieguma diapazonu virs
2V.

Aizstavamas tézes

1. pH gradienta elektrolita sistéma, kura pie anoda ir sarmaina vide, pie katoda — skaba vide,
palielina Gidens elektrokimisko sadali$anas sprieguma diapazonu.

2. MnO; katoda dop&$ana ar Bi** un Mo®" joniem uzlabo elektrokimisko darbibu skaba
elektrolita.

3. Zn anoda stabilitati sarmaina elektrolita uzlabo anoda virsmas strukturésana ar impulsu
lazeru.

4. Izmantojot Pluronic F-127 micellu tipa hidrogelu, ir izveidojama ladéjama amfotéra tidens
elektrolita Zn-MnO> baterija.

5. Udens elektrolita Zn-MnO> bateriju ar spriegumu virs 2 V ir iegiistama, izmantojot divu
atSkirigu pH elektrolitu jeb amfotéru sistému.

Zinatniska novitate

Saja promocijas darba izstradata un realizéta inovativa pieeja idens Zn-MnO» uzladgjamas
baterijas dizainam, tadgjadi novérsot fundamentalus ierobeZojumus elektrodu un elektrolitu
limeni. Darba apvienotas stratégijas elektrodu materialu modificésana, elektrolitu inzenierija
un bateriju dizaina pilnveidg, lai paplasinatu baterijas darba sprieguma diapazonu un uzlabotu
elektrokimisko veiktsp&ju. Veikti petijumi, lai uzlabotu materialu stabilitati un elektrokimiski
veiktsp&ju dazadas pH elektrolita vide€s un izstradata jauna bateriju koncepcija, kuras pamata ir
atdalitas katoda un anoda elektrolita telpas. Darba rezultati atspogulo fidens bazes elektrolita
bateriju komponentu struktiiras un ipasibu attiecibas, ko iespgams lictot alternafivu energijas
uzkraSanas sistému pilnveidg.

Darba praktiska nozime

1. Udens elektrolita Zn-MnO; uzlad&jamu bateriju izstrade ar palielinatu darba spriegumu,
lai veicinatu dro$aku un efektivaku alternativu energijas uzkrasanas sistému izstradi.

2. Divu elektrolitu sisteémas koncepta izveide, kas samazina parazitiskas reakcijas uz
elektrodiem, tadgjadi uzlabojot elektrokimisko stabilitati, ka alternativa tradicionalajam
bateriju konstrukcijam.

3. Meérogojamu metozu (pusvaditaju dopésanas ar heteroatomiem hidrotemalas metodes
cela un metalu virsmas strukturéSanas ar impulsu lazeru) izstrade elektrodu
modific€Sanai, kas palielina specifisko kapacitati.

4. Uzladgjamu bateriju izveide, ka elektrodu materialus izmantojot Zemes garoza biezi
sastopamus elementus, veidojot alternativu bateriju tehnologiju, kas nav atkariga no
kritiskam izejvielam.
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LITERATURAS APSKATS UN REZULTATI

Promocijas darba literatiiras apskats un rezultati izklastiti Cetras nodalas, kas apvieno vienu

apskatrakstu un Cetras originalpublikacijas.

1. Literatiiras apskats par tdens elektrolita Zn-MnO, bateriju darbibu atkariba no
elektrolita vides pH, ka arT dualas baterijas koncepta izvert€jums un skaidrojums, kas
apkopots apskatraksta (1. pielikums).

2. Petijuma par MnO; katoda darbibas un veiktspgjas uzlabosanu loti skaba elektrolita,
iesaistot Bi un Mo jonus MnO; struktiira, rezultati, kas apkopoti 1. originalpublikacija
(2. pielikums) un 2. originalpublikacija (3. pielikums).

3. Pétfjuma par Zn anoda darbibas un veiktspgjas uzlaboSanu sarmaina elektrolita,
izmantojot virsmas strukturSanu ar augstas jaudas impulsu lazeru, rezultati, kas
apkopoti 3. originalpublikacija (4. pielikums).

4. Petjjuma par dualas f@idens elektrolita Zn-MnO; uzlad&amas baterijas izveidi un
elektrokimiskajiem parametriem, rezultati, kas apkopoti 4. originalpublikacija
(5. pielikums).

1. Literaturas apskats par uidens elektrolita Zn-MnO: bateriju darbibu
atkariba no elektrolita vides pH

Udens elektrolita Zn-MnO; neuzladéjamo bateriju pirmsakumi meklgjami 1866. gada, kad
fran¢u zinatnieks Zorzs Leklandé izgatavoja un patentgja pirmo Zn-MnO: neuzladgjamo
bateriju, sauktu par Leklanse $tnu [7]. So neuzladgjamo bateriju talako pilnveidi 20. gadsimta
50. gados veica kanadieSu inzenieris Luiss Urrijs, kur§ 1960. gada patent&ja sarma Zn-MnO;
neuzladéjamo bateriju [88]-[91]. Zinatnieki un inZenieri v&l aizvien turpina pilnveidot $is
neuzladgjamas baterijas, cenSoties pagarinat to efektivo lietoSanas ilgumu un aizvietot bistamos
elementus, pieméram, dzivsudrabu, kas tiek pievienots, lai mazinatu tadas nev€lamas
blakusreakcijas ka idenraza gazes izdalisanos. Tadgjadi idens sarma Zn-MnO; neuzladgjamas
baterijas ir visilgak un vispla§ak izmantota neuzlad&jamo bateriju tehnologija, kas joprojam
doming pasaules tirgu [92]. Tas var€tu but saistits ar to, ka Gdens elektrolita Zn-MnO»
neuzladgéjamas baterijas nerada lielus drosibas riskus, Zn metalam ir zems toksiskums (LD50 =
630 mg/kg — zurkam) [93], Zn*"/Zn divu elektronu reakcijai ir salidzino§i augsta teorétiska
kapacitate — 820 mAh/g [36], [37], MnO>/Mn?* divu elektronu reakcijas teorétiska kapacitate
ir 617 mAh/g [38], [94], [95], turklat gan cinks, gan mangans Zemes garoza ir plasi izplatiti
elementi [36], [37].

1.1. Sarma elektrolita Zn-MnOQO: baterijas

Udens sarma Zn-MnO; baterija sastav no Zn metala anoda, MnO, katoda, ka arT koncentréta
KOH tudens skiduma (> 30 %) elektrolita. Katodam parasti tiek pievienota sikdispersas ogles
carbon black (CB) dalinas, lai nodrosinatu katoda vaditsp&ju, jo pats MnO, ir nevadoss. Sis
neuzladéjamas baterijas shéma redzama 1.1. attéla — Zn anods iesaistas elektrokimiskaja
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reakcija (1) ar standartpotencialu —1,199 V, savukart katoda aktiva komponente MnO> reakcijas
(2) un (3) ar standartpotencialu +0,250 V. Tadgjadi sarma baterija kopuma notiek reakcija (4),
ka rezultata baterijas OCV ir 1,45 V [6], [94], [96], [97].

Anods: Zn+40H™ - Zn(OH)%™ + 2e~ E®=-120V ()
Katods: MnO, + H,0 + e~ > MnOOH + OH~ (l.e™) E°=+40,25V 2
MnOOH + H,0 + e~ - Mn(OH), + OH™ (2.e7) 3)

Summara reakcija:
Zn+ MnO, + 2H,0 + 20H™ - Zn(OH)3~ + Mn(OH), E =145V 4)

Sarma Zn-MnQO; baterijas ir jau ilgsto$i zinama tehnologija, un tas vél aizvien tiek pétitas.
Lai gan §is baterijas ir plasi izplatitas ka neuzladejama tipa baterijas, tas v&l aizvien nav
izplatitas ka uzladejamas baterijas. Tas galvenokart saistits ar elektrokimiski neaktivu mangana
oksidu Mn3;Os un ZnMn,O4 veidoSanos. Sie savienojumi veidojas dzilas izlades procesa
[88],[98]. Tadejadi dazu pirmo wuzlades-izlades ciklu laika elektrokimiski neaktivie
savienojumi parklaj katoda aktiva MnO; savienojuma dalinas, apturot talaku reakcijas gaitu,
kas strauji samazina baterijas kapacitati. Zinatniskaja literatiira ir aprakstiti dazadi veidi, ka
sarma elektrolitos $o nevélamo efektu samazinat vai noverst, pieméram, MnO; katodu dopgjot
ar Bi vai Cu joniem [94], [99], ka arT modificgjot elektrolitu, pievienojot papildu jonus [100]—
[102], piem&ram, Li* [98].

D, oF ® x D
o @ O

© 3

@@ Mn0, + H,0

@@ MnOOH + OH™
—2le

|~ Zn+40H
gntom.“ X < (:.0) ®

-1,199V

0 _
©)

©)
(5)

g

g

+

5

A0SZ0+ = o

@ OH
@ o)
- K

1.1. att. Sarma tidens elektrolita Zn-MnO; bateriju shematisks darbibas mehanisms.
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1.2. Neitrala un skaba elektrolita Zn-MnO: baterijas

Elektrolita modifikacija Zn-MnO; baterijas ir virzita arT talak, samazinot elektrolita pH no
baziska lidz neitralam un pat skabam, tadejadi izmainot baterija notickosas reakcijas, ka
redzams skaba fidens elektrolita Zn-MnO; baterijas shematiskaja attela (1.2. att.). Tajas KOH,
NaOH un LiOH [97], [98], [103]-[105] baziskais elektrolits ir aizstats ar ZnSOs, MnSOs,
K2S0s4, NaSO4 [106]-[111] salu skidumiem un/vai atSkaiditas skabes elektrolitu [52], [53]. Ka
redzams mangana savienojumu Purb& (Pourbaix) diagramma (1.3. a. att.), kas att€lo elementa
standartpotenciala izmainas Gidens elektrolita atkariba no vides pH, pie augstakam pH vertibam
MnO> elektrokimiska reakcija norisinas pie standartpotenciala 0,250 V, ka arT pastav
iesp&jamiba veidoties elektrokimiski neaktivajai Mn»O3 fazei. Savukart, pazeminot elektrolita
pH 1idz skabam, MnO katoda sastava esosais skabekla atoms var savienoties ar H* joniem no
elektrolita, veidojot tidens molekulu. Tadgjadi Mn** joni var tikt reducéti uz Mn2* joniem, kas
talak nonak elektrolita Skiduma bez elektrokimiski neaktivas Mn»>Os fazes veidoSanas. Turklat
attieciga MnO> reakcija skaba vidé norisinas pie standartpotenciala virs 1,2 V. Tomer Sis
elektrolita vides pH samazinajums palielina Zn anoda elektrokimiskas reakcijas potencialu. Ka
redzams cinka savienojumu Purbé diagramma (1.3.Db.att.), reakcijas standartpotenciala
pieaugums ir no —1,199 V sarmaina vide Iidz —0,762 V skaba vide.

Neskatoties uz Zn anoda standartpotenciala palielinagjumu, kopuma S§adas baterijas
konstrukcija rezultgjas ar augstaku baterijas darbibas spriegumu lidz pat 2 V saskana ar 5.—
7. reakciju [112].

Anods: Zn - Zn*t 4 2e” E®=-0,76V ®)
Katods: MnO, + 4H" + 2e~ - Mn** + 2H,0 E%=+1,22V (6)
Summara reakcija:

Zn + Mn0O, + 4H* > Zn?* + Mn?* + 2H,0 E=198V (7)

Tomér skaba vidé norisinas parazitiska reakcija — Zn anoda korozija. Saja procesa Zn anods
disocié elektrolita ka Zn2* joni un izdalas H, gaze. ST parazitiska reakcija ne tikai samazina
baterijas kapacitati, bet arT var izraisit baterijas Siinas sagriSanu [113]. Anoda parazitiskas
reakcijas norise var tikt mazinata, parklajot Zn anodu ar diimkvarcu un polietilénglikolu (ar
molmasu 300 g/mol) [114]. Lai noverstu iesp&jamu MnO; $kisanu, elektrolitam tiek pievienots
0,1 M MnSOs [107]-[110]. Tomer ari $ada tipa baterijas ir novérota ZnMn»Os fazes
veidoSanas, kas ir kimiski neakfiva un izraisa kapacitates sarukumu, vairojot reakcijas
neatgriezeniskumu [115]. Tas liecina, ka gan sarma, gan neitrala-skaba tidens elektrolita
Zn-MnO; baterijam ir lidzigas problémas.
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1.3. att. Purbg diagrammas ar atzim&tiem fidens sadaliSanas potencialiem: a) mangana
savienojumiem; b) cinka savienojumiem [116].

1.3. Duala/amfoteéra elektrolita Zn-MnO: baterijas

Lai apvienotu pozitivas Tpasibas no idens elektrolita baziskas un skabas vides, tika
izveidota jauna tipa Sina, ar kuras palidzibu ir iesp&jams palielinat idens sadaliSanas spriegumu
virs 2 V. ST §lina sastav no diviem atikirigas vides elektrolitiem ta, lai Zn anods darbotos
baziska elektrolita, savukart MnO, katods — skaba elektrolita. Sis unikalais baterijas dizains,
kura darbibas princips redzams 1.4. att€la, nodro$ina $tinas OCV palielinasanos Iidz 2,45 V
saskana ar 8.—10. reakciju [54], [113], [114].
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Anods: Zn + 4(0OH)™ - Zn(OH)%™ + 2e~ E®=-120V (8)

Katods: MnO, + 4H* + 2e~ - Mn?* + 2H,0 E®=+1,22V )
Summara reakcija:
Zn + 4(0H)™ + Mn0, + 4H* - Zn(OH)2~ + Mn?** + 2H,0 E =242V (10)

E°=-1,199V
AYZZTT+ =4

1.4. att. Duala/amfotéra Gidens elektrolita Zn-MnO> bateriju shematisks darbibas mehanisms.

Paplaginatais Gdens sadaliSanas sprieguma diapazons var tikt izskaidrots ari ar Purbé
diagrammu. Ka redzams 1.5. att€la, ja baterijas Siina sastav no viena elektrolita ar konstantu
pH, tdens sadaliSanas spriegums ir 1,23 V. Tadgjadi, izmantojot Gidens elektrolita bateriju
plasaka sprieguma diapazona, var norisinaties nevélama OER un HER. Savukart, ja tiek
izmantota duala/amfotéra elektrolitu sistéma, ir iesp&jams iegiit stabilu Gidens elektrolita
elektrokimisko sprieguma diapazonu virs 2 V. Turklat, nemot vera to, ka saskana ar Tafela
vienadojumu fidenraza izdaliSanai uz Zn ir liels virspotencials [117], [118] un skabekla
izdaliSanai ir liels virspotencials [56] un I€na reakcijas kin&tika [119], ir iesp&jams Tdens
elektrolita izmantoSanas spriegumu palielinat Iidz pat 3 V.

Kopuma duala elektrolita tipa koncepts un palielinata Gidens stabilitates sprieguma logs ir
aprakstits jau kops§ 2005. gada [55]-[57]. Velak Sis duala elektrolita koncepts ir aprakstits arT
dazadam bateriju sisttmam, tadam ka Al-gaiss [120]-[123], Zn-gaiss [121], [124], [125], Mg-
gaiss [121], [126], Zn-PbO; [127]-[129], Zn-Br; [130] un Zn-MnO; [54], [58], [131]. Tomer
visu $o bateriju darbibas laiku un efektivitati limité neitralizacijas reakcija un jonu diftizija
elektrolita.
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1.5. att. Udens Purbé diagramma [116].

2. Galvenie rezultati par MnO; katoda veiktsp€jas uzlabosanu skaba
elektrolita

Saja nodala aprakstita MnOa katoda veiktsp&jas uzlabogana loti skaba (pH < 2) widens
elektrolita, lietojot MnO, dop&Sanu ar Bi un Mo joniem. Dopanta jonu ietekme izveérteta, izp&tot
Bi un Mo jonu koncentracijas ietekmi uz MnO; strukturalajam un elektrokimiskajam tpasibam
atkariba no koncentracijas robezas no 0 mol% lidz 10 mol%, ka arT apskatot Bi un Mo
mehanisko lomu MnO: stabilizéSana uzlades-izlades ciklu laika.

2.1. Metodologija

Ar Bi un Mo dopéti MnO> pulveri tika iegiiti hidrotermalas sintézes cela, izmantojot
KMnO; ka mangana prekursoru. BiCl; izmantots ka bismuta prekursors un ievadits
koncentracijas no 0 mol% lidz 10 mol%, savukart ar Mo dop&tu paraugu sagatavoSana
izmantots Na2MoO4 koncentracija no 0 mol% Iidz 5 mol%. Katrai sintézei nepiecieSamie sali
tika iz8kidinati destiléta tdeni. Sint€z€s papildus ievadits arl fikséts CB daudzums. Talak
iegitais skidums tika ievietots autoklava un atstats uz 12 h vai 24 h krasni 120 °C temperatiira.
P&c hidrotermalas sint€zes visi iegitie pulverveida paraugi tika vairakkartgji mazgati ar
destilétu tideni un 24 h zaveti krasni 60 °C temperatiira.

Papildus tika petits komerciali ieglita MnO2 (piroluzita fazé jeb B-MnO) paraugs ka
reference sintez€tajiem paraugiem. Lai izveidotu katodus, piroluzita un iegiitie pulverveida
paraugi tika sajaukti ar papildu CB attiectba 13 : 5, lai uzlabotu katoda elektrovaditsp&ju. Talak
no iegiita pulveru maisijuma tika sagatavota katoda suspensija, pievienojot tada pasa svara
polivinilidéna fluorida Skidumu N-metil-2-pirolidona (NMP) (1 : 9). Izveidota suspensija tika
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uzklata ar spraugas aplikatoru uz ogles papira, tika iztvaic€ts NMP un izcirsti nepiecieSama
izméra katodi.

2.2. Rezultati

2.2.1. Ar Bi dopéts MnO:> katods

P&éc XRD rezultatiem, kas redzami 2.1. a. attéla, sintez€tajos paraugos tika identificéts divu
fazu maistjums — 6-MnO; (Mn7013-5 H20) jeb birnesits un a-MnO; (K2xMngOis) jeb holandits.
Papildus pie lielakam dopanta koncentracijam novérojama BiOCI fazes veidoSanas. Palielinot
Bi jonu koncentraciju paraugos, noveérojama J8-MnO» fazes maksimuma intensitates
samazinasanas pie 24,6° un a-MnO; fazes maksimumu intensitates palielinasanas pie 29° un
42°. Tas liecina, ka Bi jonu ievadiSana parauga veicina a-MnO; fazes veidosanos, kurai piemit
2 x 2 tunelveidiga kristalre7ga struktiira. Saja gadijuma Bi joni ienemt brivas vietas MnO» 2 x 2
tunelveida strukttra ka aizpildijums, kas nelauyj MnO» ienemt slanveidigo 8-MnO; struktiiru
[70], [72], [132]-[134]. Tunelveidigas a-fazes veidoSanas ir $aja gadijuma ve€lamaka, jo tas
tunela strukttira atvieglo jonu kustibu cauri kristalrezgim, tadgjadi uzlabojot elektrokimisko
kingtiku. Turprett MnO> bez dopantu joniem domingja 5-faze, kas bija jutigaka pret SkiSanu
skabas vides apstak]os. Paraugu skengjosas elektronu mikroskopijas (SEM) attélos (2.1. b. att.)
redzams, ka sintez@tie pulveri sastav no mazaku un lielaku adatveida struktiiru kopam, kas
raksturigi dazadam MnO> polimorfajam struktiiram [135]-[137]. Savukart piroluzita paraugs
sastav no noapalotas formas dalinu kopas.

a) Mn7013-5H20 PDF#00-023-1239 . ™ 0 mol% Bi
I |
Ko_xMngO,, J PDF#00-044-1386
1.1 lu A e lia v
Piroluzits PDF#04-002-1256

BiOCl PDF#00-006-0249 K " Y B
L : v £

[ S| O R T P
WWW Piroluzits
LU i PSR

A A 1 0 mol% Bi
1 mol% Bi

2,5 mol% Bi 8 mol% Bi

ettt At S 0y 2
/
02

10 mol% Bi 4 v,

5 mol% Bi

Intensitate (p.v.)

1 1 1 1 1 1
10 20 30 40 50 60 70 80
20 (%)

2.1. att. Ar Bi dop&to MnO; paraugu un piroluzita XRD difraktogrammas (a) un SEM
mikrofotografijas (b).
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Lai precizak raksturotu sintezetos paraugus, veikta arl rentgenstaru fotoelektronu
spektroskopijas (XPS) analize. Normaliz€tos Mn 2p XPS spektros (2.2. a. att.) redzama
maksimuma nobide Mn*" jonu saistiSands energijas virzienda, kas, palielinoties Bi3*
koncentracijai parauga, klust izteiktdka. Papildus normaliz€to XPS spektru starpibas
(2.2. b. att.) uzrada Mn** signala samazinasanos un Mn3" signala palielina8anos, palielinoties
Bi** jonu koncentracijai parauga. Lidzigi novérojumi par Mn3" un Mn*" valences stavokla
veidoSanos 11dzigos sint€zes procesa apstaklos dazadam metalu oksidu sisttmam apskattti arl
literattira [138], [139], kas skaidro MnO: kristala struktiira ievadito heteroatomu lomu
metastabilo Mn3* jonu stabilizéSana, kas parasti disproporciongjas oksidu kristalu strukttiras
[140]. Normalizétajos O 1s spektros, kas redzami 2.2.c.attéla, palielinoties Bi** jonu
koncentracijai parauga, palielinas art hidroksilgrupu un adsorbéta tidens daudzums uz virsmas.
Saskana ar literattiras datiem, saistiSanas energija, kas atrodas pie 531-535 eV, ir ciesi saistita
ar virsmas hidroksilgrupam, tdeni vai organiskiem, skabekla atomus saturoSiem
blakusproduktiem [141]. Apskatot Bi 4f XPS spektrus (2.2. d. att.) redzams, ka 0 mol% Bi
paraugam nav novérojams §is signals un, palielinot Bi** jonu koncentraciju parauga, signals
palielinas, ka ar1 visos Bi jonus saturoSajos paraugos Bi atomi atrodas 3+ oksidacijas stavokli
[142], [143].

Mn 2p T —— 0 mol% Bi c) 0 mol% Bi O 1s
1 mol% Bi o 1 mol% Bi
2.5 mol% Bi = 25 mol% Bi
\ - o) To: = N (]
Mn 2p. 35 mol% Bi w .
PN 1omoroni| 5 ?Om"")]/";/Bl’gv
- - . : r g | — 10mol% Bi y/; _
660 655 650 645 640 635 = Virsmas -OH
Saisti§anas energija (eV) 'E’ Adsorbétais HZO‘
b) w  [Mn2p M3+ = y
58 ‘ \ E '
ET‘% NPT N‘]l WJN i . ‘\A'MR . 2
A Aa it} A i i " )
Eé{ PR Wikd }w'/\\‘“n‘u'\ﬁ[\.wV_"‘w'\f\‘Jl\:Wf\\ AJﬂ | VUV\J\, \ea
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=
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2.2. att. Ar Bi dop@to MnO> paraugu un piroluzita normaliz&ti Mn 2p XPS spektri (a) un to
starpiba (b); Bi 4f spektri (¢) un normaliz&ti O 1s spektri (d).
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Talak sagatavotajiem katodiem veikti cikliskas voltamp@rmetrijas (CV) merijumi, pec kuru
datiem aprekinata katra katoda Tpatn€ja kapacitate (2.3.a. att.). No Siem rezultatiem pie
lénakiem skenéSanas atrumiem katods ar 5 mol% Bi jonu saturu uzrada visaugstako ipatn€jo
kapacitati 130 mAh/g, savukart katods bez Bi joniem — tikai 120 mAh/g un piroluzita katods —
90 mAh/g.

Lai novertetu kapacitates saglabasanas spgjas, veikti arT galvanostatiskas uzlades-izlades
(GCD) meérijumi pie mainigiem stravas blivumiem (2.3. b. att.). Pirmajos piecos ciklos notiek
materiala aktiviz€Sana un katoda stabilizacija. Piroluzita katodam un katodam bez Bi joniem ir
nepiecieSami visi pieci cikli, lai pilniba stabiliz&tos. Turpretim Bi jonus saturoSie paraugi
stabilizgjas 2-3 ciklos. Sekojosajos 15 ciklos, palielinot stravas blivumu no 0,25 A/g Iidz
1,0 A/g, piroluzita katods uzrada Iidzigu kapacitati ka 0—5 mol% Bi jonus saturoSie katodi.
Savukart, samazinot stravas blivumu Iidz sakotn&jiem 0,25 A/g, katoda materiali ar lielaku Bi
jonu saturu uzrada labaku kapacitates saglabasanas sp&ju.
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2.3. att. Ar Bi dop&to MnO: paraugu un piroluzita Tpatn&ja kapacitate, kas iegiita no CV
mérijumiem dazados sken€Sanas atrumos (a), ipatngja izlade kapacitate no GCD mérjjumiem
pie dazadiem stravas blivumiem (b).

Visu paraugu elektrokimiskas impedances spektroskopijas (EIS) rezultati peéc CV
mérfjumiem ir redzami 2.4. a. att€la EIS diagrammas. Papildus redzamas ari model&tas Iiknes
saskana ar ekvivalento sheému, kas redzama 2.4. b. attela. Sheéma sastav no pretestibam — Rs, Ri
un R> — un konstantas fazes elementiem — CPE; un CPE; — paraléli attiecigajam pretestibam.
Visas $o komponentu vertibas apkopotas 2.1. tabula. Elektrolita omiska pretestiba atbilst
komponentam Rs un visiem paraugiem ir aptuveni 22-23 Q. Pretestiba R; un konstantas fazes
elements CPE; atbilst 1adina parneses pretestibai starp elektrodu un elektrolitu un dubultslana
kapacitatei. Modeletas vertibas liecina, ka hidrotermali sintezgtajiem katoda materialiem ir
samazinata dubultslana kapacitate ar visnozimigako samazinagjumu 10 mol% Bi MnO;
paraugam. Sis novérojums saistims ar 2.2.c.attgla redzamo virsmas hidroksilgrupu
picaugumu. Virsmas hidroksilgrupu daudzuma izmainas nosaka elektrodu slap&sanas ipasibas
un ietekm@ mijiedarbibu starp elektroda virsmu un elektrolitu, tadgjadi ietekméjot ladina
parneses pretestibu. Otras paralélas komponentes — pretestiba R» un konstantas fazes elements
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CPE; — atbilst atsevisko katoda materiala dalinu kop&jai pretestibai un kop&jai kapacitatei starp

tam, jo katods sastav no individualu pusvaditaja MnO2 un CB dalinu maisfjuma. Saskana ar

modelétajam veértibam sintez&tajiem paraugiem ir ievérojami zemaka pretestiba starp

atseviskam dalinam. Salidzinot piroluzita un 0 mol% Bi paraugu, sintézes laika pievienotais CB

samazina atsevisku dalinu pretestibu vairak neka devinas reizes.
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b)

2.4. att. Ar Bi dop@to MnO> paraugu un piroluzita EIS diagrammas ar izm&ritajiem datiem un

ar modelétajiem datiem (a) saskana ar ekvivalento shému (b).

2.1. tabula
EIS modeléto datu ekvivalentas sheémas parametri
CPE; CPE»
Paraugs Rs Ri YO N R2 YO N ©
Q Q mS - sN Q mS - sN
Piroluzita 23,82 5,05 1,13 0,54 1474,8 1,93 0,52 0,00039
0 mol% Bi 21,66 9,49 0,29 0,68 161,94 6,30 0,34 0,00045
1 mol% Bi 23,775 49,03 1,52 0,52 162,74 332 0,45 0,00106
2,5mol% Bi 23,74 39,57 1,38 0,53 195,00 3,54 0,40  0,00148
5 mol% Bi 21,71 6,23 0,16 0,74 204,60 4,68 0,36 0,00208
10 mol% Bi 22,37 8,04 0,13 0,77 242,74 4,80 0,35 0,00210
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2.3.2. Ar Mo dopéts MnO; katods

Paraugos, kas dopéti ar Mo, pec XRD difraktogrammam, kas redzamas 2.5. att€la, arT ir
iesp&jams identificét divas fazes: 6-MnO; (Mn;013-5H20) jeb birnesits un a-MnO; (Ko.
xMngOi16) jeb holandits. Lidzigi ka paraugiem, kas tika dopgti ar Bi, ar Mo dop@tiem paraugiem,
palielinot Mo koncentraciju parauga, ari novérojama 6-MnO> fazes samazinasanas un a-MnQO>
fazes palielinaSanas. Tas liecina, ka Mo dopanta pievienoSana veicina o-MnO. fazes
veidoSanos. Papildus novérojams, ka sintézes ilgumam ir ietekme uz parauga kristaliskumu, jo
paraugiem ar 24 h sintézes ilgumu un Mo koncentraciju lidz 2,5 mol% ir nov@rojami izteiktaki
difrakcijas maksimumi. Tas var liecinat par lieclaku kristalitu veidoSanos paraugos [144], kas
sasaucas arT ar paraugu SEM att€liem, kas redzami 2.6. a. att€la, kur ilgak sintez&tajiem
paraugiem novérojamas izteiktakas struktiiras, savukart 12 h paraugi sastav no nejausu formu

aglomeratiem.
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2.5. att. Ar Mo dop&to MnO; paraugu un piroluzita rentgenogrammas.
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Paraugiem veikta arT XPS analize, kuras spektri redzami 2.6. b. att€la, lai noteiktu sastava
esoso elementu oksidacijas pakapes. Visi paraugi satur Mn** jonus, ka ari sintezetie paraugi
satur oglekla-skabekla saites, jo sint€zes procesa tika pievienots CB. Turklat ar Mo dopétie
MnO; paraugi satur Mo®" jonus un metastabilos Mn3* jonus, kas liecina, ka ari Mo jonu piedeva
stabilizé Mn3* jonus [145].
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2.6. att. Ar Mo dop&to MnO; paraugu un piroluzita SEM attéli (a) un Mn 2p, O 1s un Mo 3d
spektri (b).

Talak no ar Mo dopétajiem MnO> paraugiem tika sagatavoti katodi un veikti CV mé&rijumi,
péc kuru datiem aprékinata katra katoda Tpatn&ja kapacitate (2.7. a. att.). Visi sintez&tie paraugi
uzrada lielaku Tpatngjo kapacitati neka piroluzita paraugs, turklat sintez&to paraugu ipatngja
kapacitate palielinas, pievienojot Mo atomus. lemesls vispargjam Ipatn€jas kapacitates
pieaugumam starp piroluzita un sintez&tajiem paraugiem var bit saistits ar fazu atskiribam, jo,
ka liecina XRD rezultati (2.5. att.), sintez&tie paraugi satur 6-MnO; un a-MnQO». Vislielaka
Tpatngja kapacitate — 415 mAh/g pie 0,002 V/s — iegiita no ar 2,5 mol% Mo dopéta MnO»
parauga ar sint€zes laiku 12 h. Tome@r turpmakas parbaudes atklaj, ka ar 1 mol% Mo dopétais
paraugs, kas sintez&ts 12 h, labak saglaba savu Tpatngjo kapacitati, palielinot sken&sanas
atrumu. Kopuma no CV mérjjumiem var secinat, ka ar Mo dopéti paraugi uzrada Tpatn&jas
kapacitates pieaugumu I1dz 2,5 mol% Mo koncentracijas sasniegSanai.
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2.7. att. Ar Mo dop&to MnO; paraugu un piroluzita Tpatn&ja kapacitate.

3. Galvenie rezultati par Zn anoda veiktspéjas uzlaboSanu sarmaina
elektrolita

Saja nodala aprakstita cinka anoda elektrokimisko Tpasibu uzlabosana, kas veikta, apstarojot
Zn virsmu ar impulsu lazeru. Novértéta lazera apstaroSanas ietekme uz Zn anoda strukturalajam
un morfologiskajam ipasibam. legiitajiem anodu materialiem apskatitas tadas elektrokimiskas
1pasibas ka virsmas Ipatn&ja kapacitate un ladina parneses pretestiba. Aprakstiti iesp&jamie
mehanismi 1azera modifikacijas ietekmei uz Zn anoda darbibu.

3.1. Metodologija

Cinka plaksnes ar 99,95 % tiribu tika modific€tas, izmantojot nanosekunzu impulsa Nd:
YAG lazeru divos vilpu garumos (266 nm un 1064 nm) gaisa un dejoniz€ta Gdens vide.
Apstarosanas procesa shematisks att€lojums redzams 3.1. attela. Galvenie lazera parametri —
energijas plisma (no 0,32 J/cm? lidz 2,66 J/cm?), kas vari€ atkariba no apstaroanas procesa,
un impulsa ilgums (6 ns) — sistematiski mainiti un apkopoti 3.1. tabula. Talak iegiitie Zn anodu
paraugi péc virsmas izpétes testéti elektrokimiskaja pussina ar 1 M KOH elektrolitu, Pt
pretelektrodu un Ag/AgCl (3M KCI) references elektrodu.

Lazers

Gaiss e
vai H,0 | AX

| Znplaksne %:%:g

3.1. att. Lazera apstaroSanas procesa shematisks att€lojums.
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3.1. tabula

Lazera apstaro$anas parametri

Parauga Sifis” Lazera vilpa garums,  Vide, kurﬁvveikta Energijas plisma,
nm apstaroSana J/em?
Zn neapstarots - -
Zn-A-2,66* 266 Gaiss 2,66
Zn-A-0,38 1064 Gaiss 0,38
Zn-A-0,59 1064 Gaiss 0,59
Zn-A-0,64 1064 Gaiss 0,64
Zn-A-0,71 1064 Gaiss 0,71
Zn-W-0,32%* 266 Dejonizets tdens 0,32
Zn-W-0,53* 266 Dejonizets idens 0,53
Zn-W-0,69 1064 Dejonizets tdens 0,69
Zn-W-1,29 1064 Dejonizéts tidens 1,29
Zn-W-1,42 1064 Dejonizets idens 1,42
Zn-W-1,60 1064 Dejonizéts tidens 1,60

"“A” — gaisa vide, “W” — tdens vide.

3.2. Rezultati

Paraugu apstaro$ana ar impulsu lazeru izraisija nozimigas morfologiskas izmainas virsma,
ka redzams SEM mikrofotografijas (3.2. att.). Neapstarotam cinka paraugam noverojama gluda
virsma ar razoSanas procesiem raksturigam velme@Sanas pazim@m, savukart ar lazeru
apstradatiem paraugiem uz virsmam novérojamas dazadas morfologijas atkariba no
apstaroSanas vides. Paraugi, kas apstaroti gaisa vide ar 1064 nm lazeru, uzrada intensivu kuSanu
apstaroSanas laika. Ta rezultata paraugiem uz virsmas izveidojusas pilienveida sasaluSas
struktiiras. Savukart paraugiem, kas ar tadu pasu vilna garumu apstaroti tidens vidg, uz virsmas
noverojamas krokotas struktiiras ar homogeni izkliedétiem pilieniem zem tam. Paraugi, kas
apstaroti ar 266 nm lazeru gaisa vide, uzrada méreni izkususSu virsmu ar vienméerigaku tekstiiru,
savukart apstaroSana tdens videé izraisja ZnO augSanu un izveidoja krokotu kausg€juma
strukttiru.

Neapstarotas Zn plaksnes XRD (Theta/2theta) difraktogrammas (3.3. a. att.) uzrada
polikristalisku Zn ar domingjosu (002) pamata plakni, kas ir paraléla loksnes virsmai. Tas
saistas ar razosanas laika izraisttajam deformacijam velm&Sanas del [146]. Savukart paraugu
apstradasana ar lazeru samazina doming&josas (002) pamatplaknes intensitati difraktogrammas.
Tas saistits ar virsmas izkaus€Sanu lazera apstrades del, ka rezultata tiek atsegta pamatné esosa
polikristaliska struktiira, kura doming (101) plakne. Sis izmainas veicina vienmérigaku cinka
nogulsnésanos elektrokimisko procesu laika. Tomér Ramana spektri, kas redzami 3.3. b. attela,
apstiprinaja heksagonala ZnO veidoSanos uz apstaroto paraugu virsmam. Papildus tam Ramana

25



spektros nosakami dazadi ZnO defekti: skabekla vakances (A 1(LO) maksimums pie 574 cm™"),
starprezga Zn atomi (plass maksimums pie 250-300 cm™!), ar slapekli saistitie defekti
(maksimums pie 275 cm™) [147], [148].

0 Zn-W-0,53*1

R e B oo s

3.2. att. Neapstarota un ar impulsu lazeru pie dazadam energijas pluismam apstarotu (“A” —
gaisa vide un “W” — tdens vid€) Zn paraugu SEM mikrofotografijas.

b)
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3.3. att. Neapstarota un apstarotu Zn paraugu XRD difraktogrammas (a) un Ramana
spektri (b).
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CV mérijumos, kas redzami 3.4. a. un b. att€la, noverojami bitiski elektrokimisko Tpasibu
uzlabojumi ar lazeru apstarotajiem paraugiem. Anodiskas oksidacijas reakcijas virziena notiek
Zn parauga elektrokimiska izskiSana (saskana ar 1. reakciju) [1dz bridim, kad elektrolits vairs
nevar sasniegt aktivo Zn virsmu turpmakai reakcijai. Sis reakcijas laika veidojas Zn(OH)4>,
kas uzreiz parvérSas ZnO un nosedz anoda virsmu. Savukart kotodiskas reducésanas reakcijas
laika novérojama strauja stravas palielinasanas pie —1,3 V [149], [150]. Saja potenciala regiona,
kad ZnO reducgjas atpakal par Zn, vél ieprieks neizreag€jusi Zn virsma tiek atklata elektrolitam.
To var noverot ka strauju stravas pieaugumu, kura pamata ir Zn oksidacijas procesa atsaksanas.
Jaatzimé, ka ar lazeru apstarotajiem paraugiem ir novérojams mazaks stravas pieaugums $aja
regiona. Tas liecina, ka ar lazeru apstradatajiem paraugiem oksidé$anas reakcija ir kontrolétaka
un ZnO aug vienmérigak, neskatoties uz to, ka oksidacija ir ar lielaku maksimalo stravu. Tas
norada, ka virsmas apstrade ar 1azeru uzlabo Zn elektroda vispargjo ciklisko veiktsp&ju, turklat
apstradatajam virsmam ir augstakas oksideéSanas un reduc@Sanas stravas, kas liecina par
uzlabotu reakcijas kingtiku.

Papildus no CV merfjumiem tika noteiktas arT Ipatngjas virsmas kapacitates (3.4.c. un
d. att.), kur pie 0,005 V/s skenéSanas atruma gaisa vidé apstarotiem paraugiem ir nedaudz
lielaka (1,35-1,50 mAh/cm?) virsmas Tpatngja kapacitate, salidzinot ar paraugiem, kas apstaroti
ddens vide (1,25-1,35 mAh/cm?2), un ievérojami lielaka par neapstarotu Zn (1,15 mAh/cm?).
Kopuma ar lazeru apstarotie paraugi uzrada kapacitates pieaugumu par 8—30 % atkariba no
apstrades parametriem. So kapacitates pieaugumu var saistit ar palielindtu virsmas raupjumu
un vairak aktivajam reakcijas vietam, ko veicinajusi lazera izraisita kuSana un atkartota
sacietéSana.
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3.4. att. Neapstarota un gaisa apstarotu Zn paraugu CV mérjjumi (a) un ipatn&ja virsmas
kapacitate (c). Neapstarota un fident apstarotu Zn paraugu: b) CV meérijumi (b) un ipatngja
virsmas kapacitate (d).

27



Pec elektrokimiskiem merijumiem paraugi tika velreiz apliikoti ar SEM (3.5. att.), lai
noteiktu virsmas izmainas. Apstarotajiem paraugiem $ajos att€los ir redzamas graudu struktiiras
ar izteiktam heksagonala Zn kristalrezga virsmam. Turpretim neapstarota Zn parauga virsma
nav ar izteiktam kristalu graudu virsmam, un uz ta virsmas ir redzamas nejausas augSanas
pazimes.

Zn-W-0,53* "}
3 4 ¢

VAL

#20 um & 5 \ ¥ 20 pm

3.5. att. Neapstarota un apstarotu Zn paraugu SEM mikrofotografijas pgéc CV merfjumiem.

Apstaroto paraugu Ramana spektri, kas redzami 3.6. a. attela, pec elektrokimiskiem
mérfjumiem ir ar palielinatu fonu, un ZnO raksturigie maksimumi ir griiti identific€jami.
Turpretim neapstarotajam Zn paraugam uz virsmas ir redzami ZnO raksturigie maksimumi pie
382 cm™!, 441 cm ! un 585 cm!. Tas liecina, ka Zn virsmas apstrade ar lazeru uzlabo Zn anoda
elektrokimiskas reakcijas, veicinot vienmérigaku ZnO augSanu uz elektroda virsmas un
pilnigaku parveidosanos atpakal uz metalisku Zn. Savukart neapstarotajam Zn paraugam notiek
tikai dalgja uzlade (ZnO reducesanas uz Zn), ka rezultata palielinas ZnO saturs uz virsmas un
attiecTgi uzlabojas ZnO Ramana signals. Sis novérojums saskan ar neapstarota Zn parauga CV
mérfjumiem (3.4. a. un b. att.), kur redzams izteiktaks fenomens pie —1,3 V, kas saistits ar
palielinatu ZnO veidoSanos uz virsmas.

Paraugu virsmam péc CV mérfjumiem ari atkartoti uznemtas XRD (Theta/2theta)
difraktogrammas, kas redzamas 3.6. b. attela. Neapstarotajam Zn paraugam noverots izteikts
(002) plaknes intensitates pieaugums un (101) plaknes intensitates samazinajums, kas liecina
par augSanu galvenokart (002) plaknes virziena. Papildus noveérojams neliels (100) plaknes
piecaugums, kas liecina par dendritiem lidzigu un irdenu strukttiru veidoSanos [151]. Turpretim
apstarotie paraugi péc CV mérjjumiem saglaba polikristaliskas (101) strukttras. Redzams
pieaugums ari (002) ¢ plaknes virziena, kas nodro$ina vairak horizontalu struktiiru veidosanos.
Papildu neliela intensitates samazinaSanas (100) un (200) plaknés liecina, ka virsmas ir
izturigakas pret dendritveida struktiiru augSanu. Ka redzams 3.6. c. attela, Zn raksturigo plaknu
augSanas virzieni ietekmé potencialas virsmas struktiiras. Raksturigas plaknes (002) pieaugums
var liecinat par gludu, horizontalu struktiiru veidosanos, savukart (110) un (100) plaknu
piecaugums var liecinat par dendritu un irdenu struktiiru veidosanos.
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3.6. att. Neapstarota un apstarotu Zn paraugu rezultati péc CV mérjjumiem. a) Ramana
spektri; b) XRD difraktogrammas; c) heksagonala Zn raksturigas kristala plaknes un attiecigie
augsanas modeli.

Talak elektroda-elektrolita robezvirsmas raksturoSanai veikta EIS analize. EIS spektri pie
negativas lidzstravas komponentes —150 mV no OCV redzami 3.7. a. att€la, spektri pie
pozitivas lidzstravas komponentes +150 mV no OCV redzami 3.7. b. att€la. Papildus tika veikta
arT EIS spektru model&Sana saskana ar grafikos ieklautajam ekvivalentajam sheémam, un iegiitas
komponentu vértibas apkopotas 3.2. tabula. Negativa sprieguma gadijuma R visiem paraugiem
ir ap 27 Q un atbilst elektrolita omiskajai pretestibai. Pretestiba R raksturo faradejiska procesa
ladina parneses pretestibu, un ta ir samazinata ar lazeru apstarotajiem paraugiem. Savukart CPE
vertiba, kas raksturo elektriska dubulta slana kapacitati, ir palielinata apstarotajiem paraugiem.
Sis nelielais picaugums liecina par makroskopisku virsmas laukuma palielinasanos ar lazeru
apstarotajiem paraugiem. Visi spektri pie zemam frekvencém pariet slipa taisn€, kas atbilst
Varburga pretestibai un raksturo ar difiiziju saistitos ierobezojosos procesus.

Iegiitajam EIS diagrammam pie pozitivas sprieguma novirzes, kur notiek Zn oksidésanas
un ZnO veidoSanas, tika lietots paplasinats ekvivalentas kédes modelis. Tapat ka iepriekseja
gadijuma, Ry raksturo elektrolita pretestibu un ir ap 27 Q. Pirmais R; un CPE; paralélais
savienojums raksturo elektriska dubulta slana stavokli — jonu polarizacijas pretestibu R; un
elektriska dubulta slana kapacitati CPE . Dubultslana kapacitates vertibas paraugiem ir lidzigas,
liecinot, ka ar lazeru apstradata makrovirsma elektrokimiskas reakcijas laika nemainas. Otra
paralela CPE2 un R> k&de apraksta faradejisko procesu, kura Ro norada ladina parneses
pretestibu. Neapstarotam Zn paraugam §1 vertiba ir 38 Q, savukart ar lazeru apstarotajiem
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paraugiem —ap 200 Q. Sis ievérojamais pieaugums ir saistits ar dazadiem lazera apstrades laika
izveidotajiem defektiem, kas noverojami ari Ramana spektros pé&c elektrokimiskiem
mérijumiem (3.6. a. att.). Tas palielina ladina parneses pretestibu apstarotajiem paraugiem un
samazina reakcijas atrumu Zn oksidacijai. CPE; raksturo Zn oksidacijas procesa kapacitati un
ir par vairakam kartam lielaka neka dubultslana kapacitate. Sis kapacitates samazinajums ir
saistits ar reakcijas paléninasanos, ko savukart izraisa palielinata apstaroto paraugu pretestiba.

120
a) O 7n b) O Zn
800 7n-A-0,59 o Zn-A-0.59
¥ 7Zn-w-129 1007 % 7Zn-w-1,29
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3.7. att. Neapstarota un apstarotu Zn paraugu EIS spektri pie negativas lidzstravas
komponentes —150 mV no OCV (a) un EIS spektri pie pozitivas lidzstravas komponentes
+150 mV no OCV (b).

3.2. tabula
EIS model&to datu ekvivalentas shémas parametri
CPE, CPE;
Paraugs Rs Ri YO N Ro YO N
Q Q uS - sN Q us - sN
Pie negativa sprieguma pret OCV
Zn 24,7 668 70 0,90 - - —
Zn-A-0,59 26,5 185 103 0,87 - - -
Zn-W-1,29 26,5 132 124 0,84 - - —
Pie pozitiva sprieguma pret OCV
Zn 23,6 20,5 369 0,63 38 6,35 0,67
Zn-A-0,59 26,7 15,5 292 0,70 304 3,95 0,72
Zn-W-1,29 27,0 16,0 290 0,70 200 3,79 0,72
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4. Galvenie rezultati par amfotéras baterijas izveidi ar dazadas vides pH
hidrogelu elektrolitiem

Saja nodala aprakstita inovativa dizaina @idens elektrolita Zn-MnO; baterijas izveide un tas
elektrokimisko Tpasibu izvértéjums. ST inovativa dizaina pamata ir paaugstinats OCV virs
komerciali pieejamas sarma Zn-MnO; 1,5V baterijas. Tas paveikts bez membranu
izmanto$anas, lietojot atskirigas pH vides hidrogelu elektrolitus, kur Zn anods atrodas sarmaina
(KOH) hidrogela elektrolita un MnO> katods skaba (H2SOs) elektrolita. Papildus izvertéta ari
abu elektrolitu robezslana (K»SOs) hidrogela lietosana. Sadas dualas vides izmantosana
samazina nevélamas blakusreakcijas, pieméram, Zn anoda koroziju skaba elektrolita, ka ari
ktmiski neakttvu Mn savienojumu raSanos baziska elektrolita.

4.1. Metodologija

Bateriju izveidei ka elektroliti tika izmantoti 30 wt% Pluronic F-127 micellu $kidumi, kas
iz8kidinati attiecigi skabes (0,5 M H2SOs4), bazes (1M KOH) un neitralas sals (0,5 M K2SO4)
Skidumos. Elektrolitu Skidumiem papildus tika pievienoti pH indikatori, lai biitu iesp&ams
vizuali identificét elektrolitu pH izmainas. Zn plaksne ar noteiktu diametru izmantota ka anods.
Ka katods izmantots ogles filcs, kas piesiicinats ar MnO» (piroluzita fazg€) un CB maisijumu
attiectba 13 : 5, kas papildus sajaukts ar skaba elektrolita hidrogelu Iidz viendabigas masas
iegliSanai.

Lai novertetu katra elektroda un ta atbilsto$a hidrogela darbibu, tika veikti pusStinu
mérijumi, kur katods vai anods ir darba elektrods, viens platina elektrods ir pretelektrods un
otrs platina elektrods ir references elektrods. P&c tam konstruéta baterija Slirces korpusa
(4.1. att.), kas lava darbibas laika noverot elektrolitu izmainas. Vispirms §lirces gala ievietots
MnO> katoda filcs, p&c tam 0,5 M H2SOs skabais hidrogels, 0,4-0,6 M K>SO4 neitralais
hidrogels (tikai trisslanu baterijam), 1 M KOH baziskais hidrogels un noslédzosi Zn anods, kas
piestiprinats pie §lirces virzula gala. Visu bateriju konstrukciju gadijuma kopgjais elektrolita
daudzums tika fiks€ts un bija vienads ar 3 mL.
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4.1. att. Izveidotas baterijas shéma un fotografija ar attiecigajam komponentem.

4.2. Rezultati

Lai noteiktu teorétisko katoda un anoda uzvedibu baterijas darbibas laika, tika veikti
pussinu CV me&rfjumi. MnO: katoda pusSuna ar skabu (0,5 M H2SOs) hidrogelu un Zn anoda
pussiina ar bazisku (1 M KOH) hidrogelu testéta pret Pt pretelektrodu un Pt references
elektrodu. Saskana ar uzraditajiem kombinétajiem datiem (4.2. a. att.) amfot@ras baterijas OCV’
ir aptuveni 2,3 V, un vairaku sagatavoto amfoteéro Zn-MnO; bateriju OCV mérijjumi (4.2. a. att.)
apstiprina, ka $adas baterijas spriegums svarstas no 2,3 V1idz 2,4 V.

Savukart paredzamajam minimalajam Dbaterijas izlades spriegumam saskana ar
kombinétajiem datiem jabut ap 1,6 V. Lai novert€tu So teorétisko vertibu, tika veikta amfoteras
Zn-MnQ; baterijas pilniga izlade (4.2. b. att.) ar izlades stravu 10 mA/s. Pirms izlades sakuma
OCV bija 2,4V, izlades sakuma lidzsvars ap 2,0 V, bet izlades beigu spriegums — 1,7 V, kas
saskan ar noveérojumiem no pussinu CV mérjjumiem. Papildus, novertgjot baterijas darbibu ar
izlades stravu 0,1 mA/s (4.2. c. att.), izlades sakuma spriegums bija 2,34 V, kas 10 h izlades
perioda samazinajas Iidz 2,2 V.

Visu mérfjjumu laika tika noveérota redzama pH neitrala slana veidosanas starp abiem diviem
hidrogeliem. To var skaidrot ar H* un OH~ jonu difuiziju no skaba un baziska elektrolita, kur tie
robezslani viens otru neitraliz€, veidojot Gdeni, kas v&l vairak atSkaida skabo un bazisko
hidrogelu un rada papildu elektrolita pretestibu. Lai novertétu neitrala slana ietekmi uz
amfotéras baterijas konstrukciju, tika veikti ari OCV mérijumi ar papildu neitralo slani starp
skabo un bazisko hidrogelu. Neitrala elektrolita koncentracija tika varicta attieciba pret
skabes/bazes koncentracijam ar attiecigi zemaku (0,4 M), vienadu (0,5 M) vai augstaku (0,6 M)
K>SOs normalitati. Saskana ar m&rjjumiem, kas redzami 4.2. d. attéla, baterijas ar tris slanu
hidrogelu elektrolitiem saglaba stabilu spriegumu vairak neka 45 h. Tas ir ilgak neka divslanu
hidrogelu elektrolita baterijai, kas spriegumu saglabaja aptuveni 27 h 1idz nokritas 1idz 1,7 V
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neitralizacijas reakcijas del. Salidzinot neitrala hidrogela koncentracijas ietekmi, redzams, ka
visilgako sprieguma stabilitati (~ 52 h) uzradija lidzsvara koncentracijas hidrogels, savukart
baterijas ar samazinatas vai paaugstinatas koncentracijas neitralo hidrogelu attieciba pret
skabes/bazes hidrogeliem uzradija OCV stabilitati tikai Iidz 45 h. Kopuma trisslanu hidrogelu
elektrolitu bateriju pH gradienta stabilitate ir izteiktaka neka divslanu hidrogelu elektrolitu
baterijai.

Lai noverteétu ieksgjas baterijas pretestibas, tika veikts EIS mérfjums pilnai amfotérai Zn-
MnO:; baterijai un papildus arT modelgti iegiitie dati saskana ar 4.3. attéla redzamo ekvivalento
shému. Iegiitas komponensu vértibas apkopotas 4.1. tabula. Serijas pretestiba R ar veértibu
30,5 Q atbilst elektrolitu pretestibai un ir saméra liela ierobezotas jonu kustibas del, kuras
kin&tiku traucg hidrogela micellas. Pirmais pusloks augstas frekvences raksturo robezslani starp
elektrolitu un elektrodu, kas ekvivalentaja shéma atziméts ka R; un CPE; paralélais slégums.
Modelt iegiita R vertiba ir 17 Q, un CPE; ekvivalenta kapacitate ir 102 mF. Abi §ie parametri
ir jutigi pret elektrolita sastavu [152] un elektroda virmas porainibu [153], [154]. Otrais pusloks
zemo frekvencu diapazona atspogulo reakciju procesus, kur R raksturo ladina parneses

pretestibu, un modeli iegtita vertiba ir 6,7 Q. Savukart CPE» raksturo dubultslana kapacitati, un
ta vertiba ir 39 mF.
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4.2. att. Amfotéras baterijas Tpasibas. a) Baterijas elektrodu pusstinu CV mérijumi atbilstosajos
elektrolitos (sken&Sanas atrums 0,01 V/s) un sagatavoto bateriju OCV mérijumi; b) OCV un
izlades spriegums pie izlades strava 10 mA/s; ¢) OCV un izlades spriegums pie izlades strava
0,1 mA/s; d) OCV merijumi divslanu un trisslanu (ar varigjosu koncentraciju) elektrolitu
baterijam.
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4.1. tabula

Modelétas parametru vertibas saskana ar ekvivalento shému, kas iegiitas no EIS mérfjumiem

Parametrs Veértiba Klada, %
R 30,5Q 0,2
Ry 17,2 Q 6
CPE, 106 mF 3
Ret 6,7 Q 7
CPE; 39 mF 4

©  Eksperimentalie dati
5| —— Modelétie dati

@ @ @®
CPE: CPE2
0 T T T T T T T T

30 32 34 36 38 40 42 44 46 48

4.3. att. EIS spektrs ar model&to spektru un ekvivalenta shema.

Hronopotenciometrijas rezultati amfoterai Zn-MnO, uzladgjamai baterijai ar divslanu
hidrogelu elektrolitiem (1 M KOH un 0,5 M H2SO4) redzami 4.4. a. attéla, OCV merijumi pirms
izlades uzsaksanas, péc 100 cikliem un p&c 200 cikliem — 4.4. b. attela. Baterijas augs€jais
uzlades spriegums bija ap 2,7 V, zemakais izlades spriegums 2,2-2,3 V. Papildus OCV
mérfjumi liecina, ka 2,34 V spriegums saglabdjas stabils visa 14 h uzlades-izlades m&rjumu
laika. M@riSanas laika tika novérota jonu diftizija ar redzamu pH neitrala slana veidoSanos starp
abiem hidrogeliem. To var attiecinat uz H* un OH~ jonu diftiziju un neitralizaciju, veidojot
tdeni. Tas vel vairak atSkaida skabo un bazisko elektrolitu, radot papildu iek$€jo pretestibu.
Turklat K* un SO4> joni (kas ir bazes un skabes pretjoni, ka ari nodro$ina jonu vaditsp&ju
elektrolita) migre arT uz baterijas vidusdalu un veido kristalisku kalija sulfatu. Tas skaidrojams
ar ierobezoto K>SO4 §kidibu fident (120 g/L pie 25 °C), kas savukart palielina baterijas iek§€jo
pretestibu.
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4.4. att. Divu (skaba un baziska) hidrogelu slanu amfotéras Zn-MnO> baterijas
hronopotenciometrijas mérijumi. (a) Uzlades-izlades liknes; (b) OCV pirms izlades, péc 100
un péc 200 uzlades-izlades cikliem. Uzlades-izlades strava +/— 1 mA/s.
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hronopotenciometrijas un OCV mérijumi baterijam ar trisslanu elektrolitu — 1 M KOH, 0,5 M
K2SO4un 0,5 M H2S04 (4.5. a. un b. att.). Trisslanu hidrogela baterijas uzlades spriegums bija
par 0,5 V lielaks, un izlades spriegums bija par 0,5 V zemaks neka divslanu hidrogela baterijas
spriegums (4.4. a. att.). ST uzlades un izlades sprieguma neatbilstiba ir saistita ar lielaku
hidrogela elektrolita pretestibu trisslanu hidrogela elektrolita. Skaba (0,5 M H2SOa) hidrogela
vaditspgja ir 83,6 mS/cm (pie 23 °C), baziska (1 M KOH) hidrogela vaditspgja ir 78,6 mS/cm
(pie 23 °C), savukart neitrala (0,5 M K>SOs) hidrogela vaditspgja ir vairak neka sesas reizes
zemaka — 12,6 mS/cm (pie 23 °C). Tas nozimg, ka trisslanu elektrolita kop&ja pretestiba ir
ievérojami lielaka neka divu slanu elektrolita pretestiba un rada izlades un uzlades sprieguma
neatbilstibu abam baterijam. Turpretim OCV 2,32 V trisslanu hidrogela baterijai, ka redzams
4.5. b) attela, saglabajas stabils, l1dzigi ka divslanu baterijai (4.4. b. att.).
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4.5. attels. Tris (skaba, neitrala un baziska) hidrogelu slanu amfotéras Zn-MnO; baterijas
hronopotenciometrijas merjumi. (a) Uzlades-izlades liknes; (b) OCV pirms izlades, pgc 100
un p&c 200 uzlades-izlades cikliem. Uzlades-izlades strava +/— 1 mA/s.
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SECINAJUMI

Izmantojot pH gradienta elektrolitu sistému, kur Zn anoda darbiba ir sarmaina videé un
MnO:; katoda darbiba ir skaba vide, tiek novirzita idenraza izdalisanas reakcija uz zemaku
potencialu (Iidz —0,81 V) un skabekla izdaliSanas reakcija uz lielaku potencialu (lidz
+1,2 V), palielinot @idens elektrokimisko sadaliSanas sprieguma diapazonu.

Dop&jot MnO; katodu ar Bi*" un Mo®" joniem, materiala notieck Mn3" jonu stabilizacija, kas
veicina elektrokimiski aktivakas a-MnO; fazes struktiiras izveidi. Noteiktas optimalas
koncentracijas: 5-10 mol% Bi un 2,5 mol% Mo.

. Apstarojot Zn anodu ar impulsu lazeru, par 30 % palielinas Tpatn&jas virsmas kapacitate un
samazinas ladina parneses pretestiba, kas uzlabo elektrokimiskas reakcijas kingtiku 1 M
KOH elektrolita skiduma.

Izmantojot Pluronic F-127 micellu hidrogelus, iegiistama lad€jama amfotéra tdens
elektrolita Zn-MnQO; baterija, kur Zn anods atrodas 1 M KOH elektrolita skiduma, bet MnO,
katods 0,5 M H2SOj4 elektrolita skiduma.

. Amfoters @idens elektrolita Zn-MnO» baterijas atvertas k&des spriegums ir 2,4 V, pH
gradienta stabilitate saglab3jas vairak neka 25 stundas, izlades spriegums pie 0,1 mA/s ir
2,34 V un stabili 200 uzlades-izlades cikli pie 1 mA/s.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Global demand for efficient and sustainable energy storage solutions continues to rise
alongside the increasing use of renewable energy sources and the electrification of various
sectors [1]-[5]. Renewable energy sources are characterized by irregular energy production —
for example, solar energy can only be harnessed during daylight hours [6]-[8]. Therefore,
batteries play a crucial role in mitigating the intermittency of renewables by ensuring reliable
energy storage and a stable electricity supply on demand [9]-[12]. Currently, one of the most
widespread and successful energy storage technologies is rechargeable lithium-ion batteries
[13]-[17]. They offer high energy (up to 500 Wh/g) and power (up to 300 W/kg) densities, a
large theoretical capacity (890 mA h/g), high operating voltage (> 3.7 V), and excellent charge-
discharge stability (over 10,000 cycles) with low self-discharge [18]-[24]. However, key
drawbacks of rechargeable lithium-ion batteries include safety concerns due to overheating and
potential self-ignition [25]-[29], as well as limited lithium resources [30]—[33]. These issues
have prompted the search for alternatives by developing new or improving existing battery
technologies.

Among existing battery technologies, aqueous electrolyte Zn-MnO; batteries have attracted
considerable attention, as they already dominate the non-rechargeable battery market [34], [35].
They offer lower costs, higher safety, and are more environmentally friendly compared to
chargeable lithium-ion batteries [36]-[38]. However, to meet future needs, it is necessary to
develop their potential application as rechargeable batteries, which presents several challenges,
such as electrolyte stability, electrode degradation, and performance limitations [19], [39]-[43].

One of the problems typical for rechargeable Zn-MnO: batteries is their low operating
voltage and poor cyclability, stemming from the instability of the MnO> cathode and unwanted
side reactions, such as MnO> disproportionation and dissolution, phase transitions to
electrochemically inactive forms, oxygen evolution reaction (OER), and the formation of
electrochemically inactive compounds with Zn?* ions [44], [45]. To optimize performance,
various electrolyte compositions have been studied, including alkaline [19], [38], [46], [47],
neutral [48]-[51], and acidic [52], [53] electrolytes. However, each approach undesirably
affects cycle life, efficiency, and reaction kinetics. Further adaptation and exploration of
electrolytes. i.e., creating pH gradient electrolytes and dual-electrolyte systems, offer
significant improvements in electrochemical stability and operating voltage for Zn-MnO>
systems. By carefully tailoring the electrolyte environment around the anode and cathode, it is
possible to extend the electrochemical water decomposition window while mitigating side
reactions [54]-[59].

In addition to electrolyte optimization, attention must be paid to the structural stability of
the MnO» cathode. MnO; exists in several polymorphs, each with distinct electrochemical
properties depending on its crystal structure. For the sequence o.> & > B, the theoretical capacity
decreases, meaning the different phases exhibit varying cyclability and ion diffusion properties
[60]-[62]. In alkaline electrolytes, the MnO, cathode may form electrochemically inactive
phases such as Mn(OH)2, Mn;03, and Mn3O4 [19], while in acidic environments, it may
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dissolve or transition into another polymorph due to side reactions [40], [63], leading to capacity
loss. Introducing heteroatoms into the electrode structure is a potential solution to improve
electrochemical properties [64]. Studies have explored the effects of heteroatoms on MnO; in
alkaline and neutral electrolytes. For example, doping with Co [65]-[67] and Mo [68], [69]
promotes defect formation in the MnO: crystal lattice, stabilizing certain polymorphs.
Meanwhile, Bi doping [34],[70]-[73] narrows the MnO; bandgap and facilitates
electrochemical dissolution—deposition processes

Another key limitation of aqueous Zn-ion batteries is the instability of the metallic Zn
anode, which leads to dendrite formation, hydrogen evolution reaction (HER), and surface
passivation [41]-[43]. To prevent these side reactions, various surface modification methods
have been explored to improve the electrochemical properties of Zn anodes. The main
approaches include surface coating and electrolyte modification to control the Zn deposition—
dissolution reactions. Coating types include CaCOs [74], ZnO [75]-{77], ZrO2 [78]-[80], TiO:
[81]-[83], and various polymer coatings [84]-[87].

Further development of this research, which includes electrolyte development, cathode
stabilization, Zn surface modification, and integration into batteries, is an important step
towards the commercialization of rechargeable aqueous electrolyte Zn-MnO; batteries.
Therefore, this Doctoral Thesis focuses on the main limitations at the electrolyte, cathode, and
anode levels with the aim of advancing rechargeable batteries with higher energy density, better
cyclability, and improved safety.

Aims and objectives

This Doctoral Thesis aims to develop a concept of increasing the voltage of aqueous Zn-
MnO; batteries above 2 V and to investigate the required modifications to the electrolyte,
cathode, and anode to realize this concept.

To achieve this aim, the following objectives were set:

1. Develop a strategy for increasing the operating voltage of water-based electrolyte
rechargeable batteries above 2V, bypassing the water decomposition voltage
limitations.

2. To synthesize MnO; powders doped with Bi and Mo ions. To evaluate the properties of
the obtained materials using non-destructive analytical methods and prepare thin
coatings on carbon paper. To conduct electrochemical measurements of the prepared
coatings in an acidic electrolyte solution.

3. To modify Zn plates using pulsed laser irradiation at different energy fluencies. To
characterize the prepared samples using non-destructive analysis and perform
electrochemical measurements in an alkaline electrolyte solution.

4. To create a pH gradient electrolyte using Pluronic F-127 hydrogel. To assemble a Zn-
MnO, battery using the pH-gradient electrolyte, conduct electrochemical
measurements, and determine whether the operating voltage window of the aqueous
electrolyte can be extended beyond 2 V.
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Thesis statements to be defended

1. A pH gradient electrolyte system, where there is an alkaline environment at the anode and
an acidic environment at the cathode, increases the electrochemical window of water.

2. Doping the MnO; cathode with Bi** and Mo®" ions improves electrochemical performance
in acidic electrolyte.

3. The stability of the Zn anode in an alkaline electrolyte is improved by structuring the anode
surface with a pulsed laser.

4. A rechargeable amphoteric aqueous electrolyte Zn-MnO: battery can be created using
Pluronic F-127 micelle-type hydrogel.

5. Anaqueous electrolyte Zn-MnO; battery with a voltage above 2 V can be obtained by using
two different pH electrolytes, or amphoteric systems.

Scientific novelty

In the Doctoral Thesis, an innovative approach to the design of an aqueous Zn-MnO>
rechargeable battery has been developed and implemented, thus overcoming fundamental
limitations at the electrode and electrolyte levels. The study combines strategies in electrode
material modification, electrolyte engineering, and battery design improvement to expand the
operating voltage range of the battery and improve electrochemical performance. Research has
been conducted to improve the stability and electrochemical performance of materials in
different pH electrolyte environments, and a new battery concept has been developed based on
separated cathode and anode electrolyte spaces. The results of the study reflect the relationships
between the structure and properties of water-based electrolyte battery components, which can
be used in the development of alternative energy storage systems.

Practical significance

1. Development of aqueous electrolyte Zn-MnO; rechargeable batteries with increased
operating voltage to promote the development of safer and more efficient alternative
energy storage systems.

2. Development of a dual electrolyte system concept that reduces parasitic reactions on the
electrodes, thereby improving electrochemical stability, as an alternative to traditional
battery designs.

3. Development of scalable methods (doping of semiconductors with heteroatoms via the
hydrothermal method and structuring of metal surfaces with a pulsed laser) for
modifying electrodes that increase specific capacity.

4. Construction of rechargeable batteries using elements commonly found in the Earth's
crust as electrode materials, creating an alternative battery technology that does not
depend on critical raw materials.
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Structure and volume of the Thesis

The Doctoral Thesis is presented as a thematically unified collection of scientific

publications focused on the development of an amphoteric aqueous Zn-MnO» battery and the

individual improvement of its electrolyte and electrodes. The Thesis includes four original
research articles and one review article published in Scopus-indexed journals.

Publications and approbation of the Thesis

The main results of the Thesis are published in four scientific research articles. One review
article was also prepared during the development of the Thesis. The research results have been
presented at 17 scientific conferences.

Scientific publications

1.

R. Durena, N. Griscenko, L. Orlova, M. Bertins, A. Viksna, M. Iesalnieks, A. Zukuls.
Synthesis, structure, and electrochemical performance of Bi-induced stabilization of
MnO: cathodes for use in highly acidic aqueous electrolytes (pH < 2). Journal of Alloys
and Compounds, 1010, 2025, 177904. https:/doi.org/10.1016/j.jallcom.2024.177904
(IF 5.8, CiteScore 11.1)

R. Diirena, L. Fedorenko, N. Gris¢enko, M. Vanags, L. Orlova, P. Onufrijevs, S.
Stanionyte, T. Malinauskas, A. Zukuls. Irradiating the Path to High-Efficiency Zn-Ion
Batteries: An Electrochemical Analysis of Laser-Modified Anodes. Global Challenges,
8 (10), 2024, 2400105. https://doi.org/10.1002/gch2.202400105 (IF 4.4, CiteScore 8.7)
N. Gris¢enko, R. Diirena, M. Iesalnicks, M. Beértin$, A. Viksna, A. Zukuls.
Improvement of manganese dioxide cathode by molybdenum doping in highly acidic
electrolyte. Journal of  Energy Storage, 76, 2024, 109847.
https://doi.org/10.1016/j.est.2023.109847 (IF' 8.9, CiteScore 11.8)

R. Durena, A. Zukuls. A Short Review: Comparison of Zinc—Manganese Dioxide
Batteries with Different pH Aqueous Electrolytes. Batteries, 2023, 9(6), 311.
https://doi.org/10.3390/batteries9060311 (IF 5.3)

R. Durena, A. Zukuls, M. Vanags, A. Sutka. How to increase the potential of aqueous
Zn-MnO; batteries: The effect of pH gradient electrolyte. Electrochimica Acta, 2022,
434, 141275. https://doi.org/10.1016/j.electacta.2022.141275 (IF 5.5, CiteScore 11.3)

Most significant conference participation

1.

R. Diirena, N. Gris¢enko, A. Zukuls. High-Potential 2 V Rechargeable Zinc-
Manganese Dioxide Batteries Enabled by Polymer Hydrogels. 2024 MRS Fall Meeting.
Boston, USA. 1-6 December 2024. EN08.08.25

R. Diirena, N. Griscenko, A. Zukuls. Extending the Electrochemical Window of
Aqueous Zn-MnO; Batteries through pH Gradient Dual-Electrolyte. Battery 2030+’s
4th Annual Conference & Young Scientists gathering. Grenoble, France. 27-29 May
2024. P37
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Battery Exceeding 2V Potential. [6th International Conference on Materials
Chemistry. Dublin, Ireland. 3—6 June 2023. P256
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LITERATURE REVIEW AND RESULTS

Literature review and results of the Doctoral Thesis are presented in four main chapters,

which combine one review article and four original publications:

1. Literature review on the performance of an aqueous electrolyte Zn-MnO> battery
depending on the pH of the electrolyte medium, as well as an evaluation and explanation
of the dual battery concept, summarizing the review article (Appendix 1).

2. Results of the research on improving the operation and performance of MnO> cathode
in a highly acidic electrolyte by incorporating Bi and Mo ions into the MnO> structure,
summarized in original Publication 1 (Appendix 2) and original Publication 2
(Appendix 3).

3. Results of the research on improving the operation and performance of Zn anode in
alkaline electrolyte using surface structuring with a high-power pulsed laser,
summarized in original Publication 3 (Appendix 4).

4. Results of the research on the development and electrochemical parameters of a dual
aqueous electrolyte Zn-MnO, rechargeable battery, summarized in original
Publication 4 (Appendix 5).

1. Literature review on the performance of an aqueous electrolyte Zn-
MnO: battery depending on the pH of the electrolyte medium

The origins of aqueous electrolyte Zn-MnO> batteries date back to 1866, when French
scientist Georges Leclanché manufactured and patented the first Zn-MnO; non-rechargeable
battery, called the Leclanché cell [7]. These batteries were further developed in the 1950s by
Canadian engineer Lewis Urry, who patented the alkaline Zn-MnO> battery in 1960 [88]-[91].
These batteries are still being improved, trying to extend their effective lifespan and replace
hazardous elements such as mercury. Thus, aqueous alkaline Zn-MnO; batteries are the longest-
standing and most widely used non-rechargeable battery technology, still dominating the global
market [92]. This could be due to the fact that aqueous electrolyte Zn-MnO> batteries do not
pose major safety risks, Zn metal has low toxicity (LD50 = 630 mg/kg — in rats) [93], Zn?*/Zn
two-electron reaction has a relatively high theoretical capacity of 820 mAh/g [36], [37], as well
as the theoretical capacity of MnO2/Mn2" two-electron reaction is 617 mAh/g [38], [94], [.95].
Moreover, both zinc and manganese are common elements in the Earth's crust [36], [37].

1.1. Alkaline electrolyte Zn-MnO: batteries

An aqueous alkaline Zn-MnO; battery consists of a Zn metal anode, a MnO; cathode, and
a concentrated KOH aqueous solution (> 30 %) electrolyte. Carbon black (CB) particles are
usually added to the cathode to ensure its conductivity, as MnO itself is non-conductive. The
schematic of this non-rechargeable battery is shown in Fig. 1.1, where the Zn anode undergoes
electrochemical Reaction (1) with a standard potential of —1.199 V, while the cathode active
component MnO> undergoes Reactions (2) and (3) with a standard potential of +0.250 V. Thus,
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overall Reaction (4) occurs in the alkaline battery, resulting in an OCV of 1.45 V for the battery
[6], [94], [96], [97].

Anode: Zn +40H™ - Zn(OH)3™ + 2e~ E®=-120V €))
Cathode: MnO, + H,0 + e~ - MnOOH + OH~ (15t e™) E°=+0.25V )
MnOOH + H,0 + e~ » Mn(OH), + OH™ (2" &™) 3)

Overall reaction:
Zn+ MnO, + 2H,0 + 20H™ - Zn(OH)3~ + Mn(OH), E =145V 4)

Alkaline Zn-MnO» batteries are a long-established technology and are still being
researched. Although these batteries are widespread as non-rechargeable batteries, they are still
not widespread as rechargeable batteries. This is mainly due to the formation of
electrochemically inactive manganese oxides Mn3O4 and ZnMn>Os. These compounds are
formed during the deep discharge process [88], [98]. Thus, during the first few discharge-charge
cycles, electrochemically inactive compounds cover the particles of the active MnO» compound
of the cathode, stopping further reaction, which rapidly reduces the battery capacity. The
scientific literature describes various ways to reduce or eliminate this undesirable effect in
alkaline electrolytes, for example, doping the MnO> cathode with Bi or Cu ions [94], [99], as
well as modifying the electrolyte by adding extra ions [100]-[102], such as Li* [98].

05

-
D) MnO, + H,0
© MnOOH + OH~

|~ Zn+ 40H" -
Czn(om.“ K ® ®

@8 - Mn(OH),+0H~ @ Ly

0=_-1.199V
©
5]
L]
A0SZT 0+ = od

Fig. 1.1. Schematic operating mechanism of Zn-MnO> batteries with an alkaline aqueous
electrolyte.
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1.2. Neutral and acidic electrolyte Zn-MnO: batteries

The modification of the electrolyte in Zn-MnO; batteries has been further advanced by
reducing the pH of the electrolyte from alkaline to neutral and even acidic, thereby altering the
overall reactions occurring in the battery, as illustrated in the schematic representation of the
Zn-MnQO; battery with an acidic aqueous electrolyte (Fig. 1.2). In these systems, the alkaline
electrolyte composed of KOH, NaOH, and LiOH [97], [98], [103]-[105] has been replaced with
solutions of ZnSO4, MnSO4, K2SO4, NaxSO4 [106]-[111] and/or a diluted acid electrolyte [52],
[53]. As shown in the Pourbaix diagram of manganese compounds (Fig. 1.3 a), which depicts
the changes in the standard potential of the element in an aqueous electrolyte depending on the
pH, at higher pH values, the electrochemical reaction of MnO> occurs at a standard potential of
0.250 V, with the possibility of forming the electrochemically inactive Mn»>Os phase. However,
when the electrolyte pH is lowered to an acidic level, the oxygen atom in the MnO> cathode
can bind with H" ions from the electrolyte, forming water molecules. Consequently, Mn*" ions
can be reduced to Mn?* ions, which dissolve into the electrolyte solution without forming the
electrochemically inactive Mn»O3 phase. Moreover, this MnO; reaction in an acidic medium
occurs at a standard potential above 1.2 V. However, this reduction in electrolyte pH increases
the electrochemical reaction potential of the Zn anode. As seen in the Pourbaix diagram of zinc
compounds (Fig. 1.3 b), the standard potential of the reaction increases from —1.199 V in an
alkaline medium to —0.762 V in an acidic medium.

Despite the increase in the standard potential of the Zn anode, the overall battery design
results in a higher operating voltage of up to 2 V, according to Reactions (5)—(7) [112]:

Anode: Zn = Zn**t + 2e” E°=-076V 5)
Cathode: MnO, + 4H* + 2e™ —» Mn?* + 2H,0 E%=+1.22V (6)
Overall reaction:

Zn + Mn0O, + 4H* - Zn?* + Mn?* + 2H,0 E =198V 7

However, in an acidic medium, a parasitic reaction occurs — Zn anode corrosion. During
this process, the Zn anode dissociates into Zn?* ions in the electrolyte, releasing Hz gas. This
parasitic reaction not only reduces the capacity of the battery but can also lead to the rupture of
the battery cell [113]. The occurrence of the parasitic reaction at the anode can be mitigated by
coating the Zn anode with fumed silica and polyethylene glycol (with a molecular weight of
300 g/mol) [114]. To prevent potential MnO» dissolution, 0.1 M MnSO4 is added to the
electrolyte [107]-[110]. However, even in this type of battery, the formation of the ZnMn»O4
phase has been observed, which is chemically inactive and leads to capacity fading by
increasing reaction irreversibility [115]. This suggests that both alkaline and neutral-acidic
aqueous electrolyte Zn-MnO> batteries face similar challenges.
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Fig. 1.2. Schematic operating mechanism of Zn-MnO, batteries with an acidic aqueous
electrolyte.

ZnO | ZnO,*

Fig. 1.3. Pourbaix diagrams with marked water decomposition potentials: a) for manganese
compounds, and b) for zinc compounds [116].

1.3. Dual/amphoteric electrolyte Zn-MnO:2 batteries

To combine the beneficial properties of both alkaline and acidic aqueous electrolytes, a new
type of cell has been developed, enabling an increase in the water decomposition voltage above
2 V. The structure of this cell consists of two electrolytes with different pH mediums, allowing
the Zn anode to operate in an alkaline electrolyte while the MnO> cathode functions in an acidic
electrolyte. This unique battery design, whose operating principle is illustrated in Fig. 1.4,
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enhances the open-circuit voltage (OCV) of the cell up to 2.45 V, according to Reactions (8)—
(10) [54], [113], [114].

Anode: Zn + 4(0OH)™ - Zn(OH)%™ + 2e~ E%=-120V (8)
Cathode: MnO, + 4H* + 2e~ » Mn** + 2H,0 E®=+122V )
Overall reaction:

Zn+4(0H)™ + Mn0, + 4H* - Zn(OH)3™ + Mn®* + 2H,0 E =242V (10)

E®=-1.199V

AVZT T+ = o4

Fig. 1.4. Schematic operating mechanism of Zn-MnO» batteries with dual/amphoteric aqueous
electrolyte.

The expanded water decomposition voltage window can also be explained using the
Pourbaix diagram. As shown in Fig. 1.5, when the battery cell consists of a single electrolyte
with a constant pH, the water decomposition voltage is 1.23 V. Consequently, using an aqueous
electrolyte battery within a wider voltage window can lead to undesirable OER and HER.
However, by employing a dual/amphoteric electrolyte system, it is possible to achieve a stable
electrochemical voltage window for the aqueous electrolyte exceeding 2 V. Moreover,
considering that, according to the Tafel equation, hydrogen evolution on Zn exhibits a high
overpotential [117], [118], while oxygen evolution has a high overpotential [56] and slow
reaction kinetics [119], the usable voltage range of the aqueous electrolyte can be extended up
to3 V.

Overall, the concept of a dual-electrolyte system and an expanded water stability voltage
window has been described since 2005 [55]-[57]. Later, this dual-electrolyte concept was also
applied to various battery systems, including Al-air [120]-[123], Zn-air [121], [124], [125],
Mg-air [121], [126], Zn-PbO, [127]-[129], Zn-Br; [130], and Zn-MnO> [54], [58], [131].

50



However, the operational lifespan and efficiency of all these batteries are limited by
neutralization reactions and ion diffusion within the electrolyte.

T e Fog -
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-0.6- ~ -

Fig. 1.5. Water Pourbaix diagram [116].

2. Main results about the improvement of MnQO: cathode performance in
acidic electrolyte

This chapter describes the improvement of MnO; cathode performance in a highly acidic
(pH < 2) aqueous electrolyte by doping MnO» with Bi and Mo ions. The effect of the dopant
ions is evaluated by investigating the impact of Bi and Mo ion concentration on the structural
and electrochemical properties of MnO., with concentrations ranging from 0 mol% to 10 mol%.
Additionally, the mechanical role of Bi and Mo in stabilizing MnO> during the charge-discharge
cycles is also examined.

2.1. Methodology

Bi- and Mo-doped MnO; powders were synthesized via a hydrothermal method using
KMnOjy as the manganese precursor. BiCl; was used as the bismuth precursor and introduced
in concentrations ranging from 0 mol% to 10 mol%, while Na;MoO4 was used for Mo-doped
samples in concentrations from 0 mol% to 5 mol%. The required salts for each synthesis were
dissolved in distilled water, with a fixed amount of CB additionally introduced. The resulting
solution was placed in an autoclave and kept in an oven at 120 °C for either 12 h or 24 h. After
the hydrothermal synthesis, all obtained powder samples were thoroughly washed with distilled
water and dried in an oven at 60 °C for 24 h.

Additionally, a commercially obtained MnO> (in the pyrolusite phase or f-MnQO-) sample
was studied as a reference for the synthesized samples. To fabricate the cathodes, pyrolusite
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and obtained powder samples were mixed with additional CB in a 13 : 5 ratio to improve the
conductivity of the cathode. A cathode slurry was then prepared from the powder mixture by
adding a polyvinylidene fluoride solution in N-methyl-2-pyrrolidone (NMP) in a 1 : 9 ratio.
The resulting slurry was applied onto carbon paper using a doctor blade, followed by NMP
evaporation and cutting the electrodes to the required dimensions.

2.2. Results

2.2.1. Bi-doped MnO> cathode

According to the XRD results shown in Fig. 2.1 a, the synthesized samples exhibited a two-
phase mixture consisting of 6-MnO> (Mn7013-5 H2O — birnessite) and a-MnO2 (K2-xMngO16 —
hollandite). Additionally, at higher dopant concentrations, the formation of a BiOCI phase was
observed. Increasing the Bi ion concentration in the samples resulted in a decrease in the
intensity of the -MnO; phase peak at 24.6° and an increase in the intensity of the a-MnO>
phase peaks at 29° and 42°. This suggests that the introduction of Bi ions promotes the formation
of the a-MnO; phase, which exhibits a 2 x 2 tunnel-like crystal structure. In this case, Bi ions
occupy the vacant sites in the MnO2 2 x 2 tunnel structure as a filler. This prevents MnO» from
adopting the layered 3-MnO; structure [70], [72], [132]-[134]. The formation of the tunnel-like
a-phase is preferable in this context, as its tunnel structure facilitates ion transport through the
crystal lattice, thereby enhancing electrochemical kinetics. In contrast, MnO» without dopant
ions predominantly exhibited a phase more susceptible to dissolution in acidic environments.
Scanning electron microscopy (SEM) images of the samples, shown in Fig. 2.1 b, reveal that
the synthesized powders consist of aggregates of smaller and larger needle-like structures,
which are characteristic of different MnO> polymorphs [135]-[137]. In comparison, the
pyrolusite reference sample consists of rounded particle aggregates.

a) Mn7013-5H20 PDF#00-023-1239
L Lt

K2.xMngO,, J PDF#00-044-1386

L1 l‘ I I P
Pyrolusite PDF#04-002-1256
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| N B P O T P
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“ PDF#00-006-0249

3

< N

- 0 mol% Bi

G pert el P

3 A 1 mol% Bi

£ P N |
2.5 mol% Bi

N | 5 mol% Bi
/ MM\ ALAN NN
W e MW LA ann e A

10 mol% Bi

1 1 1 1 1 1
10 20 30 40 50 60 70 80
20(%)

Fig. 2.1. Bi-doped MnO; sample and pyrolusite: a) XRD diffractograms, and b) SEM images.
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To further characterize the synthesized samples, X-ray photoelectron spectroscopy (XPS)
analysis was performed. In the normalized Mn 2p XPS spectra (Fig. 2.2 a), a peak shift towards
the Mn3" binding energy is observed, which becomes more pronounced with increasing Bi*
concentration in the sample. Additionally, the differential spectra of the normalized XPS signals
(Fig. 2.2 b) show a decrease in the Mn*" signal and an increase in the Mn3* signal as the Bi3*
concentration increases. Similar observations regarding the formation of Mn3** and Mn**
oxidation states under comparable synthesis conditions in various metal oxide systems have
been reported in the literature [138], [139]. These studies explain the role of heteroatoms
introduced into the MnO: crystal structure in stabilizing metastable Mn3* ions, which typically
undergo disproportionation in oxide crystal lattices [140]. In the normalized O 1s spectra
(Fig. 2.2 ¢), an increase in hydroxyl groups and adsorbed water on the surface is observed with
higher Bi** concentrations in the sample. According to literature data, binding energies in the
range of 531-535 eV are closely associated with surface hydroxyl groups, water, or oxygen-
containing organic byproducts [141]. Examining the Bi 4f XPS spectra (Fig. 2.2 d), no Bi signal
is detected in the 0 mol% Bi sample. However, as the Bi** concentration increases, the Bi signal
becomes more pronounced, confirming that all Bi-containing samples have Bi atoms in the 3+
oxidation state [142], [143].
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Fig. 2.2. Bi-doped MnO> sample and pyrolusite: a) normalized Mn 2p XPs spectra, and
b) difference thereof; c) Bi 4f spectra, and d) normalized O 1s spectra.
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Cyclic voltammetry (CV) measurements were performed on the prepared cathodes, and the
specific capacities of each cathode were calculated based on the obtained data, as shown in
Fig. 2.3 a. From these results, at slower scan rates, the cathode with 5 mol% Bi ion content
exhibits the highest specific capacity of 130 mAh/g, while the cathode without Bi ions reaches
only 120 mAh/g, and the pyrolusite cathode achieves 90 mAh/g.

To evaluate the capacity retention, galvanostatic charge-discharge (GCD) measurements
were performed at varying current densities, as shown in Fig. 2.3 b. During the first five cycles,
material activation and cathode stabilization take place. The pyrolusite cathode and the cathode
without Bi ions require all five cycles to fully stabilize. In contrast, samples containing Bi ions
stabilize within 2-3 cycles. In the following 15 cycles, as the current density increases from
0.25 A/gto 1.0 A/g, the pyrolusite cathode exhibits a similar capacity to the cathodes containing
0-5 mol% Bi ions. However, when the current density is reduced back to the initial 0.25 A/g,
cathode materials with a higher Bi ion content demonstrate better capacity retention.
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Fig. 2.3. Specific capacities of Bi-doped MnO: samples and pyrolusite: a) specific capacities
obtained from CV measurements at different scan rates, and b) specific discharge capacities
from GCD measurements at different current densities.

The electrochemical impedance spectroscopy (EIS) results for all samples after CV
measurements are shown in the EIS diagrams in Fig. 2.4 a, where two compressed semicircles
can be observed — one at high frequencies and the other at low frequencies. Additionally, fitted
curves are shown based on the equivalent circuit in Fig. 2.4 b. The circuit consists of resistances
—Rs, Ry, and R, — and constant phase elements — CPE; and CPE; — parallel to their respective
resistances. The values of all these components are listed in Table 2.1. The ohmic resistance of
the electrolyte corresponds to component R and is approximately 22-23 Q for all samples. The
resistance Ry and constant phase element CPE represent the charge transfer resistance between
the electrode and electrolyte as well as the double-layer capacitance. The fitted values indicate
that the hydrothermally synthesized cathode materials exhibit a reduced double-layer
capacitance, with the most significant reduction observed for the 10 mol% Bi MnO» sample.
This observation correlates with the increase in surface hydroxyl groups shown in Fig. 2.2 c.
The variation in surface hydroxyl group content influences the wetting properties of the

54



electrode and affects the interaction between the electrode surface and the electrolyte, thereby
impacting the charge transfer resistance. The second set of parallel components — resistance R
and constant phase element CPE, — corresponds to the overall resistance and capacitance
between individual cathode particles, since the cathode consists of a mixture of individual
semiconductor MnO» and CB particles. According to the fitted values, the synthesized samples
exhibit significantly lower resistance between individual particles. Comparing the pyrolusite
and 0 mol% Bi samples, the CB added during synthesis reduces the particle-to-particle
resistance by more than nine times.
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Fig. 2.4. Bi-doped MnO, sample and pyrolusite: a) measured EIS diagrams with fitted data
according to b) equivalent circuit.

Table 2.1
Equivalent Circuit Parameters of the EIS Fitted Data
CPE, CPE,
Rs R R, *
Sample YO N YO N
Q Q mS - sN Q mS - sV

Pyrolusite 23.82 5.05 1.13 0.54 1474.8 1.93 0.52  0.00039
0 mol% Bi 21.66 9.49 0.29 0.68 161.94  6.30 0.34  0.00045
1 mol% Bi 2375  49.03 1.52 0.52 162.74  3.32 045 0.00106
25mol% Bi  23.74  39.57 1.38 0.53 195.00 3.54 0.40  0.00148
5 mol% Bi 21.71 6.23 0.16 0.74  204.60  4.68 0.36  0.00208
10 mol% Bi ~ 22.37 8.04 0.13 0.77 24274  4.80 0.35 0.00210
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2.3.2. Mo-doped MnO; cathode

Also, XRD diffractograms shown in Fig. 2.5 for the Mo-doped samples reveal the presence
of two phases: 8-MnO; (Mn7013:5H,0 — birnessite) and 0-MnQO; (K. xMngO16 — hollandite).
Similar to the Bi-doped samples, an increase in Mo concentration leads to a decrease in the §-
MnO: phase and an increase in the a-MnQO; phase. This indicates that the addition of Mo dopant
promotes the formation of the a-MnO; phase. Additionally, the synthesis time influences the
crystallinity of the samples, as evidenced by more pronounced diffraction peaks in the samples
synthesized for 24 hours with Mo concentration up to 2.5 mol%. This suggests the formation
of larger crystallites [144], which is also consistent with the SEM images shown in Fig. 2.6 a.
In these images, the samples synthesized for longer durations exhibit more defined structures,

whereas the 12-hour samples consist of randomly shaped agglomerates.

Intensity (a.u.)

Fig. 2.5. XRD diffractograms of Mo-doped MnO» samples and pyrolusite.
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XPS analysis was also performed to determine the oxidation states of the elements present,
with the spectra shown in Fig. 2.6 b. All samples contain Mn*" ions, and the synthesized
samples also exhibit carbon-oxygen bonds due to the addition of CB during the synthesis
process. Furthermore, the Mo-doped MnO; samples contain Mo%* ions and metastable Mn3*
ions, indicating that the addition of Mo ions also stabilizes Mn3* ions [145].
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Fig. 2.6. Mo-doped MnO, sample and pyrolusite: a) SEM images, and b) Mn 2p, O 1s and Mo
3d spectra.

Further cathodes were prepared from Mo-doped MnO» samples, and CV measurements
were performed to calculate the specific capacities of each cathode, which are summarized in
Fig. 2.7 a. All synthesized samples show a higher specific capacity than the pyrolusite sample,
with the specific capacity of the synthesized samples increasing as Mo atoms are added. The
general increase in specific capacity between the pyrolusite and synthesized samples may be
related to phase differences, as seen in the XRD results (Fig. 2.5), where the synthesized
samples contain both 6-MnO» and a-MnO; phases. The highest specific capacity, 415 mAh/g
at 0.002 V/s, was obtained from the 2.5 mol% Mo-doped MnO> sample synthesized for
12 hours. However, further tests reveal that the 1 mol% Mo-doped sample, synthesized for
12 hours, retains its specific capacity better as the scan rate increases. Overall, the CV
measurements indicate that Mo-doped samples show an increase in specific capacity up to a
Mo concentration of 2.5 mol%.
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Fig. 2.7. Specific capacities of Mo-doped MnO; samples and pyrolusite.

3. Main results about improving the performance of the Zn anode in
alkaline electrolyte

This chapter describes the improvement of the electrochemical properties of the zinc anode
achieved by irradiating the Zn surface with a pulsed laser. The effect of laser irradiation on the
structural and morphological properties of the Zn anode was evaluated. The electrochemical
properties of the obtained anode materials, such as surface-specific capacity and charge transfer

resistance, were examined. Possible mechanisms for the influence of laser modification on the
performance of Zn anodes are discussed.

3.1. Methodology

Zinc plates with 99.95 % purity were modified using a nanosecond pulsed Nd: YAG laser
at two wavelengths (266 nm and 1064 nm) in air and deionized water environments. A
schematic of the irradiation process is shown in Fig. 3.1. The main laser parameters — energy
fluence (ranging from 0.32 J/cm? to 2.66 J/cm?), which varies depending on the irradiation
process, and pulse duration (6 ns) — were systematically varied and are summarized in
Table 3.1. The resulting Zn anode samples were tested in an electrochemical half-cell with a

1 M KOH electrolyte, a Pt counter electrode, and an Ag/AgCl (3M KCl) reference electrode
following surface examination.
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Zn plate AX.I

Fig. 3.1. Schematic representation of the laser irradiation process.

Laser Irradiation Parameters

Table 3.1

Sample” Laser w::;;elength, Irradiation medium EnergJifcflnllence,

Zn un-irradiated — -

Zn-A-2.66* 266 Air 2.66
Zn-A-0.38 1064 Air 0.38
Zn-A-0.59 1064 Air 0.59
Zn-A-0.64 1064 Air 0.64
Zn-A-0.71 1064 Air 0.71
Zn-W-0.32%* 266 Deionized water 0.32
Zn-W-0.53* 266 Deionized water 0.53
Zn-W-0.69 1064 Deionized water 0.69
Zn-W-1.29 1064 Deionized water 1.29
Zn-W-1.42 1064 Deionized water 1.42
Zn-W-1.60 1064 Deionized water 1.60

*A — air medium, W — water medium.

3.2. Results

Irradiation of samples with a pulsed laser caused significant morphological changes on the

surface, as seen in SEM micrographs (Fig. 3.2). The untreated zinc sample exhibits a smooth

surface with cold rolling marks characteristic of the manufacturing process, while the laser-

treated samples display various surface morphologies depending on the irradiation

environment. Samples irradiated in air with a 1064 nm laser show intense melting during

irradiation, resulting in frozen droplet-like structures on the surface. In contrast, samples
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irradiated in water with the same wavelength reveal wrinkled structures with homogeneously
distributed droplets underneath. Samples irradiated in air with a 266 nm laser exhibit a
moderately melted surface with a more uniform texture, whereas irradiation in water induces
ZnO growth and forms a wrinkled melt structure.

XRD (Theta/2theta) diffractograms of untreated Zn plates (Fig.3.3a) show a
polycrystalline Zn pattern with a dominant (002) basal plane parallel to the surface of the sheet.
This is related to deformations caused during rolling in the production process [146]. However,
Laser treatment of the samples reduces the intensity of the dominant (002) basal plane in the
diffractograms. This is due to the surface melting caused by the laser, revealing the underlying
polycrystalline structure where the (101) plane dominates. These changes promote more
uniform zinc deposition during electrochemical processes. However, Raman spectra shown in
Fig. 3.3 b confirm the formation of hexagonal ZnO on the surfaces of the irradiated samples.
Additionally, Raman spectra reveal various ZnO defects: oxygen vacancies (A1(LO) peak at
574 cm™), interstitial Zn atoms (broad peak between 250-300 cm™!), and nitrogen-related
defects (peak at 275 cm™") [147], [148].

¥

Fig. 3.2. SEM micrographs of untreated and pulsed laser irradiated Zn samples at different
energy fluxes (A — in air medium, and W — in water medium).
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Fig. 3.3. Untreated and laser-irradiated Zn samples: a) XRD diffractograms; b) Raman
spectra.

In CV measurements shown in Fig.3.4aandb, significant improvements in
electrochemical properties are observed for laser-irradiated samples. During anodic oxidation
(in accordance with reaction (1)), the Zn sample dissolves electrochemically until the
electrolyte can no longer access the active Zn surface for further reaction. During this reaction,
Zn(OH)4? is formed, which immediately turns into ZnO and covers the anode surface. In turn,
during the cathodic reduction reaction, a rapid increase in current is observed at —1.3 V [149],
[150]. In this potential region, when ZnO is reduced back to Zn, the previously unreacted Zn
surface is exposed to the electrolyte. This appears as a sharp current increase, indicating
resumed Zn oxidation. Notably, this phenomenon is less pronounced in laser-treated samples,
suggesting that oxidation is more controlled and ZnO grows more uniformly, despite that
oxidation is at a higher maximum current. This implies that laser surface treatment improves
the overall cyclic performance of the Zn electrode, and treated surfaces show higher oxidation
and reduction currents, indicating enhanced reaction kinetics.

Specific surface capacities determined from CV measurements are summarized in Fig. 3.4 ¢
and d. At a scan rate of 0.005 V/s, samples irradiated in air show slightly higher specific surface
capacity (1.35-1.50 mAh/cm?) compared to those irradiated in water (1.25-1.35 mAh/cm?),
and significantly higher than untreated Zn (1.15 mAh/cm?). Overall, laser-irradiated samples
exhibit an 8-30 % increase in capacity depending on the treatment parameters. This increase is
attributed to enhanced surface roughness and more active reaction sites caused by laser-induced
melting and re-solidification.
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Fig. 3.4. Untreated and air-irradiated Zn samples: a) CV measurements; c) specific surface
capacities. Untreated and water-irradiated Zn samples: b) CV measurements; d) specific
surface capacities.

After electrochemical measurements, samples were re-examined using SEM (Fig. 3.5) to
assess surface changes. The irradiated samples show grain structures with pronounced
hexagonal Zn crystal facets. In contrast, the untreated Zn sample surface lacks defined crystal
facets and shows random growth features.

/20 pm 5 2R & 3 3 Sy 20 pm ; 520 pm
R 3 ] ~N — % P ¥ { —— s

Fig. 3.5. SEM micrographs of untreated and laser-irradiated Zn samples after CV
measurements.
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Raman spectra of irradiated samples after electrochemical measurements, shown in
Fig. 3.6 a, exhibit increased background, and characteristic ZnO peaks are difficult to identify.
Conversely, untreated Zn samples still display ZnO peaks at 382 cm !, 441 cm™! and 585 cm™!,
indicating that laser treatment improves Zn anode electrochemical reactions by promoting more
uniform ZnO growth and more complete reversion to metallic Zn. However, untreated Zn
samples only undergo partial charging (ZnO reduction to Zn), leading to increased ZnO content
and a stronger ZnO Raman signal. This observation correlates with CV results of untreated Zn
(Fig. 3.4 a and b), which show a more pronounced phenomenon at —1.3 V, linked to increased
ZnO formation on the surface.

XRD (Theta/2theta) diffractograms were also repeatedly taken for the sample surfaces after
CV measurements, which are shown in Fig. 3.6 b. The untreated Zn sample shows increased
intensity of the (002) plane and reduced intensity of the (101) plane, indicating preferential
growth in the (002) direction. A slight increase in the (100) plane suggests dendrite-like and
porous structure formation [151]. In contrast, irradiated samples retain a polycrystalline (101)
structure after CV. An increase in the (002) c-plane direction suggests a more horizontal
structure formation. A slight decrease in (100) and (200) plane intensities indicates better
resistance to dendrite formation. As illustrated schematically in Fig. 3.6 c, the growth directions
of characteristic Zn planes influence potential surface structures. Growth in the (002) plane
corresponds to smooth horizontal structures, while growth in (110) and (100) planes indicates
dendritic and porous structures.
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Fig. 3.6. Post-CV measurement results for untreated and laser-irradiated Zn samples: a)
Raman spectra; b) XRD diffractograms; ¢) schematic of hexagonal Zn characteristic crystal
planes and growth models.
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To further characterize the electrode-electrolyte interface, EIS analysis was performed. EIS
spectra at a negative DC offset of —150 mV from OCV are shown in Fig. 3.7 a, and spectra ata
positive offset of +150 mV from OCV are in Fig. 3.7 b. Additionally, EIS spectra were fitted
using equivalent circuits shown in the graphs, and component values are summarized in
Table 3.2. At negative voltage, resistance R; is about 27 Q for all samples, corresponding to the
ohmic resistance of the electrolyte. Resistance R, represents the charge transfer resistance of
the faradaic process and is lower for laser-treated samples. However, CPE value (representing
the double-layer capacitance) is increased for irradiated samples, indicating a macroscopically
increased surface area. At low frequencies, all spectra transition into a sloped line,
corresponding to Warburg impedance related to diffusion-limited processes.

An extended equivalent circuit model was applied to the obtained EIS diagrams at a positive
voltage bias, where Zn oxidation and ZnO formation occur. As before, Rs represents the
electrolyte resistance and is about 27 Q. The first R; and CPE parallel connection characterizes
the state of the electric double layer: R is the ion polarization resistance, and CPE; is the
double-layer capacitance. Capacitance values are similar, indicating that the macro-surface
does not change during the electrochemical reaction. The second parallel circuit of CPE> and
R> describes the faradaic process, where Rz corresponds to charge transfer resistance. For
untreated Zn, this value is 38 Q; however, for laser-treated samples, it increases to about 200 Q.
This increase is associated with laser-induced defects, also observed in Raman spectra after
electrochemical measurements (Fig. 3.6 a). This increases the charge transfer resistance in the
irradiated samples and reduces the reaction rate for Zn oxidation. CPE: reflects the Zn oxidation
process capacitance and is several orders of magnitude higher than the double-layer
capacitance. This decrease in capacitance is related to the slowed reaction due to the increased
resistance of irradiated samples.
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Fig. 3.7. EIS spectra of untreated and laser-irradiated Zn samples: a) at =150 mV DC offset
from OCV; b) at +150 mV DC offset from OCV.
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Table 3.2
Parameters of the Equivalent Circuit of EIS Fitted Data

CPE, CPE:
Sample Rs Ry Y? N Ro YO N
Q Q uS - sN Q us - sN
at a negative DC offset from OCV
Zn 24.7 668 70 0.90 - - —
Zn-A-0.59 26.5 185 103 0.87 - - -
Zn-W-1.29 26.5 132 124 0.84 - - -
at a positive DC offset from OCV
Zn 23.6 20.5 369 0.63 38 6.35 0.67
Zn-A-0.59 26.7 15.5 292 0.70 304 3.95 0.72
Zn-W-1.29 27.0 16.0 290 0.70 200 3.79 0.72

4. Main results about the development of amphoteric batteries using
hydrogels with different pH environments

This chapter describes the development of an innovatively designed aqueous Zn-MnO>
battery and the evaluation of its electrochemical properties. The basis of this innovative design
is an elevated OCV above that of the commercially available 1.5 V alkaline Zn-MnO, battery.
This is achieved without the use of membranes, utilizing hydrogel electrolytes with differing
pH environments, where the Zn anode is located in an alkaline (KOH) hydrogel electrolyte and
the MnO; cathode in an acidic (H2SOs) electrolyte. Additionally, the use of a neutral (K2SO4)
hydrogel as an interfacial layer between the two electrolytes is evaluated. This dual-
environment approach minimizes unwanted side reactions, such as Zn anode corrosion in acidic
electrolyte and the formation of electrochemically inactive Mn compounds in alkaline
electrolyte.

4.1. Methodology

For battery fabrication, 30 wt% Pluronic F-127 micellar solutions were used as electrolytes,
dissolved respectively in acidic (0.5 M H2SOs), alkaline (1 M KOH) and neutral salt (0.5 M
K2SO4) solutions. pH indicators were added to the electrolyte solutions to allow visual
identification of pH changes. A Zn plate of defined diameter was used as the anode. The cathode
consisted of carbon felt impregnated with a mixture of MnO> (pyrolusite phase) and CB in a
13 : 5 ratio, further mixed with the acidic hydrogel to form a homogeneous mass.

To evaluate the performance of each electrode and its corresponding hydrogel, half-cell
measurements were performed, where the cathode or anode was the working electrode, one
platinum electrode was the counter electrode, and the other platinum electrode was the reference
electrode. Afterwards, the battery was assembled in a syringe body (Fig.4.1), allowing
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observation of electrolyte changes during operation. First, the MnO> cathode felt was inserted
at the syringe tip, followed by the 0.5 M H2SO4 acidic hydrogel, the 0.4—0.6 M K>SO4 neutral
hydrogel (only for three-layer batteries), the 1 M KOH alkaline hydrogel, and finally the Zn
anode, attached to the syringe plunger. In all battery configurations, the total electrolyte volume
was fixed at 3 mL.

MnO, Alkaline I
athod hydrogel
cathode ydroge L3 7o wire
Carbon Acidic Zn connection
connection hydrogel anode

W

Fig. 4.1. Schematic and photograph of the constructed battery with labelled components.

4.2. Results

To determine the theoretical behaviour of the cathode and anode during battery operation,
half-cell CV measurements were conducted. The MnO> cathode half-cell with acidic (0.5 M
H>S0s4) hydrogel and Zn anode half-cell with alkaline (1 M KOH) hydrogel were tested against
a Pt counter electrode and Pt reference electrode. According to the combined data shown in
Fig. 4.2 a, the OCV of the amphoteric battery is approximately 2.3 V. Measurements from
several assembled Zn-MnO» amphoteric batteries (Fig. 4.2 a) confirm that the voltage ranges
from2.3Vto24V.

The expected minimum discharge voltage, based on the combined data, should be around
1.6 V. To assess this theoretical value, a complete discharge of the amphoteric Zn-MnO> battery
was performed (Fig. 4.2 b) with a discharge current of 10 mA/s. Before discharge, the OCV
was 2.4 V, the initial discharge plateau was around 2.0 V, and the end-of-discharge voltage was
1.7 V — consistent with observations from the half-cell CV measurements. Additionally, under
a lower discharge current of 0.1 mA/s (Fig. 4.2 ¢), the initial voltage was 2.34 V, decreasing to
2.2 V over 10 hours.

During all measurements, the formation of a visibly neutral pH layer between the two
hydrogels was observed. This can be explained by H* and OH- ion diffusion from the acidic
and alkaline electrolytes, where they neutralize in the interface, forming water, further diluting
both hydrogel electrolytes and increasing internal resistance. To assess the influence of this
neutral layer, OCV measurements were also carried out using an additional neutral hydrogel
between the acidic and alkaline layers. The neutral electrolyte concentration (K2SO4) was
varied relative to the acid/base concentration at 0.4 M, 0.5 M, and 0.6 M. According to the
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measurements shown in Fig. 4.2 d, three-layer hydrogel electrolyte batteries maintained a stable
voltage for over 45 h — longer than two-layer batteries, which dropped to 1.7 V after ~ 27 h due
to the neutralization reaction. Among the three concentrations, the balanced 0.5 M hydrogel
exhibited the longest voltage stability (~ 52 h), while both the lower and higher concentrations
maintained stability only up to ~ 45 h. Overall, the pH gradient stability of the three-layer
hydrogel electrolyte battery is more pronounced than that of the two-layer system.

To evaluate internal resistances, EIS measurements were performed on a fully assembled
amphoteric Zn-MnOs battery, and the fitted data according to the equivalent circuit are shown
in Fig. 4.3. The obtained parameter values are summarized in Table 4.1. The series resistance
Rs of 30.5 Q corresponds to the electrolyte resistance and is relatively high due to limited ion
mobility hindered by micellar structures. The first semicircle at high frequencies represents the
electrolyte-electrode interface, which is noted in the equivalent circuit as Ry and CPE; parallel
connection. Fitted R1 was found to be 17 €, and the equivalent capacitance of CPE; is 102 mF.
Both these parameters are sensitive to electrolyte composition [152] and electrode surface
porosity [153], [154]. The second semicircle at low frequencies reflects charge-transfer
processes, where Re: is the charge transfer resistance with a fitted value of 6.7 Q, and CPE»
represents the double-layer capacitance with a fitted value of 39 mF.
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Fig. 4.2. Properties of the amphoteric battery: a) CV measurements of the half-cells in
corresponding electrolytes (scan rate 0.01 V/s) and OCV measurements of the prepared
batteries; b) OCV and discharge voltage at 10 mA/s discharge current; ¢) OCV and discharge

voltage at 0.1 mA/s; d) OCV measurements for two-layer and three-layer electrolyte batteries
with varying neutral layer concentrations.
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Table 4.1

Fitted Parameter Values from EIS Measurements Based on the Equivalent Circuit

Parameter Value Error, %
Rs 30.5Q 0.2
Ry 17.2 Q 6
CPE; 106 mF 3
Ret 6.7 Q 7
CPE: 39 mF 4

©  Experimental
Fitted

T T T T

:
30 32 34 36 38 40 42 44 46 48
7,0

Fig. 4.3. EIS spectrum with fitted model and equivalent circuit.

Chronopotentiometry results for the amphoteric Zn-MnQO, rechargeable battery with two-
layer hydrogels (1 M KOH and 0.5 M H,SO4) are shown in Fig. 4.4 a, and OCV measurements
before discharge, after 100 cycles, and after 200 cycles are shown in Fig. 4.4 b. The upper
charge voltage of the battery was around 2.7 V, and the lowest discharge voltage ranged from
2.2-2.3 V. Additional OCV measurements show that the voltage of 2.34 V remained stable
throughout 14 hours of cycling. During the measurements, ion diffusion was observed with a
visible formation of a neutral pH layer between the hydrogels due to H" and OH- ion migration
and their neutralization, forming water. This further diluted both electrolytes, increasing
internal resistance. Additionally, K* and SO4* ions (counterions of the base and acid,
respectively, and responsible for ion conductivity) also migrated toward the battery centre,
forming crystalline potassium sulphate. This is explained by the limited solubility of K2SOs in
water (120 g/L at 25 °C), further contributing to internal resistance.
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Fig. 4.4. Chronopotentiometry of the two-layer (acidic and alkaline) hydrogel Zn-MnO;
amphoteric battery: a) charge/discharge curves; and b) OCV before discharge, after 100 and
200 charge/discharge cycles. Charge-discharge current: +/— 1 mA/s.

To assess the effect of the neutral layer in the battery structure,

additional

chronopotentiometry and OCV measurements were conducted for batteries with a three-layer
electrolyte — 1 M KOH, 0.5 M K»SO4 and 0.5 M H2SO4 — shown in Fig. 4.5 a and b. The charge
voltage of the three-layer hydrogel battery was 0.5 V higher, and the discharge voltage was
0.5V lower than in the two-layer battery (Fig.4.4a). This charge/discharge voltage
discrepancy is due to the higher resistance of the hydrogel electrolyte in the three-layer
configuration. While the conductivity of the acidic (0.5 M H2SOs) hydrogel is 83.6 mS/cm
(at 23 °C) and the basic (1 M KOH) hydrogel is 78.6 mS/cm (at 23 °C), the neutral (0.5 M
K2S04) hydrogel conductivity is more than 6 times lower — 12.6 mS/cm (at 23 °C). This results
in a significantly higher total resistance in the three-layer system, causing the observed charge—
discharge voltage mismatch. However, the OCV of 2.32 V for the three-layer hydrogel battery
(Fig. 4.5 b) remained stable, similarly to the two-layer battery (Fig. 4.4 b).
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Fig. 4.5. Chronopotentiometry of the three-layer (acidic, neutral, alkaline) hydrogel Zn-MnO»
amphoteric battery: a) charge/discharge curves; and b) OCV before discharge, after 100 and
200 charge/discharge cycles. Charge—discharge current: +/— 1 mA/s.
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CONCLUSIONS

. Using a pH gradient electrolyte system, where the Zn anode operates in an alkaline
environment, and the MnO> cathode operates in an acidic environment, shifts the hydrogen
evolution reaction to a lower potential (to —0.81 V) and the oxygen evolution reaction to a
higher potential (to +1.2 V), increasing the electrochemical window of water.

. By doping the MnO, cathode with Bi** and Mo%" ions, Mn3" ions are stabilized in the
material, which promotes the formation of the electrochemically more active a-MnO> phase
structure. The optimal concentrations have been determined: 5—-10 mol% Bi and 2.5 mol%
Mo.

Irradiating the Zn anode with a pulsed laser increases the specific surface capacity by 30 %
and reduces the charge transfer resistance, which improves the kinetics of the
electrochemical reaction in a 1 M KOH electrolyte solution.

. Using Pluronic F-127 micelle hydrogels, a rechargeable amphoteric aqueous electrolyte Zn-
MnO; battery is obtained, where the Zn anode is ina 1 M KOH electrolyte solution, and the
MnO; cathode is in a 0.5 M H2SO4 electrolyte solution.

The open-circuit voltage of the amphoteric aqueous electrolyte Zn-MnO> battery is 2.4 V,
the pH gradient stability is maintained for more than 25 hours, the discharge voltage at
0.1 mA/s is 2.34 V, and it is stable for 200 charge—discharge cycles at 1 mA/s.
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Abstract: As the world moves towards sustainable and renewable energy sources, there is a need
for reliable energy storage systems. A good candidate for such an application could be to improve
secondary aqueous zinc-manganese dioxide (Zn-MnQO,) batteries. For this reason, different aqueous
Zn-MnO; battery technologies are discussed in this short review, focusing on how electrolytes with
different pH affect the battery. Improvements and achievements in alkaline aqueous Zn-MnO,
batteries the recent years have been briefly reviewed. Additionally, mild to acidic aqueous electrolyte
employment in Zn-MnO, batteries has been described, acknowledging their potential success, as
such a battery design can increase the potential by up to 2 V. However, we have also recognized a
novel battery electrolyte type that could increase even more scientific interest in aqueous Zn-MnO,
batteries. Consisting of an alkaline electrolyte in the anode compartment and an acidic electrolyte
in the cathode compartment, this dual (amphoteric) electrolyte system permits the extension of
the battery cell potential above 2 V without water decomposition. In addition, papers describing
pH immobilization in aqueous zinc-manganese compound batteries and the achieved results are
reported and discussed.

Keywords: Zn anode; MnO; cathode; energy storage; dual electrolyte; amphoteric electrolyte;
anolyte; catholyte

1. Introduction

Effective and reliable battery technology is highly desired as the world leans toward
sustainable energy sources, such as hydro, solar, and wind energies. However, all these
options suffer from uneven energy production patterns throughout the day and year and
cannot supply the energy on demand [1]. One way to overcome these shortcomings is to
store the excess energy in batteries or create more everyday appliances with accumulators.
This would allow us to charge up these devices when energy is available, such as in the
daytime, from solar panels and use electricity-powered devices in the evening [2].

Li-ion batteries (LIBs) in recent decades have found wide applications in consumer elec-
tronics [3], such as computers, cell phones [4], and now also electric and hybrid vehicles [5].
The extensive use of LIBs can be attributed to their high energy density (up to 500 Wh/L),
power density (up to 300 W/kg), high theoretical lithium storage capacity (890 mA h/g),
operating voltage (>3.7 V), excellent cycling performance (over 10,000 cycles), and low
self-discharge (<5% of the stored capacity over 1 month) [6-9]. However, the optimal
operating range of LIBs is 15-35 °C. Furthermore, battery overheating can induce the
melting of the separator, which causes an internal short circuit. In this short-circuit spot,
a rapid self-heating begins at a rate of around 2592.0 to 11,860.0 °C min~! [10], resulting
in a thermal runaway [11,12]. This means that once the process has started, no cooling
application can stop it. Unfortunately, this process results in a fire or an explosion, thus
creating a considerable safety risk for consumers [4,13,14]. Furthermore, another significant
drawback has emerged: a material shortage of commonly used metals in LIBs could be on
the rise [15-17]; thus, this suggests that new or improved battery technology is needed.
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One such technology could be improved aqueous Zn-MnO, batteries. They do not
pose large safety risks; the two-electron reaction of Zn?*/Zn has a high theoretical capacity
of 820 mAh/g, Zn has low toxicity, and is earth-abundant [18,19]. Moreover, MnO,
as a cathode has an attractive total theoretical capacity of 617 mAh/g. Thus, making
Zn-MnO, cells with an energy density of >400 W h/L and >500 Wh/kg [20], which is
comparable to some LIBs, is an interesting technology to improve large-scale rechargeable
battery applications.

The origin of aqueous Zn-MnO, batteries can be traced back to 1866 when the French
scientist Georges-Lionel Leclanché created and patented the first Zn-MnO, battery, which
was called the Leclanché cell [21]. Improving the electrolyte composition and design of this
battery cell has led to the creation of commercialized dry cells. Further development of Zn-
MnO, batteries took place in the 1950s when the Canadian engineer Lewis Urry improved
and rebuilt the battery cell known at that time. In 1960, a patent was granted for aqueous
alkaline Zn-MnO; batteries [22-24]. These batteries have continued their development
until now, improving the composition and shelf life, and replacing harmful elements inside
the batteries, such as mercury. This has led aqueous alkaline Zn-MnO, batteries to be the
longest and most widely used primary battery technology that still dominates the global
market as the primary battery source nowadays [25].

Aqueous alkaline Zn-MnO; batteries consist of a zinc metal anode, a manganese
dioxide powder mixture with finely dispersed carbon as the cathode, and concentrated
potassium hydroxide (>30 wt%) aqueous solution as the electrolyte. In this electrode pairing
(as depicted in Figure 1), Zn acts as an anode with a standard potential of —1.199 V vs.
SHE (standard hydrogen electrode) and undergoes reaction (1), whereas MnO, acts as an
active material in the cathode with a standard potential of +0.250 V vs. SHE and undergoes
reactions (2) and (3) in the primary cells. As MnO; is non-conductive, usually a small
amount of finely dispersed carbon is added to ensure the conductivity of the cathode. This
results in an overall reaction (4) [1,26-28]. The calculated open circuit potential (OCP) for
this system of 1.45 V is in discrepancy with the actual commercially available battery OCP
of 1.55-1.6 V. This effect can be attributed to the fact that reactions (1)-(4) are very general
and the actual system is quite complex [29-32]. Additionally, the total theoretical capacity
of the MnO; cathode consists of a two-stage (two-electron) reaction. The first electron
reaction (2) of the MnO, cathode in an alkaline medium corresponds to the intercalation of
hydrogen in the solid phase with a theoretical capacity of 309 mAh/g. As the discharge
continues, the second electron reaction (3) can also occur. A dissolution—precipitation
heterogeneous process with a theoretical capacity of 308 mAh/g continues to enter the
deep discharge stage of the cathode [20,28,33].

Anode:
Zn + 4(OH)~ — Zn(OH),>~ + 2e~ E’=-1199Vvs.SHE (1)
Cathode:
MnO, + H,O + e~ — MnOOH + OH™ (Iste™) E° = +0.250 V vs. SHE (2)
MnOOH + H,O + e~ — Mn(OH), + OH™ (2nd e™) ©)
Overall:
Zn + 4(OH)™ + MnO, + 2H,0 — Zn(OH),;>~ + Mn(OH), E=1449V (4)

Although researched for a very long time now, alkaline Zn-MnO; batteries are still of
great interest to scientists. Aqueous alkaline electrolyte Zn-MnO; batteries have proven to
be a great source for primary batteries; however, their secondary battery performance is
very limited due to the formation of insoluble compounds (usually in the second electron
reaction of the cathode). For this reason, many scientists are devoting their research activi-
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ties to developing rechargeable aqueous Zn-MnO, secondary batteries with higher specific
capacities and OCP. In this short review, we discuss improvements and achievements in
recent years for different aqueous Zn-MnO; battery types, as shown in Figure 2. We have
discussed alkaline and acidic/mild aqueous electrolyte rechargeable Zn-MnO, battery
types and also recognized a dual (amphoteric) aqueous electrolyte battery concept that
could increase research interest in aqueous Zn-MnQO, batteries.
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Figure 1. The schematic working mechanism of alkaline Zn-MnO, batteries.

Amphoteric
electrolyte

Figure 2. Different types of Zn-MnQO, batteries with their possible potentials and the most commonly
used electrolytes.
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2. Alkaline Electrolyte Zn-MnQO, Batteries

Many authors have attributed the poor rechargeability of alkaline Zn-MnO; batteries
to the formation of electrochemically inactive manganese oxides such as Mn3O4 and
ZnMny0Oy. These oxides form during deep discharge that takes place while accessing
the second electron capacity of MnO, [22,34]. After several charge/discharge cycles,
the irreversible manganese oxides coated the active MnO, particles, preventing them
from undergoing further reactions. N. D. Ingale with co-authors [35] investigated this
problem and provided proof for the connection between insoluble compound formation
and the depth of discharge (DOD). They experimentally obtained 3000 cycles for alkaline
(45 wt% KOH water solution) Zn-MnQO, batteries at 10% DOD. However, at 20% DOD,
only ~500 cycles could be obtained. For these experiments, the DOD was based on the first
theoretical electron capacitance of the MnO; cathode (308 mAh/g).

Other scientists have tried to improve the rechargeability of aqueous alkaline Zn-MnO,
batteries by using additives to electrolytes and/or MnO; cathodes [7,34]. A.M. Bruck with
co-workers [36] investigated the effects of BiO3 addition to the MnO; electrode. They
found that Bi®* occupies an interstitial position in the layered MnO, phase—birnessite—
limiting the Mn3* ion diffusion in the lattice. Thus, Bi®* promotes the conversion from
the MnO, birnessite phase directly to Mn(OH), and prevents Mn;O3 phase formation
during the battery charge/discharge process. A similar technique has been employed by
G.G. Yadav with co-authors [28]. They used Cu-intercalated birnessite mixed with Bi,O3
as a cathode in alkaline Zn batteries and obtained capacity reversibility (from the second
electron capacity of the MnO, cathode—617 mAh/g) for more than 6000 cycles. However,
the tested cathode material contained only ~19% of the active MnO, material.

Other authors have investigated the possibility of improving the alkaline aqueous Zn-
MnO; battery system by modifying the electrolytes [34,37-39]. For example, B.]. Hertzberg
with co-authors [34] researched the effects of mixing KOH electrolyte with LiOH addition.
They found that the insertion of lithium or a combined lithium proton is the dominant
reduction mechanism for MnO;. This prevents Zn poisoning reactions and increases
the battery cycle lifetime up to 60 cycles with negligible capacity loss (cycling around
360 mAh/g). However, despite their rechargeability improvements, aqueous alkaline Zn-
MnO; batteries still have limited applications due to their low cell potential of ~1.4 V. For
this reason, other scientists have gone one step ahead and changed the electrolyte even
further, excluding hydroxides entirely.

3. Mild to Acidic Electrolyte Zn-MnO, Batteries

To overcome the low cell potential of 1.4 V and improve the cyclability of aqueous
Zn-MnQO; batteries, other scientists have changed the pH of the electrolyte, thus altering
the reaction mechanism of the cell (as depicted in Figure 3). This was achieved by replacing
standard hydroxide solutions such as KOH, NaOH, and LiOH [27,34,35,40,41] with ZnSOy,
MnSOy (KSO4; NaySOQy) [42-47] salts, and /or diluted acid (H,SOy4) [48,49]. As shown in
the Pourbaix diagram of manganese oxide compounds (Figure 4a), at higher pH values,
MnO, goes through a low potential reaction (0.250 V vs. SHE) with the possibility of
transforming into electrochemically inactive manganese oxides such as Mn3O4. However,
by lowering the pH value well into the acidic medium, the oxygen atom from the MnO,
cathode can combine with the hydrogen ions to create water; thus, Mn** ions can be
reduced to Mn?* and dissolved in an acidic medium without electrochemically inactive
manganese oxide creation. Additionally, the reaction potential of the cathode is significantly
improved above 1.2 V vs. SHE by placing MnO, in an acidic medium. On the other hand,
this change in the pH of the electrolyte also increases the reaction potential of the Zn anode,
which lowers the overall potential of the cell. As seen in the Pourbaix diagram of zinc oxide
compounds (Figure 4b), this potential increase is quite notable, from —1.199 V vs. SHE in
an alkaline medium to —0.762 V vs. SHE in an acidic medium.
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Figure 3. The schematic working mechanism of mild/acidic Zn-MnO, batteries.
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Figure 4. Pourbaix diagram of (a) manganese compounds (Reprinted with permission from Ref. [50];
2015, published by Springer Nature Switzerland AG) and (b) zinc compounds in water (Reprinted
with permission from Ref. [51]; 2016, published by Elsevier B.V).

Despite the increase in the reaction potential of the Zn anode, this cell configuration
allows the cathode to undergo a higher operating potential reaction, resulting in an overall
potential increase up to ~2 V, according to reactions (5)—(7) [52]:

Anode:

Zn — Zn** +2e” E’=—0762Vvs.SHE (5)
Cathode:

MnO, + 4H* + 2~ — Mn?* + 2H,0 E°=+1.224Vvs.SHE (6)
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Overall:
Zn + MnO, + 4H* — Zn** + Mn** + 2H,0 E=1986V (7)

However, this increased cell potential comes with a considerable drawback. In an
acidic environment, a parasitic reaction can take place at the Zn anode. A corrosion reaction
can occur, the Zn anode dissociates into the electrolyte as Zn?* and a hydrogen gas H,
is produced. This corrosion reaction can not only decrease the capacity but also lead to
cell rupture [53]. A. Mitha with co-workers [54] designed Zn-LiMn,O, batteries with
mildly acidic (pH 4) aqueous electrolyte. To overcome gas production on the anode, fumed
silica and polyethylene glycol (MW 300 g/mol) were added. Both additives acted as Zn
anode corrosion inhibitors and dendrite suppressors. Thus, this led to achieving a 27-40%
lower corrosion current density on the Zn anode and performing 1000 charge—discharge
cycles, cycling at a capacity of ~140 mAh/g and retaining ~65% of its initial capacity after
1000 cycles.

H. Pan with co-authors [55] also reported mild electrolyte aqueous Zn-MnO, batteries
with 5000 charge—discharge cycles and a capacity retention of 92% (based on the first
electron capacity of the MnO, cathode—308 mAh/g). The high battery cyclability and
capacity retention were attributed to the addition of 0.1 M MnSOy to 2 M ZnSOy electrolyte.
The Mn?* ion suppresses MnO, dissolution into the electrolyte, thus improving the stability
of the cathode and the utilization of the MnO, active material. This idea has been well
adapted in the literature [43—46]. However, C. Qiu with co-authors [56] addressed the
possibility of adding Mn?* deposition to the MnO, cathode while cycling and adding
extra capacity to the cathode. Cells with different Mn?2* concentrations were tested, and as
expected, all the cells showed a stable capacity for a certain number of cycles, followed by
fast capacity fading due to the consumption of Mn?* ions from the electrolyte. Although
effective for a number of cycles, the Mn?* additive may not be an effective strategy for
improving the charge—discharge stability. Furthermore, C. Qiu with co-authors again
provided proof for the formation of ZnMn,Oy, at the cathode during discharge, which
is attributed to the battery capacity fading and poor cyclability. This indicates that the
same rechargeability issues exist in mild aqueous Zn-MnO, cells under alkaline conditions.
Nonetheless, there could be other methods to improve aqueous Zn-MnO; batteries and
extend the water decomposition potential window over 1.23 V [57] by combining scientific
advances made in aqueous alkaline and acid electrolyte systems.

4. Dual/Amphoteric Electrolyte Zn-MnO, Batteries

Recently, another type of Zn-MnO, battery has been adapted, which takes advan-
tage of the increased MnO, potential in acidic electrolytes without creating drawbacks
to the Zn anode. This has been realized by placing the Zn anode in an alkaline elec-
trolyte and the MnO, cathode in an acidic electrolyte, as shown in Figure 5. By creating
such a unique battery cell type, it is possible to increase the OCP to 2.45 V according to
reactions (8)—(10) [32,58,59].

Anode:

Zn + 4(OH)~ — Zn(OH),2~ + 2e~ E°=—-1.199Vvs.SHE (8)
Cathode:

MnO; + 4H* + 2~ — Mn?* + 2H,0 E%=+1224Vvs. SHE (9)
Overall:

Zn + 4(OH)™ + MnO, + 4H* — Zn(OH)4>~ + Mn?* + 2H,0 E=2423V (10)
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Figure 5. The schematic working mechanism of dual/amphoteric electrolyte Zn-MnO, batteries.

The increased theoretical battery potential and widened water decomposition window
can also be explained with Pourbaix diagrams. As shown in Figure 6, by operating the
battery in a constant pH electrolyte, the maximum water—electrolyte operation potential
window is ~1.23 V. By operating a water-based electrolyte battery in a wider potential
window, oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) can
take place. If a dual-electrolyte system is used and the cathode is operated at lower pH
values and the anode at higher pH values, as shown in Figure 6, the stable electrochemical
window of water could be increased to ~2 V. However, the HER has a high overpotential
for zinc, which can be explained by the Tafel Equation (11):

n=wa+blogi (11)

where 7 is the HER overpotential, « is the transfer coefficient (overpotential when current
density 7 is equal to the unit current density), b is the Tafel slope (a constant), and i is the
current density [60,61]. In addition, OER has a significant intrinsic overpotential of at least
0.37 V due to the complex reaction mechanism [62] and slow reaction kinetics [63]. This
way, the water—electrolyte operating potential significantly improves up to 3 V, and the OER
and HER reactions are prohibited, thus paving the way for high-voltage aqueous batteries.

Overall, this idea of creating electrolytes with different pH values and increasing the
supposed half-reaction potentials as well as the origin of the water decomposition potential
origin can be found described in 2005 by three non-related articles. S. Hasegawa with
co-authors [64] demonstrated an HyO; fuel cell with acidic (HSO4) catholyte and alkaline
(NaOH) anolyte. J.L. Cohen with co-authors [65] published findings on Hy /O, fuel cells,
where acidic (0.1 M H,SO4) and alkaline (0.1 M KOH) electrolytes were used. Additionally,
in the same year, E.R. Choban with co-authors [66] presented a methanol/O; fuel cell
with acidic (0.5 M H,SO,) and alkaline (1 M KOH) electrolytes. Later this dual-electrolyte
(acidic and alkaline) idea was adapted to different electrode batteries such as Al-air [67-70],
Zn-air [68,71,72], Mg-air [68,73], Zn-PbO, [74-76], Zn-Br; [77], etc. However, the battery
working time and efficiency of this battery cell type are limited by both the electrolyte
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neutralization reaction and ion diffusion. Scientists have tried to overcome this limitation
by using membranes and/or gelation of electrolytes.
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Figure 6. Pourbaix diagram of water.

The first zinc-manganese compound-based battery using an acid-alkaline dual elec-
trolyte was presented by L. Chen with co-authors [78]. The battery cell consisted of a Zn
metal sheet placed in an alkaline anolyte (KOH + LiOH solution) against Ti mesh (current
collector) placed in an acidic KMnOy (active cathode material) catholyte. The battery exhib-
ited an astonishing OCP of 2.8 V and a capacity of up to 750 mAh/g (discharge current
density of 375 mA/g). However, no charge—discharge cycles were observed. Later, G.
G. Yadav with co-authors [79] showed a two-compartment Zn-MnO; cell in 2019. The
Zn anode compartment electrolyte consisted of a 45% KOH aqueous solution gelled in
potassium polyacrylate. The MnO, cathode compartment electrolyte consisted of either
KMnO4 or MnSOy in a diluted H>SO4 solution. Both compartments were separated using
a cellophane membrane, as shown in Figure 7a. This approach enabled achieving cell
potential up to 2.45V (MnSOy) and 2.8 V (KMnOy). Battery cells with KMnOy in the
catholyte were stable, with capacity retention for 35 charge/discharge cycles when utilized
at 20% (~62 mAh/g) of MnO, one-electron capacity. Moreover, the battery cells with
MnSQOy in the catholyte were stable for 120 charge/discharge cycles when utilized at a
capacity of 20% (~62 mAh/g). Unfortunately, this article does not present measurements
that would exceed the 35 h mark. A similar approach to Zn-MnO; cells has been shown
by C. Liu with co-authors [80] in 2020. As depicted in Figure 7b, the cell consisted of two
electrolyte compartments: 2.4 M KOH + 0.1 M Zn(CH3COO); anolyte and 0.5 M HySO4 +
1.0 M MnSOy catholyte. A bipolar membrane was used to prevent ion migration. With this
design, a cell potential of ~2.4 V was demonstrated, a Coulombic efficiency of 98.4% was
reached, and 1500 cycles were performed while utilizing 0.4 mAh/cm ™2 areal capacity.

Other authors have tried to improve this concept by adding one more (neutral) com-
partment between the alkaline and acidic electrolytes. C. Zhong with co-authors [32] in
2020 showed a rechargeable Zn-MnO, battery as shown in Figure 7c. The battery cell
consisted of three electrolyte compartments: (1) acidic 3M HySO4 + 0.1 M MnSOy catholyte;
(2) neutral 0.1 M K;SOy electrolyte; (3) alkaline 6 M KOH + 0.2 M ZnO + 5 mM vanillin
anolyte. The acidic and alkaline compartments were separated from the neutral compart-
ment using anion- and cation-exchange membranes. In this system, an astonishing OCP of
2.83 V was recorded. Additionally, deep discharge (616 mAh/g) cycling was performed
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for over 200 h, with 2% capacity fading. However, it should be noted that ion-selective
membranes are quite expensive.

( 5 ) Cellophane ( b)

Zn(OH), >
Zn+OH-
=-1.22V
Carbon Felt - -
MnO, Acidic Gelled  Zinc Anode
Cathode MnSO, 45wt.% CEM AEM
or KMnO,  KOH

lon-selective membranes

g . Anode

Discharge ,_/’/

- e

SO.* K
Zn L
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MnO, Alkaline
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Figure 7. Design schemes of different aqueous amphoteric (dual) electrolyte Zn-MnO, batteries:
(a) experimental setup of G. G. Yadav (Reprinted with permission from Ref. [79]. Copyright 2019
American Chemical Society.); (b) experimental setup of C. Liu (Reproduced with permission from
Ref. [80]; published by John Wiley & Sons, Inc., Hoboken, NJ, USA, 2020); (c) experimental setup
of C. Zhong (Reproduced with permission from Ref. [32]; published by Springer Nature Limited,

2020); (d) experimental setup of A. Zukuls (Reproduced with permission from Ref. [59]; published by
Elsevier B.V, 2022).
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More recently, in 2022, A. Zukuls with co-authors [59] demonstrated a rechargeable
aqueous Zn-MnQO, battery in which the mixing of anolyte and catholyte was prevented by
gelling both electrolytes. As shown in Figure 7d, the battery consisted of an acidic (0.5 M
H,S0y) Pluronic® F-127 aqueous catholyte and an alkaline (1.0 M KOH) Pluronic® F-127
aqueous anolyte. No specific membranes were used in this design, only a porous paper
separator was used for visual purposes. With this design, 200 charge-discharge cycles were
performed (cycling ~10% of MnO; one-electron capacity) while maintaining a high and
stable OCP of ~2.4 V. Additionally, the impact of a neutral layer (0.5 M K,SO4 + Pluronic®
F-127) between the catholyte and anolyte was tested. With this configuration, 200 cycles
(cycling ~10% of MnO; one-electron capacity) were also performed while maintaining a
high and stable OCP of ~2.4 V. However, the discharge and charge potentials were 0.5 V
lower and higher, respectively. Although in the design with the neutral layer, a larger
internal resistance was observed due to an increase and decrease in the charge-discharge
potential, the battery was overall more stable. In a two-layer electrolyte, the battery was
stable only for 25 h; however, in a three-layer electrolyte, the battery was stable for 30 h.
After this time, a rapid neutralization reaction took place and battery failure was observed.
Even though this battery design did not use expensive ion-exchange membranes, thus
reducing the expected price, the design did not provide long-term use. Other studies
describing zinc-manganese compound-based batteries with dual (amphoteric) electrolytes
are listed in Table 1.
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Table 1. List of papers investigating zinc-manganese compound-based batteries with dual electrolytes.
Year of Anode Cathode . . Maximum Capacity -
Ref. Publishing Material Material Anolyte Catholyte Membrane Potential Cycling Capacity Retention Stability
from 510 mAh/g
KMnOj Li-ion (discharge ~110h
dissolved in OMKOH+2 1MH»SO, + exchange c(l;}r;e;r}st iiljltgl (with an
[78] 2013 Zn-plate catholyte (Ti . 204 membrane 2.8V OCP - . & - intermittent
M LiOH KMnOy . . to 750 mAh/g
mesh as a (LiqyxeyAlcTip X supply of
current collector) Siy P | O12) (discharge KMnOy)
yh3-y -2 current density 4
of 375 mA/g)
85 wt%
electrolytic o
manganese ~4§<50w1f; K 1M MnSOy + 120 cycles
. dioxide + 15 wt% S 0.5MH,S04  Four-layers (capacity 308 mAh/g at o
Znefoil multiwalled S(z};z;r;rlrr: mixed in of cellophane 2450CP 62 mAh/g) C/2 100% 35h
carbon }Z)l acrylate ratio of 4:1 atC/2
nanotubes on poyacry
carbon felt
[79] 2019 85 wi%
electrolytic o
manganese Nfo"}’{t o 1M MnSOy + 35 cycles
Zn-foil d10x1dg +15wt% solution in 0.5 M H2§O4 Four-layers 2.80CP (capacity 308 mAh/g at 100% 35h
multiwalled . mixed in of cellophane 62mAh/g) C/2
potassium . .
carbon olvacrylate ratio of 1:3 atC/2
nanotubes on polyacry
carbon felt
1500 cycles
potentiostatic bipolar (capacity of 0.4 mAh/cm? at
. electrodeposited 2Z4MKOH + 0.5 MH,50, membrane 242V at 0.4 mAh/cm?) the current o
[80] 2020 Zn-foil 01M +1.0M 2 . ~90% 200 h
MnO, on Zn(CHACOO) MnSO (Fumasep 2 mA/cm at the current density of
carbon cloth 3 4 FBM) density of 2 mA/cm?

2 mA/cm?
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Table 1. Cont.
Year of Anode Cathode . . Maximum Capacity ..
Ref. Publishing Material Material Anolyte Catholyte Membrane Potential Cycling Capacity Retention Stability
Selective
3MMnSOy + 450 cycles 2
carbon-felt as a membrane g 1.0 mAh/cm
s g 3MNaOH + 0.3M H,SO4 244 at1 (capacity of " o
[58] 2020 Zn-foil cathode-less 0.3 M ZnO +0.06M . (no more mA/cm (IC) 1.0 mAh/cm?) (or ~270 mAh/g) 99.9% 140 h
current-collector . information at 1C
NiSO4 R at2C
provided)
90 cycles
MnO, + 1MNaOH+ 2M ZnSOy4 + (capacity 300 mAh/g at
[81] 2020 Zn-foil acetylene black + 0.01 M 01M Nafion 115 22V 282.2— (not speci fi%e d) ~100% Not shown
PTEE (70:20:10)  Zn(CH3CO,),  MnSOy 428.6 mAh/g) P
at200 mA/g
2M ZnSOy4
MnO; powder 2 MHZE?)?L ) ac(l}fllstt};d lggztgall\/[ 1.8V at (E::(;(;)Oaziyt;l e(B)Sf 516 mAh/g at
£ 2 : — B %
[82] 2021 Zn-foil coated on Ti foil gelled in pH 7) 2?504 gelled 5A/g 150 mAh/g) 0.05A/g 93.18% >6 months
polyacry- gelled in in sodium at5A/
lamide polyacry- polyacrylate &
lamide
MnO, + carbon %’llzlroKrgc% ().i)’lll\lllrg\ziig4 ii)lgccgacrl;z 25 mAh/g at
[59] 2022 Zn-foil bla;;i(b(sj:?glfn F-127 F-127 - 2.4V OCP for 120 5) at 20mA/g - >25h
hydrogel hydrogel 1mA/s
MOS-MI‘IOZ 1M
heterost’ruc.ture g (CIOy), + 1M PVA4PVP 1.9V (at the 5000 cycles
. conductive P Zn(ClOy), + . start of 464 mAh/g at o
[83] 2022 Zn-foil acetonitrile + P crosslinked . (160 mAh/g) 74% Not shown
carbon + PVDF water + acetonitrile + membrane discharge at at10 A/ 02A/g
(80:15:5) on S0 water + KOH 02A/g) g
carbon cloth 2o
cloctrodeposited 350 cycles
. s 0.3MZnO+ 3MMnSO4 + agar with (capacity 577.8 mAh/g at o
[84] 2022 Zn-foil MnO, from 3 M NaOH 0.3 M H,S0, NaySO;4 25Vat01C ~550 mAh/g) 1C 94% >350 h
catholyte on at1C

carbon cloth
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Table 1. Cont.
Year of Anode Cathode . . Maximum Capacity -
Ref. Publishing Material Material Anolyte Catholyte Membrane Potential Cycling Capacity Retention Stability
dual-
hydrophobic-
05M Z.nSO4 1M MnSOy + induced 2000 cycles
. + 1M LiTFSI .
electrochemically (bis(trifluoro 1 M HTFSI membrane 205V at (fixed area 18 mAh/cm? at
[85] 2022 Zn-foil deposited MnO, (bis(trifluoro (consisting ) capacity of 2 98% 2275 h
methane)sulf 1mA/cm 5 1 mA/cm
on carbon paper onimide methanesulfo  of polymer/ 1mAh/cm?)
s nyl)imide) ionic lig- at 1 mA/cm?
lithium salt) .
uid/graphene
mixture)
. ~125%
2 4AMKOH + 1.0 M H2504 3500 (capaat}; . (Coulombic
. +03M . 1.84V at ~0.5mAh/cm?) 0.5 mAh/cm* at .
[86] 2023 Zn-foil carbon cloth 01M Cu foil 2 5 efficiency >107 h
Zn(CH,COO) CuSO4 + 1.0 2.5 mA/cm at 2.5mA/cm after
8 2 MMnSO4 2.5mA/cm?

3500 cycles)
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5. Challenges and Outlook

Primary aqueous alkaline Zn-MnO, battery technology already dominates the primary
battery market. This technology has proven itself as safe, affordable, and reliable. As the
world moves towards renewable energy sources, we are in need of safe, affordable, and
reliable secondary battery technology with a high-power density and excellent capacity
retention during charge/discharge cycles. A good candidate for this application could
be aqueous Zn-MnO; battery technology. However, several improvements and new tech-
nological approaches are needed. A very new approach has been demonstrated by G. G.
Yadav with co-authors [79] and by others [32,59,80]. In the literature, dual (amphoteric)
electrolyte aqueous cells have been demonstrated that result in a significant increase in
cell potential over 2 V. This voltage increase has been achieved in these new aqueous cell
types by placing a Zn anode in an alkaline medium and an MnO, cathode in an acidic
medium. To prevent neutralization reactions from occurring, different approaches have
been used, such as the usage of ion exchange membranes or other types of membranes,
gelation of electrolytes, or both. However, when put to the test, this cell design presents
several problems that should be addressed in the near future by researchers. Different
recyclability problems continue to exist for the Zn anode in an alkaline medium and the
MnO, cathode in an acidic medium. For aqueous Zn-MnQO, batteries to compete with
LIBs, full utilization of the MnO, cathode capacity should be achieved with high-capacity
retention over a large number of charge-discharge cycles. Additionally, the economic
aspects should be taken into account when considering new types of chemical energy
storage systems. Although ion exchange membranes provide excellent immiscibility with
the electrolyte pH, they are quite expensive. Different hydrogels such as Pluronic® F-127
are economically disadvantageous as well. Thus, effective methods for pH immobilization
should be more thoughtfully considered.

6. Conclusions

In this short review, aqueous Zn-MnO; batteries with different pH electrolytes have
been acknowledged. The historical origins of alkaline Zn-MnO, batteries can be traced
back to the middle of the 20th century. Although they have been successfully utilized in
the primary battery market and research has been carried out to tackle the rechargeability
challenges, little to no secondary aqueous Zn-MnO, batteries are seen in the market.
Another type of Zn-MnO, battery discussed is a mild to acidic aqueous electrolyte battery.
If an alkaline-type battery suffers from electrochemically inactive and insoluble compound
formations, such as Mn3O4 and ZnMn;QOy, then, in an acidic electrolyte, this problem is
partially solved since these compounds are soluble in acid. Moreover, by decreasing the pH
value of the electrolyte, the cathode goes through a higher potential reaction and increases
the overall potential of the cell from 1.4-1.6 V in the alkaline electrolyte to 1.9-2.0 V in
the mild/acidic electrolyte. However, more recently, the scientific community has shown
a new and innovative battery cell type that combines the positive effects of alkaline and
acidic electrolytes and advances the possibility of creating a water-electrolyte battery with
a potential of up to 3 V. This has been accomplished by operating the anode in an alkaline
medium and cathode in an acidic medium. Thus, increasing the potential of this aqueous
dual/amphoteric electrolyte Zn-MnO, battery up to 2.4 V improves the reachability of
the cell. However, this unique battery cell imposes new challenges, such as neutralization
reactions between both electrolytes.
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ARTICLE INFO ABSTRACT

Keywords:

MnO; cathode materials are widely studied in alkaline and neutral aqueous electrolytes. In these mediums, the
MnO; cathode shows suboptimal performance limited by dissolution and electrochemically inactive compound
formation, leading to capacity fading. This study explores the enhancement of MnO, cathode performance
through Bi® * ion doping (0, 1, 2.5, 5, and 10 mol%) in a highly acidic electrolyte (pH < 2). By incorporating up
to 10 mol% Bi ions into the MnO, structure, we significantly improved specific capacity and capacity retention
stability. Energy-dispersive X-ray spectroscopy (EDX) analysis revealed a uniform dispersion of Bi*' ions
throughout the MnO, cathode after electrochemical cycling, contributing to performance enhancements. X-ray
photoelectron spectroscopy (XPS) results indicated that Bi** ion concentration from 1 to 10 mol% stabilises
Mn®* within the MnO; lattice. Also, Bi** ion doping promotes the formation of a 2 x 2 tunnel structured a-MnOy
phase. Electrochemical impedance spectroscopy results demonstrated a reduction in double-layer and overall
bulk capacitance. These findings suggest that Bi®* ion doping effectively enhances MnO, electrochemical per-

MnO, cathode
Acidic electrolyte
Bi** ion doping
Capacity retention
Mn>" stabilisation
Capacity fading

formance and could enhance its use in aqueous metal-ion batteries.

1. Introduction

As the world faces more severe climate change, innovative and
advanced solutions are essential to tackle the associated challenges.
Transitioning to green energy is a critical step already underway.
However, a significant drawback of green energy is its production
inconsistency. To mitigate this issue, storing excess energy in energy
storage systems, such as rechargeable batteries, is a promising approach
[1-5].

Currently, Li-ion batteries (LIBs) dominate the rechargeable battery
market due to their long-lasting performance and high operating voltage
[6-9]. However, the rapid increase in global lithium consumption and
production suggests that demand for LIBs could surpass supply within
the next decade [10], potentially leading to a production crisis [11]. One
approach to mitigate potential LIB shortages is to promote the recovery
of critical components [12]. Nonetheless, recycling LIBs possess signif-
icant hazards, including thermal runaway, toxic gas emissions, electro-
lyte leakage, and heavy metal pollution [13-16]. Introducing an

* Corresponding author.
E-mail address: anzelms.zukuls@rtu.lv (A. Zukuls).

https://doi.org/10.1016/j.jallcom.2024.177904

alternative or complementary system to LIBs could help address these
challenges [17,18]. A great candidate to supplement the current
rechargeable battery market is various metal-ion batteries [19-23],
dual-electrolyte batteries (where the cathode is operated in an acidic
medium and anode in an alkaline medium) [24-26], and flow batteries
[27-30].

The MnO, cathode paired with a metal-ion anode could potentially
be implemented in the secondary-type (rechargeable) battery market, as
the MnO, and Zn metal combination already dominates the primary
(non-rechargeable) battery market [31]. The MnO, cathode offers
several promising properties, including the abundance of Mn com-
pounds [32], relatively high reaction potential of 1.23 V vs SHE (stan-
dard hydrogen electrode) in acidic electrolyte [33,34], the high
theoretical specific capacity of 308 mAh/g (for one electron transfer)
and 616 mAh/g (for two-electron transfer) [35-37], and overall lower
environmental impact compared to LIBs [38]. Additionally, the ability
of Mn to exhibit multiple valence states leads to the formation of diverse
polymorphic modifications, such as a-, -, 8-, y-, and A-MnO», which vary
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in tunnel and interlayer sizes. These polymorphs comprise [MnOg]
octahedra that connect through shared edges [39-41]. For example,
birnessite, 8-MnO,, forms a layered structure with an interlayer spacing
as large as 7 A. Differently arranged hollandite, a-MnOs, the structure
forms tunnels with dimensions around 4.6 A, creating combinations of
(1 x1) and (2 x2) tunnel spaces. Another form is the densely packed
pyrolusite, f-MnO,, which forms smaller (1 x1) tunnels with a size of
1.89 A [42,43]. Such variable structural properties of polymorphs have
an outcome on their thermal stability, and it can be arranged in
descending order in the following row: § > o > y > & ~ A [44]. The
differences in crystalline structures of MnO; polymorphs also play a
significant role in the electrochemical behaviour of cathode materials.
As mentioned in the literature, the specific capacity, comparing different
polymorphs, fades in the following order: « > & > f [45].

Despite the potential electrochemical value of the MnO;, cathode, the
structure tends to destabilise and lose integrity during cycling [46],
gradually converting into lower-capacity compounds [39]. Another
significant issue is the dissolution of MnO2 during cycling due to the
Jahn-Teller distortion effect [47], leading to the loss of the cathode
active mass and decreased capacity [48]. Introducing heteroatoms into
the electrode structure is a potential solution to these problems [49],
thus enhancing the electrochemical properties. For example, doping
with Co ions can stabilise the structure [50-52], and adding Mo ions can
induce lattice defects for improved performance [53-55]. Also, intro-
ducing Bi®* ions into the MnO, structure offers several benefits. Bi®* ion
additives tighten the band gap, boosting conductivity [56] and
improving the reversibility of dissolution/deposition processes by
enlarging lattice spacing with Bi* ions [31,56-59]. Furthermore, bis-
muth is considered a relatively “green” heavy metal [60].

Although MnO;, cathode properties have been widely investigated in
alkaline [61-64] and neutral to mildly acidic conditions [65-68], little
to no investigation has been performed about the MnO; characteristics
in highly acidic electrolytes. This is primarily because previous research
has focused on single-electrolyte systems coupled with metal anodes,
which tend to corrode in highly acidic conditions. However, at such low
pH values, MnO;, cathodes can achieve higher potential [69,70] and also
offer the possibility of enhanced performance of the cathode for use in
dual-electrolyte batteries, where the MnO, cathode is placed in acidic
electrolyte and anode in alkaline [24-26]. Therefore, this article
investigated the performance of Bi-doped MnO, cathodes at very low pH
values (pH < 2).

In this paper, we report the improvement of hydrothermally syn-
thesised MnO, cathode by doping with Bi®" ions. The doping concen-
trations were set at 0, 0.5, 1, 2.5, 5, and 10 mol% Bi. The morphology
and phase composition of the obtained powders were analysed.
Furthermore, cathodes were assembled from these powders, and their
electrochemical performance was tested. According to MnOy Pourbaix
diagrams in acidic electrolytes under cathodic potentials, MnO; forms
the pyrolusite phase; therefore, the results were compared to a
commercially available pyrolusite MnO [71,72]. The results indicated
increased cycling stability and capacity for the Bi-doped samples.
Moreover, Bi®>* ion doping decreased the charge transfer resistance be-
tween individual particles of the cathode material. This study will help
advance the development of dual-electrolyte and flow battery cathode
materials for new energy storage devices.

2. Materials and methods
2.1. Raw materials

All chemicals were purchased from Sigma Aldrich and used without
further purification. Commercially available MnO, was utilised as a
reference cathode active material and, according to the datasheet,
consisted of f-MnO; (pyrolusite). To prepare Bi-doped MnO; samples,
KMnOy and BiClz were used. The electrolyte was prepared from HySO4
and MnSO4. Cathode electrode ink was prepared by adding
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polyvinylidene fluoride (PVDF) (MW ~530,000) and N-Methyl-2-pyr-
rolidone (NMP) to the obtained samples. Vulcan XC72 Carbon Black
(CB) was employed and purchased from Nanografi as a synthesis and
conductivity-enhancing additive. Also, 0.05 mm thick graphite paper
(RERAS, China) was used as a conductive carbon substrate.

2.2. Synthesis of Bi-doped MnO2 powders

Bi-doped MnO, powders were prepared using the hydrothermal
synthesis method, which is well-known in the literature for obtaining
nanosized structures [73-76]. Bi-doping concentrations were set at 0, 1,
2.5, 5, and 10 mol%. KMnO4 and BiCl3 were used as precursors, and the
total Mn+Bi molar amount was kept constant (0.0035 mol). Addition-
ally, 0.042 g of CB was used as a conductivity-enhancing additive. When
the calculated values of all ingredients were combined, an additional
0.7 mL of 10 % H2SO4 solution and the necessary amount of deionised
water was added to reach 35 mL total volume of synthesis solution. The
obtained mixture was magnetically stirred for 1 h. Then, the solution
was transferred to a 50 mL Teflon-lined stainless-steel autoclave and
heated in the oven for 12 h to obtain cathode active material. Centri-
fugation (three times) using deionised water as a solvent was utilised to
purify the obtained materials further. The precipitate was dried at 80 °C
for 24 h and then was ground using a pestle and mortar. The obtained
material was compared with the purchased MnO; (pyrolusite). Powder
of MnO, was mixed with CB in a mass ratio of 13:5 and ball milled
(Retsch PM100) at 200 rpm for 2 h to homogenise the sample. Previ-
ously mentioned prepared samples were further utilised for cathode ink
preparation.

2.3. Preparation of cathodes

Cathode material slurry was prepared by adding additional CB to
powder samples to reach a mass ratio of 13:5 (MnO:CB). During mixing
NMP/PVDF (mass ratio 9:1), a solution was added to a weight ratio 1:1
(cathode powder: PVDF solution). To obtain homogenous spreadable
ink, additional NMP was added, reaching MnO, to NMP ratio around
1:1.8. Homogenous inks were used to create cathode coatings onto
graphite paper using a 25 pm size manual doctor blade coating appli-
cator. Coatings were dried in the air overnight to evaporate excess NMP.
Obtained coatings were used for further measurements.

2.4. Characterization

Crystallographic sample characterisation was done by Rigaku
Ultima-+ X-ray diffractometer (XRD) using a Cu-Ko (A = 0.154056 nm)
radiation source. A scanning speed of 2° min" at a 20 angle range from
5° to 80° at 40 kV and 20 mA was used to characterise obtained samples.
Results were analysed using the PDF 4 + database.

Renishaw In-ViaV727 Raman spectrometer was used to study ob-
tained samples at room temperature before and after cyclic voltammetry
(CV) measurements under 500x magnification in a backscattering ge-
ometry. Ar" green laser (wavelength A = 514.5 nm, grating —
1200 mm™, power — 10 mW) with an exposure time of 10 s was utilised
to obtain the Raman spectra.

FEI Nova NanoSEM 650 scanning electron microscope (SEM) was
utilised for the surface morphology study. An acceleration voltage of
15 kV was used to characterise the samples. The atomic composition of
the cathode materials was evaluated by the energy-dispersive X-ray
spectroscopy (EDX) using an Apollo X-SDD detector.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis
was performed to determine the molar ratio of atoms in the obtained
samples. A full description of the preparation and analysis procedure is
given in our previous work [55].

X-ray photoelectron spectroscopy (XPS) was used to study and
compare synthesised and fully charged/discharged cathode materials. A
500 pm spot size with a monochromatic Al K;a anode source for the
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sample characterisation was utilised. The carbon peak at 248.8 eV was
used as a calibration reference, and Avantage 5.9925 software was
applied for data analysis.

2.5. Electrochemical testing

The electrochemical investigation was performed using Potentiostat-
Galvanostat Autolab PGSTAT302N. Measurement cell “TSC Surface”
(from rhd instruments) was used for CV measurements in a 3-electrode
system. The electrode configuration consisted of an Ag/AgCl (3 M KCI)
reference electrode, platinum rod counter electrode, and graphite paper-
coated MnO, sample as a working electrode. A 1 mL mixture of 0.5 M
H2S04 and 0.1 M MnSOy4 solution (pH = 0.7) was used as an electrolyte.
To characterise samples, CV measurements with multiple scan speeds
(from 2 mV/s to 100 mV/s) were performed in a potential window of
0.7 V to 1.6 V. At the start of each CV measurement, 10 stabilisation or
cathode forming cycles were performed at a scan speed of 75 mV/s and
for each scan speed minimum of 10 cycles were performed to reach a
stabilisation. Thus, each cathode performed no less than 110 cycles.
Electrochemical impedance spectroscopy (EIS) was used to study elec-
trode parameters further. A small perturbation voltage (+/-150 mV) in
the 10 kHz to 0.1 Hz frequency range was applied to characterise pre-
pared electrodes. For data evaluation and equivalent scheme analysis,
NOVA 2.1 software was used. A galvanostatic charge-discharge (GCD)
rate study was performed to evaluate cathode performance. The pre-
pared MnO, cathodes were tested against the carbon paper electrode in
the two-electrode setup. A glass fibre filter paper was used as a separator
and electrolyte holder. A 200 pL solution of 0.5 M H3S0O4 and 0.1 M
MnSO4 was used as the electrolyte. The charge/discharge potential was
limited to 0 — 1.3 V, and the measurements were carried out at different
current densities.

3. Results and discussion

In this work, MnO; samples were hydrothermally synthesised for
12 hours and doped with Bi ions. The Bi>* ion dopant concentrations in
the samples were set at 0, 1, 2.5, 5, and 10 mol%. In addition, all syn-
thesised samples were compared with commercially available MnOy
powder, which, according to the supplier, is in the pyrolusite crystalline
phase. XRD measurements show that the commercially available
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pyrolusite contains this phase, and it also has a fine polycrystalline
structure with small crystallites, which appear as broad peaks in ob-
tained XRD spectra. The XRD results for all powder samples are shown in
Fig. 1a. The results indicate that the synthesised samples comprise a
two-phase mixture — §-MnO; (Mn;O13-5 Hz0) and o-MnO; (Ks.
xMngO16). In the XRD spectrum, 5-MnO, peaks appear at 12.2° (110),
24.6° (221), and 65.5° (457), while merged peaks at 36.4° (060) and
38.6° (252) overlap with those of a-MnO,. Also, overlapping a-MnO2
peak groups can be seen around 12° corresponding to hkI planes (101),
(101) overlapping with 8-MnO,; around 29° corresponding to (301),
(301), (103), (103); around 37° corresponding to (211), (112), (211),
(112) overlapping with §-MnOg; around 42° corresponding to (310),
(204), (013); around 60° corresponding to (512), (512), (215); indi-
vidual peaks at 65.0° (020) overlapping with 8-MnO; and at 68.8° (514),
70.0° (415) can be seen. In addition, a small amount of BiOCl is seen in
all Bi-doped samples, becoming more distinct in the highly doped
samples of 5 mol% Bi®* and 10 mol% Bi®* with characteristic peaks at
25.8° 32.4°, 33.4°, 46.6° 49.6° 54.0°, and 58.6° corresponding to hkl
planes (101), (110), (102), (200), (113), (211), and (212). Overall, for
sample without Bi®" ion doping, peaks corresponding to the 5-MnOy
phase are the most pronounced, while for samples with Bi>* ion doping,
these peaks are reduced, for example, the peak at 24.6°. However, by
introducing 2.5 mol% to 10 mol% Bi®* ion doping, broad peaks appear
at around 29° and 42°, corresponding to the a-MnO; phase. This in-
dicates that Bi** ion doping decreases layer structured 8-MnOy phase
formation and promotes a-MnO,, which exhibits a 2 x 2 tunnel struc-
ture. As Bi®" ions are much larger than Mn** ions (represented in
Fig. 1c), incorporating Bi®* ions into the MnOj, structure leads to lattice
distortion, causing an expansion and thus opening up the tunnel struc-
tures. In these tunnel structures, Bi>" ions act as pillars in the middle of
the tunnels, as shown in [56,58,77], and prevent structural collapse to
B-MnO, [78,79]. A similar phenomenon with Bi** ions and other larger
ions has also been observed elsewhere in the literature [80-82].

Also, in Raman results (Fig. 1b), the signals corresponding to MnOy
can be seen. No additional Raman signals corresponding to BiOCl are
visible. Otherwise, the Raman results of the synthesised samples indicate
the same as XRD results — the samples consist of a- and §-MnO; mixture
[83-88]. Three peaks can be distinguished for all the samples at 180,
570, and 640 cm™'. The most intensive 640 cm™ peak is assigned to
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symmetric Mn-O stretching vibration (¢1) in [MnOg] octahedral. Simi-
larly, a 570 cm™ peak is assigned to the deformation modes of the
metal-oxygen chain of Mn-O-Mn in the MnO; octahedral lattice
[83-86]. The Raman band at 180 cm™ in MnO:2 is generally attributed to
a-MnO: (hollandite-type) and p-MnO: (rutile-type) vibrational modes
due to variations in crystal symmetry and Mn oxidation states [84,
87-89]. This band is also associated with the foreign cations intercalated
in the a-MnOy tunnels [56]. From the XRD results mentioned above, we
also observe that K ions are present in the obtained crystal structure.
For the pyrolusite sample, peaks at 450-550 cm™ and 740 cm™ indicate
the presence of crystals with multiple orientations [90] correlating with
the polycrystalline morphology observations of pyrolusite in the XRD.
Also, small peaks from carbon D and G bands (Fig. 1d) can be observed
at 1355 and 1590 cm™, attributable to the carbon powder added to the
synthesis mixture [91]. Consequently, carbon signals are not visible in
the spectrum of the pyrolusite powder as no carbon was added to the
sample in this stage.

SEM images were obtained to investigate the morphology of the
samples further. Fig. le and Figure S1 show that all the synthesised
samples contain clusters of larger and smaller needles typical of different
MnO;, polymorphs [92-94]. However, the pyrolusite sample consists of
clusters of rounded-shaped particles. In addition, EDX analyses were
carried out for the synthesised samples by analysing 3 points in each
sample. The mean results are represented in Table 1. The Mn:Bi ratio,
according to EDX results, is lower than expected because only part of
Bi®* ions are incorporated into the MnO,, structure. However, the other
part is precipitated separately as BiIOCl. Moreover, this aligns with XRD
results, which show that two phases can be separated at higher doping
levels. These findings are also confirmed by ICP-MS measurements
(Table 1) of the synthesised samples, which show that the amount of Mn:
Bi mol% introduced correlates with the theoretically expected ratio. The
results of ICP-MS show a more accurate ratio of all samples compared to
EDX, as a larger quantity of the test sample is dissolved and analysed.

To determine the oxidation states of elements, XPS measurements
were performed for obtained Bi-doped MnO;, powders and pyrolusite
MnO,. The most noticeable changes in the survey spectra (Fig. 2a) can
be observed at 158 - 165, 530, and 640 — 656 eV, corresponding to Bi 4f,
O 1s, and Mn 2p binding energy regions. Also, from the Bi 4 f spectrum
(Fig. 2b), it can be seen that increasing the Bi®" ion amount in MnO,
increases the binding energy spectra intensity, confirming the presence
of Bi®" ions in the obtained samples. Additionally, valence-band XPS
spectra (Fig. 2¢) reveal that by increasing the Bi-ion amount, the valence
band shifts towards a lower binding energy region, also shifting the
Fermi edge. A similar shift can be observed in an a-MnO,/BiOl mixed
system [95]. According to the literature, this shift is closely related to
material conductivity and is influenced by the introduction of additional
ions [96]. Looking at the normalised high-resolution and subtracted
spectra of Mn 2p (Fig. 2d and e), a shift of the peak towards the for-
mation of the Mn>" ions can be observed, which becomes much more
pronounced as the concentration of Bi®" ion amount increases. Sub-
tracted normalised intensity spectra (Fig. 2e) show that by adding the
Bi®* ions, the Mn** ion signal intensity decreases, however, the Mn>*
ion signal increases. Similar observations about Mn®** and Mn** valence
state formation in an almost identical synthesis process and different
metal oxide systems are discussed in the literature [97,98]. The ions

Table 1

Bi®* ion content in the samples, according to ICP-MS and EDX results.
Sample According to synthesis, mol% ICP-MS, mol% EDX, mol%
Pyrolusite 0.0 0.0 0.0
0 mol% Bi 0.0 0.0 0.0
1 mol% Bi 1.0 1.0 0.4+0.11
2.5 mol% Bi 2.5 2.4 1.9+ 1.06
5 mol% Bi 5.0 5.1 2.8 £2.36
10 mol% Bi 10.0 10.5 6.9 +£1.72
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introduced into the obtained MnO; crystal structure stabilise the
metastable Mn®* ions, which are typically disproportionate in the oxide
crystal lattice [99]. In the normalised spectra of O 1 s (Fig. 2f), as the
concentration of Bi** ions increases, the amount of hydroxyl groups and
adsorbed water on the sample surface also increases. According to the
literature, binding energy located at 531 — 535 eV is closely related to
surface hydroxyl groups, water, or organic contaminants containing
oxygen atoms [100]. In addition, all Bi3" ions found in the MnO»
structure have a 3 + oxidation state (Fig. 2f and h-k). Increasing the
concentration of Bi®* ions, according to subtracted normalised Bi 4 f
intensity spectra, increases the amount of BiOCl and BiyO3 in the crys-
talline structure compared to the 1 mol% Bi** ion sample. Literature
suggests that BiOCl can also be identified in other systems [101,102].
Additional peaks located at 291 — 296 eV can be observed for the syn-
thesised samples (Figure S2) and can be attributed to the K 2p binding
energy of potassium. This suggests that the K' ions, even after sample
washing, remain and take part in stabilising the obtained MnO; struc-
ture and confirm XRD results (Fig. 1a). Similar findings were made in
our previous work [55]. A small peak for the samples with higher Bi**
ion amount is also observed in the 198 — 199 eV region (Figure S2),
corresponding to the binding energy of Cl 2p [103], further confirming
the presence of BiOCl observed in the XPS and XRD results.

CV tests were performed on prepared cathodes (denoted by the
abbreviation C-x mol% Bi) in a highly acidic electrolyte (pH = 0.7) from
previously characterised powder samples. The resulting graphs after
electrode stabilisation are shown in Fig. 3. During the charge/discharge
of MnO,, the oxidation state of manganese changes from Mn?* to Mn**,
and solid MnO; dissolves into electrolyte as Mn?" ions and water, ac-
cording to reaction (1) [104].

MnO, +4H" + 2~ < Mn*" + 2H,0 1)

Two electrons interact in this process; thus, two oxidation and
reduction peaks should be visible in the graphs. However, only one peak
for each process can be seen at the given scan rate. The influence of the
scan rate can explain the absence of redox peaks. The results show that
the shape and peak location of the redox reaction change with the scan
rate. It can be assumed that the peak of the first electron transition is
stable at lower speeds. Also, as the scan rate increases, the differences
between the transitions merge and the second peak, or the combination
of the two electrons, becomes more pronounced. Another reason for the
inseparability of CV peaks could be attributed to the involvement of Bi**
in the redox process. However, a similar picture is also observed be-
tween samples without Bi>* addition. This suggests that the influence of
Bi®* ions on MnOs, in the electrochemical process cannot be verified. In
addition, the same CV test was also conducted in a 0.5 M H3SO4 elec-
trolyte for the cathode material, containing only BiOCl as the active
material. As shown in Figure S3, no distinct oxidation or reduction peaks
are observed, indicating capacitor-like characteristics. This suggests that
BiOCI does not participate in the electrochemical reaction, with only
MnO, reactions visible in Fig. 3.

At consistent scan rates across all samples (Figure S4), a noticeable
trend in the effect of Bi®* ions on electrochemical MnO, deposition is
observed. During slower scan rates, the Bi®* jons containing samples
exhibit higher charging currents than the undoped and pyrolusite sam-
ples. Notably, the sample doped with 5 mol% Bi®* ions demonstrates the
highest charging current. However, as the scan rate increases, the
presence of Bi® * ions begins to impede MnO; deposition, as evidenced
by the CV curves. At high CV scan rates, the diffusion of Mn>* ions to the
cathode becomes increasingly restricted due to the additional Bi®" ions.
This limitation arises from the complex interactions between the ions,
which slow down the diffusion process, particularly at faster scanning
rates [105]. The presence of Bi®* ions during charging allows them to be
successfully incorporated into the MnO; structure, as can be seen in the
evaluation of SEM and EDX measurement results discussed further.

To quantitatively assess the resulting cathodes, previously obtained
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CV plots were integrated and used to calculate the specific capacity of
each cathode. The obtained results are shown in Fig. 4a. The best spe-
cific capacity result and highest peak current were demonstrated by the
C-5 mol% Bi sample at a scan rate of 2 mV/s. The effect of Bi-doping is
more noticeable at low scan rates, as the specific capacity of all the
synthesised material cathodes exceeds the specific capacity of the py-
rolusite MnO, material cathode. However, increasing the scan rate de-
creases the specific capacity, and almost no difference is observed
between the cathodes of the pyrolusite, undoped, and Bi-doped mate-
rials. This can be explained by the limited ion diffusion rate in the
electrolyte at higher scan rates. Thus, the value of capacity begins to be
determined by ion diffusion rather than the characteristics of the cath-
ode material.

Specific discharge capacities at various current densities obtained
from GCD measurements can be seen in Fig. 4b (more detailed in
Figures S5 and S6). In the first 5 cycles, material activation and cathode
stabilisation occur. For pyrolusite and 0 mol% Bi samples, this stabili-
sation requires all 5 cycles to stabilise fully. In contrast, samples with
added Bi®* ions achieve stabilisation more quickly, within 2 — 3 cycles.
In the subsequent 15 cycles, increasing the current density from 0.25 to
1.0 A/g, the cathode made of pyrolusite MnO, shows a similar capacity
to the 0 — 5 mol% Bi-doped cathodes. On the other hand, by reducing the
current density to the initial 0.25 A/g, cathode materials with a higher
Bi®* content show a more successful capacity recovery capability.
Moreover, the sample with the significantly higher amount of Bi>* ions —

amount Bi 4 f; high-resolution spectra.

10 mol% indicates approximately 25 % higher capacity at all current
densities.

Raman analysis was carried out on the cathode materials before and
after CV to examine whether the cathode preparation process has altered
the MnO; phase and how cycling has affected it. As seen in Fig. 4d, all
the cathodes prepared from hydrothermally synthesised samples exhibit
peaks at 180, 570, and 640 em ™), as in Fig. 1b. However, the pyrolusite
MnO, cathode exhibits one peak at 640 cm™. This indicates that the
a-MnO; phase of hydrothermally synthesised samples and the -MnOy
phase of pyrolusite were preserved in the cathode formation process. In
addition, two additional peaks at 1355 and 1590 cm™" can be seen. Both
peaks correspond to the disordered (D) and graphitic (G) bands of CB
[107-109], respectively, which were added during MnO, synthesis and
the cathode preparation process to increase the cathode conductivity.
After CV measurements, the D and G bands of CB cannot be seen in
Raman spectra. During CV measurements, as MnO, cyclically dissolves
and Mn?* oxidises, the involved CB particles are uniformly covered with
a layer of MnO». This MnO; layer covers the CB in the charged cathode
state and inhibits Raman signals of carbon. Moreover, three peaks
associated with a-MnO can be seen at 520, 570, and 640 cm ™" for all the
cathode samples after CV measurements. The Raman peaks at 520 cm™!
are associated with a-MnO,. This mode can vary slightly in frequency
based on the symmetry and the specific oxidation state of manganese
present in the sample. The peak at 570 cm™! is typically associated with
the symmetric stretching mode of Mn-O bonds within the MnOg
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octahedral and is observed in a-MnO,. This specific mode reflects the peak can often indicate the presence of phases with higher Mn>* con-
bond strength and symmetry within the crystal lattice. Meanwhile, the centrations that impact the vibrational modes differently from other
peak at 640 em™! is sensitive to the manganese oxidation state, with MnO, forms. The absence of the 180 cm™ mode is due to the formation
variations in frequency reflecting different structural distortions. This of polycrystalline structured particles on the entire electrode surface.
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This mode usually defines a longer-range structural vibration and arises
from the bending of the overall octahedral structure [90].

To confirm the growth and dissolution of MnOy during GCD mea-
surement according to reaction (1), the cycled samples in the charged
and discharged states were also analysed by Raman spectroscopy mea-
surements (Figure S7). The results of discharged samples (Figure S7a)
show distinct C and G bands of carbon. However, peaks corresponding to
MnO; are almost not visible. On the other hand, samples within a
charged state (Figure S7b) show only MnO, peaks at 640 and 570 cm ™!,
and carbon bonds are suppressed due to MnO., redeposition, which also
confirms the findings of Raman results (Fig. 4e) and SEM images (Fig. 5)
after CV measurements. This indicates that both the synthesised and the
pyrolusite MnO2 samples undergo a phase transition to the a-MnO;
structure. During the discharge process, MnO, dissolves into the elec-
trolyte and, upon charging, redeposits as the a-MnO,, demonstrating the
phase change while cycling according to the reaction (1).

Fig. 4c represents the Nyquist plots of all sample impedance after CV
measurements. With a 10 mV sinusoidal excitation signal in the fre-
quency range from 0.1 Hz to 10 kHz, the imaginary part of the resistance
is plotted against its real component. The Nyquist plots show that the
measured impedance spectrum consists of a small depressed arc at high
frequencies and a larger one at low frequencies. The obtained imped-
ance results were also analysed with NOVA 2 software, and fitted curves
according to the equivalent scheme depicted in Fig. 4f were obtained.
The scheme consists of resistances — R, R;, and Ry — and constant phase
elements — CPE; and CPE; — parallel to the corresponding resistances.
The values of equivalent scheme components are shown in Table 2. The
ohmic resistance of electrolyte corresponds to component R, and for all
the samples, is around 22 - 23 Q, indicating that all the half-cells were
constructed fairly similarly and no poor electrical contacts were made.
Resistance R; and constant phase element CPE; correspond to charge
transfer resistance between electrode and electrolyte and double-layer
capacitance. The fitted values suggest that synthesising the cathode
active material can decrease the double-layer capacitance with the most
significant decrease for a 10 mol% Bi-doped MnO, sample. These ob-
servations are related to the increase in surface hydroxyl groups visible
in the XPS O1s spectra (Fig. 2f). Changes in the surface hydroxyl group
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amount determine electrode wettability properties and affect the
interaction between the electrode surface and the electrolyte, thus
changing the charge transfer resistance. However, the charge transfer
resistance remains similar for all samples, with some changes in samples
with lower Bi* doping levels.

The other parallel components — resistance R and constant phase
element CPE; — correspond to resistance between individual cathode
particles and bulk capacitance. According to the fitted values, the syn-
thesised samples have significantly lower resistance between individual
particles. Comparing the pyrolusite and 0 mol% synthesised samples,
the CB added during the synthesis reduces the resistance of individual
particles by more than 9 times. These observations are in good agree-
ment with the valence band measurement results discussed above
(Fig. 2c). Among the synthesised products, the samples with a small
amount of Bi®* doping have the same resistance as the undoped sample.
However, increasing the amount of Bi®* doping slightly increases the
resistance. The formation of BiOCl might cause this resistance increase.

To evaluate the distribution of the Bi>* on the investigated electrode
samples before and after their electrochemical cycling, the electrode was
examined by SEM (Fig. 5) and EDX (Fig. 6). The SEM images of the
prepared cathode material show the presence of the synthesised prod-
ucts on their surface. The pyrolusite-containing sample consists of small-
sized polycrystalline particles dispersed in the carbon matrix. In
contrast, the other Bi-doped samples consist of needle-shaped particles,
visible in the obtained sample images of Fig. le. The size and shape of
the particles have not changed during the production of electrodes. This
also confirms the tendency of the peaks observed in the Raman mea-
surements (Fig. 4d) to be preserved for the obtained cathode materials.
Concerning the obtained particle shape and size seen in Fig. 1 correla-
tion to CV results (Fig. 3), no direct relation can be drawn, as all the
cathodes were previously cycled to reach stabilisation, and as seen in
Fig. 5, different particle shapes and sizes are deposited on the surface of
the cathode.

After CV measurements, a completely different observation can be
made from the obtained sample surfaces. The structures formed after
charging (Fig. 5) no longer depict the shape of the particles placed in the
cathode material, however, are polycrystalline agglomerates for both
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Fig. 5. SEM of cathode materials before and after CV measurements.
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Table 2
Equivalent circuit parameters of fitted data.
R Ry CPE, Ro CPE, Ve
Sample - - Yo N Yo N
Q Q mSes™ Q mSes™
C-Pyrolusite 23.82 5.05 113 0.54 1474.80 1.93 0.52 0.00039
C—0 mol% Bi 21.66 9.49 0.29 0.68 161.94 6.30 0.34 0.00045
C—1 mol% Bi 23.75 49.03 1.52 0.52 162.74 3.32 0.45 0.00106
C—2.5 mol% Bi 23.74 39.57 1.38 0.53 195.00 3.54 0.40 0.00148
C—5 mol% Bi 21.71 6.23 0.16 0.74 204.60 4.68 0.36 0.00208
C—10 mol% Bi 22.37 8.04 0.13 0.77 242.74 4.80 0.35 0.00210

after CVa

C-_O mol% i

before CVa

C-0 mol% Bi

Not detected Not detected

after CVa

C-5 mol% Bi

before CVa

C-5 mol% Bi

Fig. 6. SEM and EDX investigation of cathode samples before and after CV measurements.

pyrolusite and Bi®" ion doped samples. The polycrystallinity of these
samples was also observed in the Raman measurements (Fig. 4e).
Moreover, the surface of the charged samples reveals a size difference of
the pyrolusite, 0 and 1 mol% Bi®* doped samples compared to the 2.5 —
10 mol% Bi** doped samples. The polycrystalline formations on the
surfaces of conducting carbon electrodes with higher doping levels (2.5
— 10 mol% Bi**) are notably larger. To confirm the presence of Bi3 + in
samples after cycling, an EDX measurement was performed (Fig. 6).
After the electrochemical cycling, Bi®* ions are evenly distributed across

the entire polycrystalline surface, indicating that the presence of Bi**
contributes to the observed electrochemical changes. There are no
concentrated points of Bi>* ions or the formation of a secondary phase,
indicating that these ions are effectively incorporated into the electrode
structure during charging. SEM observation and EIS findings suggest
that introducing Bi®* ions increases the size of the polycrystalline ag-
glomerates, which in turn increases the bulk capacitance of MnO,
Due to the rapid Mn?**/MnO, dissolution/deposition process during
CV measurements, a more thorough investigation of the surfaces was
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performed after the slower GCD process. The XPS measurements for
samples containing 0 and 10 mol% Bi®* ions were characterised at
charged and discharged states (Fig. 7). Results confirm that MnO, is
growing deeper inside the conductive electrode substrate (Fig. 7b), and
for the sample with 10 mol% Bi, the stabilised form of Mn®* is observed
alongside Bi®* (Fig. 7c and d) [102,110]. In addition, during the slower
charging and discharging process (1 A/g) compared to CV, Mn ions are
slowly diffusing closer to the most conductive part of the electrode
substrate, resulting in gradient formation in the upper layer of the
electrode. This is confirmed by fluorine F 1s spectra, where depth
profile surveys were measured. In Figs. 7e and 7f, the surface of the
electrode dominant part contains fluorine ions from the PVDF binder.
When survey spectra are taken from deeper electrode layers, changes in
the F:Mn ion ratio suggest that the surface of the electrode has less
MnO,. This indicates that electrode formation primarily occurs in the
deeper, more conductive regions of the substrate. Taking into account
that the characteristic peaks of Mn are visible in both the discharged and
charged spectra, it is not objective to judge the discharge state of MnO,,
as the signals can also be collected from the "dead" part of the cathode
material.

4. Conclusions

In this study, MnO, was hydrothermally synthesised and doped with
0,1, 2.5, 5, and 10 mol% Bi, as the incorporation of Bi*" ions is expected
to narrow the band gap, enhance electrical conductivity, and improve
the reversibility of the dissolution/deposition processes by increasing
the lattice spacing [31,56-59]. The resulting powders consisted of
polycrystalline agglomerated and rod/needle-like structured particles
with a diameter of 20 — 200 nm and a length of 100 — 5000 nm. ICP-MS
analysis confirmed that the measured dopant amounts align well with
the theoretically added Bi-ion molar values of 0, 1; 2.5, 5, and 10 mol%.
According to XRD data, the synthesised powders consist of a- and
5-MnO, phases. As Bi>* ions are roughly twice the size of Mn** ions,
their presence in the structure of MnO; leads to the creation of 2 x 2
tunnels — a characteristic crystal lattice formation of the a-MnO; phase.
Thus, adding Bi®" ions enhances the stability of the a-MnO, structure,
which is more electrochemically active than other MnO2 polymorphs.
XPS measurements for synthesised samples indicate the presence of
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Mn®* and Bi®* at 1-10 mol% Bi®* doping levels, suggesting that Bi®"
ions stabilise Mn®" within the MnO, structure.

In highly acidic electrolytes (pH < 2), Bi-doped MnO; cathodes were
compared with pyrolusite MnOy cathode, which, according to the
literature [71,72], should form during electrochemical deposition of
MnO,. Based on CV measurements, Bi>* doped samples exhibit a higher
specific capacity. The cathode with 5 mol% Bi®* achieves a specific
capacity of 130 mAh/g, outperforming both the undoped cathode at
120 mAh/g and the pyrolusite MnO, cathode at 90 mAh/g. In addition,
the sample with 10 mol% Bi*" has improved capacity retention
compared with the pyrolusite sample and approximately 25 % higher
capacity at all current densities. SEM measurements show that the initial
cathode particles undergo electrochemical dissolution and subsequently
redeposit as polycrystalline particle agglomerates, reaching sizes up to
2 um. At Bi®" concentrations ranging from 2.5 to 10 mol%, these ag-
glomerates reach their maximum size, suggesting that Bi>* doping leads
to an increase in electrical conductivity. This improved conductivity
facilitates the growth of larger a-MnOy structures, thereby increasing the
bulk capacitance. EDX analysis of electrochemically cycled cathodes
shows a uniform distribution of Bi and Mn atoms across the cathode
surface. This indicates that MnO electrochemically dissolves (reduces
to Mn?") and uniformly deposits (oxidises to MnO5). However, Bi®" ions
are not involved in electrochemical reactions and are present at the
cathode where Mn?* ion oxidation/deposition processes occur. XPS
analysis of a charged electrode surface doped with 10 mol% Bi>" after
GCD cycling reveals the presence of Mn>" and Bi®", suggesting possible
ion charge compensation within the MnO; crystal structure. Addition-
ally, Raman spectroscopy confirms that the a-MnO phase remains sta-
ble after CV and GCD measurements. EIS results indicate a decrease in
double-layer capacitance at the electrode-electrolyte interface by
approximately an order of magnitude, along with a ~30 % decrease in
overall bulk capacitance for samples with added Bi** ions. This leads to
the main conclusion: the enhanced MnO; reversibility of the dis-
solution/deposition processes in highly acidic electrolyte is achieved by
Bi®* ion incorporation, which narrows the MnO, band gap and improves
electrical conductivity.

Overall, this work demonstrates the successful enhancement of the
electrochemical properties of the MnO, cathode in strongly acidic
electrolytes by Bi®* ion doping. These results provide a basis for further
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research of Bi-MnO, cathodes in acidic electrolytes, intending to
improve the performance of dual-electrolyte batteries in which the
MnO;, cathode is used in a strongly acidic electrolyte and the anode is in
an alkaline one. Further dual-electrolyte battery system exploration is
crucial as it extends the water-splitting potential window and increases
the use of water-based electrolytes. Further research on Bi-doped MnO,
cathodes should focus on optimising the Bi** ion content, the compo-
sition of the electrolyte, as well as long-term cycling stability and per-
formance. Additionally, investigation of other doping ions should be
conducted to explore the possibility of MnO; cathode electrochemical
property tunability for various energy storage applications.

CRediT authorship contribution statement

Ramona Durena: Writing — review & editing, Writing — original
draft, Visualization, Validation, Methodology, Investigation, Formal
analysis, Conceptualization. Nikita Griscenko: Writing — original draft,
Visualization, Validation, Methodology, Investigation, Formal analysis.
Liga Orlova: Methodology, Investigation, Formal analysis. Maris Ber-
tins: Methodology, Investigation, Formal analysis. Arturs Viksna:
Writing — review & editing, Methodology, Investigation, Formal anal-
ysis. Mairis Iesalnieks: Methodology, Investigation, Formal analysis.
Anzelms Zukuls: Writing — review & editing, Writing — original draft,
Visualization, Validation, Supervision, Methodology, Investigation,
Formal analysis, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

Nikita Griscenko acknowledges the financial support from the grant:
“Strengthening the capacity of Riga Technical University scientific staff”
project No. ZM-2024/14.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jallcom.2024.177904.

Data Availability
Data will be made available on request.

References

[1] A.R. Dehghani-Sanij, E. Tharumalingam, M.B. Dusseault, R. Fraser, Study of
energy storage systems and environmental challenges of batteries, Renew.
Sustain. Energy Rev. 104 (2019) 192-208, https://doi.org/10.1016/].
rser.2019.01.023.

Q. Li, Y. Liu, S. Guo, H. Zhou, Solar energy storage in the rechargeable batteries,
Nano Today 16 (2017) 46-60, https://doi.org/10.1016/j.nantod.2017.08.007.
D. Di Lecce, R. Verrelli, J. Hassoun, Lithium-ion batteries for sustainable energy
storage: recent advances towards new cell configurations, Green. Chem. 19
(2017) 3442-3467, https://doi.org/10.1039/c7gc01328k.

F. Zhou, M. Wu, W. Hu, Z.-G. Jiang, D. Noréus, Alpha nickel hydroxide electrodes
improve aqueous rechargeable batteries capacity, Mater. Res. Bull. 179 (2024)
112967, https://doi.org/10.1016/j.materresbull.2024.112967.

Y.-L. Zhang, X.-W. Wang, K. Ma, X.-R. Wen, Z.-Q. He, Z.-H. Yuan, Efficiently
catalyzed sea urchin-like mixed phase SmMn205/MnO2 for oxygen reduction
reaction in zinc-air battery, Mater. Res Bull. 149 (2022) 111744, https://doi.org/
10.1016/j.materresbull.2022.111744.

L. Kong, C. Li, J. Jiang, M.G. Pecht, Li-ion battery fire hazards and safety
strategies, Energ. (Basel) 11 (2018), https://doi.org/10.3390/en11092191.

Y. Liu, Y. Liu, B. Zhu, Z. Wang, X. Zhang, X. Wu, Multilayer Ti3C2Tx-loaded
CoOHF composite structures for high-performance lithium-ion batteries, Mater.
Res. Bull. 179 (2024) 112986, https://doi.org/10.1016/j.
materresbull.2024.112986.

[21

[31

[4

[5]

[6

[7

10

(8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Journal of Alloys and Compounds 1010 (2025) 177904

S. Siriroj, J. Padchasri, A. Montreeuppathum, S. Sonsupap, S. Maensiri,

S. Kheawhom, P. Kidkhunthod, Glass-sulfur composite cathodes: a new strategy
for improving the performance of lithium-sulfur batteries, Mater. Res Bull. 178
(2024) 112919, https://doi.org/10.1016/j.materresbull.2024.112919.

S. Xu, S. Liu, Y. Zhou, R. Xiao, X. Ke, Study on the electrochemical process of Li
+ /Na+ mixed organic dual-cation battery system, Mater. Res Bull. 177 (2024)
112858, https://doi.org/10.1016/j.materresbull.2024.112858.

H. Li, T. Zhu, X. Chen, H. Liu, G. He, Improving China’s global lithium resource
development capacity, Front. Environ. Sci. 10 (2022), https://doi.org/10.3389/
fenvs.2022.938534

M. Arribas-Ibar, P.A. Nylund, A. Brem, The risk of dissolution of sustainable
innovation ecosystems in times of crisis: the electric vehicle during the covid-19
pandemic, Sustain. (Switz. ) 13 (2021) 1-14, https://doi.org/10.3390/
sul13031319.

K. Giza, B. Pospiech, J. Gega, Future technologies for recycling spent lithium-ion
batteries (LIBs) from electric vehicles—overview of latest trends and challenges,
Energy (Basel) 16 (2023), https://doi.org/10.3390/en16155777.

X. Yu, W. Li, V. Gupta, H. Gao, D. Tran, S. Sarwar, Z. Chen, Current challenges in
efficient lithium-ion batteries’ recycling: a perspective, Glob. Chall. 6 (2022),
https://doi.org/10.1002/gch2.202200099.

Z. Dobd, T. Dinh, T. Kulcsar, A review on recycling of spent lithium-ion batteries,
Energy Rep. 9 (2023) 6362-6395, https://doi.org/10.1016/j.egyr.2023.05.264.
V.M. Leal, J.S. Ribeiro, E.L.D. Coelho, M.B.J.G. Freitas, Recycling of spent
lithium-ion batteries as a sustainable solution to obtain raw materials for different
applications, J. Energy Chem. 79 (2023) 118-134, https://doi.org/10.1016/j.
jechem.2022.08.005.

K.K. Jena, A. AlFantazi, A.T. Mayyas, Comprehensive review on concept and
recycling evolution of lithium-ion batteries (LIBs), Energy Fuels 35 (2021)
18257-18284, https://doi.org/10.1021/acs.energyfuels.1c02489.

F. Duffner, N. Kronemeyer, J. Tiibke, J. Leker, M. Winter, R. Schmuch, Post-
lithium-ion battery cell production and its compatibility with lithium-ion cell
production infrastructure, Nat. Energy 6 (2021) 123-134, https://doi.org/
10.1038/541560-020-00748-8.

X. Lou, Y. Liu, H. Wan, H. Chen, W. Zhou, Constructing §-MnO2 nano-flower
microspheres for high-voltage and long-life aqueous ammonium-ion battery,
Mater. Res Bull. 179 (2024) 112947, https://doi.org/10.1016/j.
materresbull.2024.112947.

J. Pross-Brakhage, O. Fitz, C. Bischoff, D. Biro, K.P. Birke, Post-lithium batteries
with zinc for the energy transition, Batteries 9 (2023) 367, https://doi.org/
10.3390/batteries9070367.

F. Lionetto, N. Arianpouya, B. Bozzini, A. Maffezzoli, M. Nematollahi, C. Mele,
Advances in zinc-ion structural batteries, J. Energy Storage 84 (2024) 110849,
https://doi.org/10.1016/j.est.2024.110849.

D. Singh, Y. Hu, S.S. Meena, R. Vengarathody, M. Fichtner, P. Barpanda, Iron-
based fluorophosphate Na2FePO4F as a cathode for aqueous zinc-ion batteries,
Chem. Commun. 59 (2023) 14391-14394, https://doi.org/10.1039/
D3CC04940J.

H. Hong, X. Guo, J. Zhu, Z. Wu, Q. Li, C. Zhi, Metal/covalent organic frameworks
for aqueous rechargeable zinc-ion batteries, Sci. China Chem. 67 (2024) 247-259,
https://doi.org/10.1007/511426-023-1558-2.

A. Feng, L. Liu, P. Liu, Y. Zu, F. Han, X. Li, S. Ding, Y. Chen, Interfacial
nanoparticles of Co2P/Co3Fe7 encapsulated in N-doped carbon nanotubes as
bifunctional oxygen electrocatalysts for rechargeable zinc-air batteries, Mater.
Today Energy 44 (2024) 101626, https://doi.org/10.1016/j.
mtener.2024.101626.

R. Durena, A. Zukuls, M. Vanags, A. Sutka, How to increase the potential of
aqueous Zn-MnO2 batteries: the effect of pH gradient electrolyte, Electro Acta
434 (2022) 141275, https://doi.org/10.1016/].electacta.2022.141275.

G.G. Yadav, D. Turney, J. Huang, X. Wei, S. Banerjee, Breaking the 2 V barrier in
aqueous zinc chemistry: creating 2.45 and 2.8 V MnO2-Zn aqueous batteries, ACS
Energy Lett. 4 (2019) 2144-2146, https://doi.org/10.1021/
acsenergylett.9b01643.

T. Xue, H.J. Fan, From aqueous Zn-ion battery to Zn-MnO2 flow battery: a brief
story, J. Energy Chem. 54 (2021) 194-201, https://doi.org/10.1016/].
jechem.2020.05.056.

T.M. Narayanan, Y.G. Zhu, E. Gencer, G. McKinley, Y. Shao-Horn, Low-cost
manganese dioxide semi-solid electrode for flow batteries, Joule 5 (2021)
2934-2954, https://doi.org/10.1016/j.joule.2021.07.010.

G. Li, W. Chen, H. Zhang, Y. Gong, F. Shi, J. Wang, R. Zhang, G. Chen, Y. Jin,
T. Wu, Z. Tang, Y. Cui, Membrane-free Zn/MnO2 flow battery for large-scale
energy storage, Adv. Energy Mater. 10 (2020), https://doi.org/10.1002/
aenm.201902085.

N. Liu, M. K, J. Pan, Y. Hu, Y. Sun, X. Liu, A facile preparation of 2-MnO2 as
cathode material for high-performance zinc-manganese redox flow battery,

J. Electrochem Soc. 167 (2020) 040517, https://doi.org/10.1149/1945-7111/
ab75c2.

G. Shu, Z. Song, W. Wang, H. Tian, Review of emerging multiple ion-exchange
membrane electrochemical systems for effective energy conversion and storage,
Sustain. Energy Technol. Assess. 70 (2024) 103926, https://doi.org/10.1016/j.
seta.2024.103926.

M. Minakshi, D.R.G. Mitchell, The influence of bismuth oxide doping on the
rechargeability of aqueous cells using MnO2 cathode and LiOH electrolyte,
Electro Acta 53 (2008) 6323-6327, https://doi.org/10.1016/j.
electacta.2008.04.013.

Y. Yang, X. Huang, Y. Yang, C. Wu, B. Lei, Q. Peng, G. Wang, Improving the rate
performance of manganese dioxide by doping with Cu 2+ Co 2+ and Ni 2+ ions,


https://doi.org/10.1016/j.jallcom.2024.177904
https://doi.org/10.1016/j.rser.2019.01.023
https://doi.org/10.1016/j.rser.2019.01.023
https://doi.org/10.1016/j.nantod.2017.08.007
https://doi.org/10.1039/c7gc01328k
https://doi.org/10.1016/j.materresbull.2024.112967
https://doi.org/10.1016/j.materresbull.2022.111744
https://doi.org/10.1016/j.materresbull.2022.111744
https://doi.org/10.3390/en11092191
https://doi.org/10.1016/j.materresbull.2024.112986
https://doi.org/10.1016/j.materresbull.2024.112986
https://doi.org/10.1016/j.materresbull.2024.112919
https://doi.org/10.1016/j.materresbull.2024.112858
https://doi.org/10.3389/fenvs.2022.938534
https://doi.org/10.3389/fenvs.2022.938534
https://doi.org/10.3390/su13031319
https://doi.org/10.3390/su13031319
https://doi.org/10.3390/en16155777
https://doi.org/10.1002/gch2.202200099
https://doi.org/10.1016/j.egyr.2023.05.264
https://doi.org/10.1016/j.jechem.2022.08.005
https://doi.org/10.1016/j.jechem.2022.08.005
https://doi.org/10.1021/acs.energyfuels.1c02489
https://doi.org/10.1038/s41560-020-00748-8
https://doi.org/10.1038/s41560-020-00748-8
https://doi.org/10.1016/j.materresbull.2024.112947
https://doi.org/10.1016/j.materresbull.2024.112947
https://doi.org/10.3390/batteries9070367
https://doi.org/10.3390/batteries9070367
https://doi.org/10.1016/j.est.2024.110849
https://doi.org/10.1039/D3CC04940J
https://doi.org/10.1039/D3CC04940J
https://doi.org/10.1007/s11426-023-1558-2
https://doi.org/10.1016/j.mtener.2024.101626
https://doi.org/10.1016/j.mtener.2024.101626
https://doi.org/10.1016/j.electacta.2022.141275
https://doi.org/10.1021/acsenergylett.9b01643
https://doi.org/10.1021/acsenergylett.9b01643
https://doi.org/10.1016/j.jechem.2020.05.056
https://doi.org/10.1016/j.jechem.2020.05.056
https://doi.org/10.1016/j.joule.2021.07.010
https://doi.org/10.1002/aenm.201902085
https://doi.org/10.1002/aenm.201902085
https://doi.org/10.1149/1945-7111/ab75c2
https://doi.org/10.1149/1945-7111/ab75c2
https://doi.org/10.1016/j.seta.2024.103926
https://doi.org/10.1016/j.seta.2024.103926
https://doi.org/10.1016/j.electacta.2008.04.013
https://doi.org/10.1016/j.electacta.2008.04.013

R. Durena et al.

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[471

[48]

[49]

[501

[51]

[52]

[53]

[54]

[55]

[56]

Int J. Electrochem Sci. 14 (2019) 3673-3683, https://doi.org/10.20964/
2019.04.30.

M. Wang, X. Zheng, X. Zhang, D. Chao, S.Z. Qiao, H.N. Alshareef, Y. Cui, W. Chen,
Opportunities of aqueous manganese-based batteries with deposition and
stripping chemistry, Adv. Energy Mater. 11 (2021), https://doi.org/10.1002/
aenm.202002904.

W. Li, D. Wang, Conversion-type cathode materials for aqueous Zn metal batteries
in nonalkaline aqueous electrolytes: progress, challenges, and solutions, Adv.
Mater. (2023), https://doi.org/10.1002/adma.202304983.

L. Liu, Y.C. Wu, L. Huang, K. Liu, B. Duployer, P. Rozier, P.L. Taberna, P. Simon,
Alkali ions pre-intercalated layered MnO2 nanosheet for zinc-ions storage, Adv.
Energy Mater. 11 (2021), https://doi.org/10.1002/aenm.202101287.

J. Yang, J. Cao, Y. Peng, W. Yang, S. Barg, Z. Liu, LA. Kinloch, M.A. Bissett, R.A.
W. Dryfe, Unravelling the mechanism of rechargeable aqueous Zn-MnO2
batteries: implementation of charging process by electrodeposition of Mn0O2,
ChemSusChem 13 (2020) 4103-4110, https://doi.org/10.1002/cssc.202001216.
Q. Zhang, H. Fan, Q. Liu, Y. Wu, E. Wang, Fe-doped a-MnO2 GO cathode material
for zinc ion batteries with long lifespan and high areal capacity, J. Mater. Chem.
A Mater. 12 (2024) 8167-8174, https://doi.org/10.1039/D3TA07587G.

M. Iturrondobeitia, O. Akizu-Gardoki, O. Amondarain, R. Minguez, E. Lizundia,
Environmental impacts of aqueous zinc ion batteries based on life cycle
assessment, Adv. Sustain Syst. 6 (2022), https://doi.org/10.1002/
adsu.202100308.

Y. Liao, H.-C. Chen, C. Yang, R. Liu, Z. Peng, H. Cao, K. Wang, Unveiling
performance evolution mechanisms of MnO2 polymorphs for durable aqueous
zinc-ion batteries, Energy Storage Mater. 44 (2022) 508-516, https://doi.org/
10.1016/j.ensm.2021.10.039.

Y. Dai, J. Zhang, X. Yan, G. Zhao, M. Yang, J. Xiong, R. Li, N. Miao, H. Yu, M. Hu,
J. Liu, J. Yang, Investigating the electrochemical performance of MnO2
polymorphs as cathode materials for aqueous proton batteries, Chem. Eng. J. 471
(2023) 144158, https://doi.org/10.1016/j.cej.2023.144158.

D.A. Kitchaev, H. Peng, Y. Liu, J. Sun, J.P. Perdew, G. Ceder, Energetics of MnO2
polymorphs in density functional theory, Phys. Rev. B 93 (2016), https://doi.org/
10.1103/PhysRevB.93.045132.

S. Dey, V.V. Praveen Kumar, The performance of highly active manganese oxide
catalysts for ambient conditions carbon monoxide oxidation, Curr. Res. Green.
Sustain. Chem. 3 (2020), https://doi.org/10.1016/j.crgsc.2020.100012.

M. Wang, S. Yagi, Layered birnessite MnO2 with enlarged interlayer spacing for
fast Mg-ion storage, J. Alloy. Compd. 820 (2020) 153135, https://doi.org/
10.1016/j.jallcom.2019.153135.

T. Hatakeyama, N.L. Okamoto, T. Ichitsubo, Thermal stability of MnO2
polymorphs, J. Solid State Chem. 305 (2022) 122683, https://doi.org/10.1016/j.
jssc.2021.122683.

B. Yin, S. Zhang, H. Jiang, F. Qu, X. Wu, Phase-controlled synthesis of
polymorphic MnO2 structures for electrochemical energy storage, J. Mater.
Chem. A Mater. 3 (2015) 5722-5729, https://doi.org/10.1039/C4ATA06943A.

S. Yao, R. Zhao, S. Wang, Y. Zhou, R. Liu, L. Hu, A. Zhang, R. Yang, X. Liu, Z. Fu,
D. Wang, Z. Yang, Y.M. Yan, Ni-doping induced structure distortion of MnO2 for
highly efficient Na+ storage, Chem. Eng. J. 429 (2022), https://doi.org/10.1016/
j.cej.2021.132521.

Z. Zhang, W. Li, Y. Shen, R. Wang, H. Li, M. Zhou, W. Wang, K. Wang, K. Jiang,
Issues and opportunities of manganese-based materials for enhanced Zn-ion
storage performances, J. Energy Storage 45 (2022) 103729, https://doi.org/
10.1016/j.est.2021.103729.

N. Becknell, P.P. Lopes, T. Hatsukade, X. Zhou, Y. Liu, B. Fisher, D.Y. Chung, M.
G. Kanatzidis, N.M. Markovic, S. Tepavcevic, V.R. Stamenkovic, Employing the
dynamics of the electrochemical interface in aqueous zinc-ion battery cathodes,
Adv. Funct. Mater. 31 (2021), https://doi.org/10.1002/adfm.202102135.

C. Chen, M. Shi, Y. Zhao, C. Yang, L. Zhao, C. Yan, Al-Intercalated MnO2 cathode
with reversible phase transition for aqueous Zn-Ion batteries, Chem. Eng. J. 422
(2021), https://doi.org/10.1016/j.cej.2021.130375.

Y. Jia, J. Jie, W. Houzhao, D. Jinxia, W. Xunying, L. Lin, M. Guokun, T. Li,

W. Hanbin, Z. Jun, W. Hao, Highly stable Co-doped MnO2 nanoarrays as
enhanced cathode materials for aqueous zinc-ion batteries, Oxf. Open Energy 1
(2022), https://doi.org/10.1093/00energy/0iab003.

S. Yang, L. Zhang, M. Luo, Y. Cui, J. Wang, D. Zhao, C. Yang, X. Wang, B. Cao,
Synergistic combination of a Co-doped 6-MnO2 cathode with an electrolyte
additive for a high-performance aqueous zinc-ion battery, ChemPhysMater 2
(2023) 77-82, https://doi.org/10.1016/j.chphma.2022.04.007.

S. Liu, J. Wang, Z. Zhou, Y. Li, W. Zhang, C. Wang, Cobalt-doped §-MnO 5 /CNT
composites as cathode material for aqueous zinc-ion batteries, Inorg. Chem. Front
10 (2023) 5167-5177, https://doi.org/10.1039/D3QI01010D.

X. Xia, Y. Zhao, Y. Zhao, M. Xu, W. Liu, X. Sun, Mo doping provokes two electron
reaction in MnO2 with ultrahigh capacity for aqueous zinc ion batteries, Nano
Res. 16 (2023) 2511-2518, https://doi.org/10.1007/512274-022-5057-0.

Y. Liu, W. Chen, J. Su, X. Zhao, X. Pan, Inhibition of phase transition from 5-MnO
2 to a-MnO 3 by Mo-doping and the application of Mo-doped MnO 3 in aqueous
zinc-ion batteries, Phys. Chem. Chem. Phys. 25 (2023) 30663-30669, https://doi.
org/10.1039/D3CP04182D.

R. Griscenko, M. Durena, M. lesalnieks, A. Bertins, A. Viksna, Zukuls,
Improvement of manganese dioxide cathode by molybdenum doping in highly
acidic electrolyte, J. Energy Storage 76 (2024) 109847, https://doi.org/10.1016/
j.est.2023.109847.

Y. Ma, M. Xu, R. Liu, H. Xiao, Y. Liu, X. Wang, Y. Huang, G. Yuan, Molecular
tailoring of MnO2 by bismuth doping to achieve aqueous zinc-ion battery with

11

[57]

[58]

[591

[60]

[611

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[731

[74]

[751

[76]

[771

[78]

[791

Journal of Alloys and Compounds 1010 (2025) 177904

capacitor-level durability, Energy Storage Mater. 48 (2022) 212-222, https://doi.
org/10.1016/j.ensm.2022.03.024.

D. Im, A. Manthiram, Role of bismuth and factors influencing the formation of
Mn304 in rechargeable alkaline batteries based on bismuth-containing
manganese oxides, J. Electrochem Soc. 150 (2003) A68, https://doi.org/
10.1149/1.1524611.

K. Ma, Q. Li, C. Hong, G. Yang, C. Wang, Bi doping-enhanced reversible-phase
transition of a-MnO2 raising the cycle capability of aqueous Zn-Mn batteries, ACS
Appl. Mater. Interfaces 13 (2021) 55208-55217, https://doi.org/10.1021/
acsami.1c17677.

L. Gou, Y. Yang, Y. Zhang, J. Li, X. Fan, D. Li, In situ synthesis of Bi3+ -doped
8-MnO2 cathode to enhance the cycle stability for aqueous zinc-ion batteries,

J. Solid State Electrochem. 27 (2023) 1443-1450, https://doi.org/10.1007/
510008-023-05501-1.

R. Wang, H. Li, H. Sun, Bismuth: Environmental pollution and health effects.
Encyclopedia of Environmental Health, Elsevier, 2019, pp. 415-423, https://doi.
org/10.1016/B978-0-12-409548-9.11870-6.

M.B. Lim, T.N. Lambert, B.R. Chalamala, Rechargeable alkaline zinc-manganese
oxide batteries for grid storage: hani; chall and develop

Mater. Sci. Eng.: R: Rep. 143 (2021) 100593, https://doi.org/10.1016/j.
mser.2020.100593.

J.K. Seo, J. Shin, H. Chung, P.Y. Meng, X. Wang, Y.S. Meng, Intercalation and
conversion reactions of nanosized p-MnO2 cathode in the secondary Zn/
MnO2Alkaline battery, J. Phys. Chem. C. 122 (2018) 11177-11185, https://doi.
org/10.1021/acs.jpcc.7b11685.

G.G. Yadav, X. Wei, J. Huang, D. Turney, M. Nyce, S. Banerjee, Accessing the
second electron capacity of MnO2 by exploring complexation and intercalation
reactions in energy dense alkaline batteries, Int J. Hydrog. Energy 43 (2018)
8480-8487, https://doi.org/10.1016/j.ijhydene.2018.03.061.

H.-W. Zhu, J. Ge, Y.-C. Peng, H.-Y. Zhao, L.-A. Shi, S.-H. Yu, Dip-coating
processed sponge-based electrodes for stretchable Zn-MnO2 batteries, Nano Res.
11 (2018) 15541562, https://doi.org/10.1007/512274-017-1771-4.

X. Guo, J. Zhou, C. Bai, X. Li, G. Fang, S. Liang, Zn/MnO2 battery chemistry with
dissolution-deposition mechanism, Mater. Today Energy 16 (2020), https://doi.
org/10.1016/j.mtener.2020.100396.

L. Wu, Z. Li, Y. Xiang, W. Dong, X. Qi, Z. Ling, Y. Xu, H. Wu, M.D. Levi, N. Shpigel,
X. Zhang, Revisiting the charging mechanism of «-MnO2 in mildly acidic aqueous
zinc electrolytes, Small (2024), https://doi.org/10.1002/smll.202404583.

H. Chen, C. Dai, F. Xiao, Q. Yang, S. Cai, M. Xu, H.J. Fan, S. Bao, Reunderstanding
the reaction mechanism of aqueous Zn-Mn batteries with sulfate electrolytes: role
of the zinc sulfate hydroxide, Adv. Mater. 34 (2022), https://doi.org/10.1002/
adma.202109092.

L. Li, T.K.A. Hoang, J. Zhi, M. Han, S. Li, P. Chen, Functioning mechanism of the
secondary aqueous Zn-p-MnO2 battery, ACS Appl. Mater. Interfaces 12 (2020)
12834-12846, https://doi.org/10.1021/acsami.9b22758.

M.H. Alfaruqi, S. Islam, J. Lee, J. Jo, V. Mathew, J. Kim, First principles
calculations study of a-MnO ; as a potential cathode for Al-ion battery
application, J. Mater. Chem. A Mater. 7 (2019) 26966-26974, https://doi.org/
10.1039/C9TA09321D.

J. Ambrose, A.K. Covington, H.R. Thirsk, Standard electrode potential of
?-manganese dioxide and its relation to other properties, Trans. Faraday Soc. 65
(1969) 1897, https://doi.org/10.1039/tf9696501897.

E. Gydesen, H. Tkker, Groundwater Chemistry and Treatment: Application to
Danish Waterworks. Water Treatment, InTech, 2013, https://doi.org/10.5772/
54166.

A.A. Rodriguez-Diaz, C. Canet, R.E. Villanueva-Estrada, E. Chacon, F. Gervilla,
F. Velasco-Tapia, E.M. Cruz-Gémez, E. Gonzdlez-Partida, R. Casas-Garcia,

C. Linares-Lépez, D. Pérez-Zarate, Recent Mn-Ag deposits in coastal hydrothermal
springs in the Baja California Peninsula, Mexico, Min. Depos. 54 (2019) 849-866,
https://doi.org/10.1007/500126-018-0846-9.

T. Zhao, D. Lan, Z. Jia, Z. Gao, G. Wu, Hierarchical porous molybdenum carbide
synergic morphological engineering towards broad multi-band tunable
microwave absorption, Nano Res. (2024), https://doi.org/10.1007/s12274-024-
6938-1.

G. Ma, D. Lan, Y. Zhang, X. Sun, Z. Jia, G. Wu, G. Bu, P. Yin, Microporous cobalt
ferrite with bio-carbon loosely decorated to construct multi-functional composite
for dye adsorption, anti-bacteria and electromagnetic protection, Small (2024),
https://doi.org/10.1002/smll.202404449.

X. Xie, H. Wang, H. Kimura, C. Ni, W. Du, G. Wu, NiCoZn/C@melamine sponge-
derived carbon composites with high-performance electromagnetic wave
absorption, Int. J. Miner., Metall. Mater. 31 (2024) 2274-2286, https://doi.org/
10.1007/512613-024-2880-1.

S. Zhang, D. Lan, J. Zheng, A. Feng, Y. Pei, S. Cai, S. Du, X. Chen, G. Wu, Z. Jia,
Rational construction of heterointerfaces in biomass sugarcane-derived carbon
for superior electromagnetic wave absorption, Int. J. Miner., Metall. Mater. 31
(2024) 2749-2759, https://doi.org/10.1007/512613-024-2875-y.

N. Vilas Boas, J.B. Souza Junior, L.C. Varanda, S.A.S. Machado, M.L. Calegaro,
Bismuth and cerium doped cryptomelane-type manganese dioxide nanorods as
bifunctional catalysts for rechargeable alkaline metal-air batteries, Appl. Catal. B
258 (2019) 118014, https://doi.org/10.1016/j.apcatb.2019.118014.

X. Zhang, W. Yang, J. Yang, D.G. Evans, Synthesis and characterization of
a-MnO2 nanowires: self-assembly and phase transformation to f-MnO2
microcrystals, J. Cryst. Growth 310 (2008) 716-722, https://doi.org/10.1016/j.
jerysgro.2007.11.113.

X. Zhang, P. Yu, D. Wang, Y. Ma, Controllable synthesis of a-MnO2
nanostructures and phase transformation to p-MnO2 microcrystals by



https://doi.org/10.20964/2019.04.30
https://doi.org/10.20964/2019.04.30
https://doi.org/10.1002/aenm.202002904
https://doi.org/10.1002/aenm.202002904
https://doi.org/10.1002/adma.202304983
https://doi.org/10.1002/aenm.202101287
https://doi.org/10.1002/cssc.202001216
https://doi.org/10.1039/D3TA07587G
https://doi.org/10.1002/adsu.202100308
https://doi.org/10.1002/adsu.202100308
https://doi.org/10.1016/j.ensm.2021.10.039
https://doi.org/10.1016/j.ensm.2021.10.039
https://doi.org/10.1016/j.cej.2023.144158
https://doi.org/10.1103/PhysRevB.93.045132
https://doi.org/10.1103/PhysRevB.93.045132
https://doi.org/10.1016/j.crgsc.2020.100012
https://doi.org/10.1016/j.jallcom.2019.153135
https://doi.org/10.1016/j.jallcom.2019.153135
https://doi.org/10.1016/j.jssc.2021.122683
https://doi.org/10.1016/j.jssc.2021.122683
https://doi.org/10.1039/C4TA06943A
https://doi.org/10.1016/j.cej.2021.132521
https://doi.org/10.1016/j.cej.2021.132521
https://doi.org/10.1016/j.est.2021.103729
https://doi.org/10.1016/j.est.2021.103729
https://doi.org/10.1002/adfm.202102135
https://doi.org/10.1016/j.cej.2021.130375
https://doi.org/10.1093/ooenergy/oiab003
https://doi.org/10.1016/j.chphma.2022.04.007
https://doi.org/10.1039/D3QI01010D
https://doi.org/10.1007/s12274-022-5057-0
https://doi.org/10.1039/D3CP04182D
https://doi.org/10.1039/D3CP04182D
https://doi.org/10.1016/j.est.2023.109847
https://doi.org/10.1016/j.est.2023.109847
https://doi.org/10.1016/j.ensm.2022.03.024
https://doi.org/10.1016/j.ensm.2022.03.024
https://doi.org/10.1149/1.1524611
https://doi.org/10.1149/1.1524611
https://doi.org/10.1021/acsami.1c17677
https://doi.org/10.1021/acsami.1c17677
https://doi.org/10.1007/s10008-023-05501-1
https://doi.org/10.1007/s10008-023-05501-1
https://doi.org/10.1016/B978-0-12-409548-9.11870-6
https://doi.org/10.1016/B978-0-12-409548-9.11870-6
https://doi.org/10.1016/j.mser.2020.100593
https://doi.org/10.1016/j.mser.2020.100593
https://doi.org/10.1021/acs.jpcc.7b11685
https://doi.org/10.1021/acs.jpcc.7b11685
https://doi.org/10.1016/j.ijhydene.2018.03.061
https://doi.org/10.1007/s12274-017-1771-4
https://doi.org/10.1016/j.mtener.2020.100396
https://doi.org/10.1016/j.mtener.2020.100396
https://doi.org/10.1002/smll.202404583
https://doi.org/10.1002/adma.202109092
https://doi.org/10.1002/adma.202109092
https://doi.org/10.1021/acsami.9b22758
https://doi.org/10.1039/C9TA09321D
https://doi.org/10.1039/C9TA09321D
https://doi.org/10.1039/tf9696501897
https://doi.org/10.5772/54166
https://doi.org/10.5772/54166
https://doi.org/10.1007/s00126-018-0846-9
https://doi.org/10.1007/s12274-024-6938-1
https://doi.org/10.1007/s12274-024-6938-1
https://doi.org/10.1002/smll.202404449
https://doi.org/10.1007/s12613-024-2880-1
https://doi.org/10.1007/s12613-024-2880-1
https://doi.org/10.1007/s12613-024-2875-y
https://doi.org/10.1016/j.apcatb.2019.118014
https://doi.org/10.1016/j.jcrysgro.2007.11.113
https://doi.org/10.1016/j.jcrysgro.2007.11.113

R. Durena et al.

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(871

[88]

[891

[90]

[91]

[92]

[93]

[94]

[95]

hydrothermal crystallization, J. Nanosci. Nanotechnol. 10 (2010) 898-904,
https://doi.org/10.1166/jnn.2010.1893.

D. Jampaiah, V.K. Velisoju, P. Venkataswamy, V.E. Coyle, A. Nafady, B.M. Reddy,
S.K. Bhargava, Nanowire morphology of Mono- and bidoped a-MnO2 catalysts for
remarkable enhancement in soot oxidation, ACS Appl. Mater. Interfaces 9 (2017)
32652-32666, https://doi.org/10.1021/acsami.7b07656.

K. Selvakumar, V. Duraisamy, S. Venkateshwaran, N. Arumugam, A.I. Almansour,
Y. Wang, T. Xiaoteng Liu, S. Murugesan Senthil Kumar, Development of a-MnO2
nanowire with Ni- and (Ni, Co)-cation doping as an efficient bifunctional oxygen
evolution and oxygen reduction reaction catalyst, ChemElectroChem 9 (2022),
https://doi.org/10.1002/celc.202101303.

T. Uematsu, Y. Miyamoto, Y. Ogasawara, K. Suzuki, K. Yamaguchi, N. Mizuno,
Molybdenum-doped a-MnO2 as an efficient reusable heterogeneous catalyst for
aerobic sulfide oxygenation, Catal. Sci. Technol. 6 (2016) 222-233, https://doi.
org/10.1039/C5CY01552A.

Y. Xin, H. Cao, C. Liu, J. Chen, P. Liu, Y. Lu, Z. Ling, A systematic spectroscopic
study of laboratory synthesized manganese oxides relevant to Mars, J. Raman
Spectrosc. 53 (2022) 340-355, https://doi.org/10.1002/jrs.6231.

B. Zhang, G. Cheng, B. Lan, X. Zheng, M. Sun, F. Ye, L. Yu, X. Cheng,
Crystallization design of MnO2: Via acid towards better oxygen reduction
activity, CrystEngComm 18 (2016) 6895-6902, https://doi.org/10.1039/
c6ce01131d.

Y. Xie, Y. Yu, X. Gong, Y. Guo, Y. Guo, Y. Wang, G. Lu, Effect of the crystal plane
figure on the catalytic performance of MnO2 for the total oxidation of propane,
CrystEngComm 17 (2015) 3005-3014, https://doi.org/10.1039/c5ce00058k.

T. Gao, H. Fjellvég, P. Norby, A comparison study on Raman scattering properties
of a- and f-MnO2, Anal. Chim. Acta 648 (2009) 235-239, https://doi.org/
10.1016/j.aca.2009.06.059,

B. Zhang, D. Chen, H. Liu, X. Zou, T. Chen, Selective catalytic reduction of NO
with NH3 over high purity palygorskite-supported MnO2 with different crystal
structures, Aerosol Air Qual. Res 20 (2020) 1155-1165, https://doi.org/10.4209/
aaqr.2020.03.0099.

H. Chen, Y. Wang, Y.-K. Lv, Catalytic oxidation of NO over MnO2 with different
crystal structures, RSC Adv. 6 (2016) 54032-54040, https://doi.org/10.1039/
C6RA10103H.

J.E. Post, D.A. McKeown, P.J. Heaney, Raman spectroscopy study of manganese
oxides: layer structures, Am. Mineral. 106 (2021) 351-366, https://doi.org/
10.2138/am-2021-7666.

J.E. Post, D.A. McKeown, P.J. Heaney, Raman spectroscopy study of manganese
oxides: Tunnel structures, Am. Mineral. 105 (2020) 1175-1190, https://doi.org/
10.2138/am-2020-7390.

Y. Wang, D.C. Alsmeyer, R.L. McCreery, Raman spectroscopy of carbon materials:
structural basis of observed spectra, Chem. Mater. 2 (1990) 557-563, https://doi.
org/10.1021/ecm00011a018.

Y. Khan, S.K. Durrani, M. Mehmood, M.R. Khan, Mild hydrothermal synthesis of
y-MnO2 nanostructures and their phase transformation to a-MnO2 nanowires,
J. Mater. Res 26 (2011) 2268-2275, https://doi.org/10.1557/jmr.2011.138.

H. Song, H. Zhao, X. Zhang, Y. Xu, X. Cheng, S. Gao, L. Huo, A hollow urchin-like
a-MnO 2 as an electrochemical sensor for hydrogen peroxide and dopamine with
high selectivity and sensitivity, Microchim. Acta 186 (2019), https://doi.org/
10.1007/s00604-019-3316-x.

K. Li, C. Chen, H. Zhang, X. Hu, T. Sun, J. Jia, Effects of phase structure of MnO2
and morphology of 5-MnO2 on toluene catalytic oxidation, Appl. Surf. Sci. 496
(2019), https://doi.org/10.1016/j.apsusc.2019.143662.

L. Jia, F. Li, C. Yang, X. Yang, B. Kou, Y. Xing, J. Peng, G. Ni, Z. Cao, S. Zhang,
T. Zhao, X. Jin, Direct Z-Scheme Heterojunction a-MnO2/BiOI with Oxygen-Rich
Vacancies Enhanced Photoelectrocatalytic Degradation of Organic Pollutants

12

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Journal of Alloys and Compounds 1010 (2025) 177904

under Visible Light, Catalysts 12 (2022) 1596, https://doi.org/10.3390/
catal12121596.

T. Hishida, K. Ohbayashi, M. Kobata, E. Ikenaga, T. Sugiyama, K. Kobayashi,

M. Okawa, T. Saitoh, Empirical relationship between x-ray photoemission spectra
and electrical conductivity in a colossal magnetoresistive manganite Lal—
xSrxMnO3, J. Appl. Phys. 113 (2013), https://doi.org/10.1063/1.4811372.

M. Wang, K. Chen, J. Liu, Q. He, G. Li, F. Li, Efficiently Enhancing Electrocatalytic
Activity of a-MnO2 Nanorods/N-Doped Ketjenblack Carbon for Oxygen
Reduction Reaction and Oxygen Evolution Reaction Using Facile Regulated
Hydrothermal Treatment, Catalysts 8 (2018) 138, https://doi.org/10.3390/
catal8040138.

Z. Huang, W. Zhou, C. Ouyang, J. Wu, F. Zhang, J. Huang, Y. Gao, J. Chu, High
performance of Mn-Co-Ni-O spinel nanofilms sputtered from acetate precursors,
Sci. Rep. 5 (2015) 10899, https://doi.org/10.1038/srep10899.

Z. Morgan Chan, D.A. Kitchaev, J. Nelson Weker, C. Schnedermann, K. Lim,

G. Ceder, W. Tumas, M.F. Toney, D.G. Nocera, Electrochemical trapping of
metastable Mn3+ ions for activation of MnO2 oxygen evolution catalysts, Proc.
Natl. Acad. Sci. 115 (2018), https://doi.org/10.1073/pnas.1722235115.

H. Idriss, On the wrong assignment of the XPS O1s signal at 531-532 eV
attributed to oxygen vacancies in photo- and electro-catalysts for water splitting
and other materials applications, Surf. Sci. 712 (2021) 121894, https://doi.org/
10.1016/j.susc.2021.121894.

X. Cao, Y. You, D. Sha, H. Xia, H. Wang, J. Zhang, R. Hu, Y. Wei, Z. Bao, Y. Xu,
L. Pan, C. Lu, W. He, M. Zhou, Z. Sun, Ultralong Cycle Life for Deep Potassium
Storage Enabled by BiOCl/MXene van der Waals Heterostructures, Adv. Funct.
Mater. 33 (2023), https://doi.org/10.1002/adfm.202303275.

S. Wang, D. Song, L. Liao, B. Wang, Z. Li, M. Li, W. Zhou, Bi/Mn-Doped BiOCl
nanosheets self-assembled microspheres toward optimized photocatalytic
performance, Nanomaterials 13 (2023) 2408, https://doi.org/10.3390/
nano13172408.

M. Zhang, C. Shao, X. Zhang, Y. Liu, Bismuth oxychloride/carbon nanofiber
heterostructures for the degradation of 4-nitrophenol, CrystEngComm 17 (2015)
7276-7282, https://doi.org/10.1039/C5CE01012H.

R. Durena, A. Zukuls, A short review: comparison of zinc-manganese dioxide
batteries with different pH aqueous electrolytes, Batteries 9 (2023) 311, https://
doi.org/10.3390/batteries9060311.

X. Xiao, Z. Liu, L. Baggetto, G.M. Veith, K.L. More, R.R. Unocic, Unraveling
manganese dissolution/deposition mechanisms on the negative electrode in
lithium ion batteries, Phys. Chem. Chem. Phys. 16 (2014) 10398, https://doi.org/
10.1039/c4cp00833b.

Z. Zhang, K. Shen, Y. Zhou, X. Hou, Q. Ru, Q. He, C. Su, L. Sun, S.H. Aung,

F. Chen, The composite electrode of Bi@carbon-texture derived from metal-
organic frameworks for aqueous chloride ion battery, Ion. (Kiel. ) 26 (2020)
2395-2403, https://doi.org/10.1007/511581-019-03389-4.

C.C. Zhang, S. Hartlaub, I. Petrovic, B. Yilmaz, Raman spectroscopy
characterization of amorphous coke generated in industrial processes, ACS
Omega 7 (2022) 2565-2570, https://doi.org/10.1021/acsomega.1c03456.

ALY. Lee, K. Yang, N.D. Anh, C. Park, S.M. Lee, T.G. Lee, M.S. Jeong, Raman study
of D* band in graphene oxide and its correlation with reduction, Appl. Surf. Sci.
536 (2021), https://doi.org/10.1016/j.apsusc.2020.147990.

Z. Li, L. Deng, LA. Kinloch, R.J. Young, Raman spectroscopy of carbon materials
and their composites: graphene, nanotubes and fibres, Prog. Mater. Sci. 135
(2023), https://doi.org/10.1016/j.pmatsci.2023.101089.

H. Fan, G. Wang, L. Hu, Infrared, Raman and XPS spectroscopic studies of
Bi203-B203-Ga203 glasses, Solid State Sci. 11 (2009) 2065-2070, https://doi.
org/10.1016/j.solidstatesciences.2009.09.007.


https://doi.org/10.1166/jnn.2010.1893
https://doi.org/10.1021/acsami.7b07656
https://doi.org/10.1002/celc.202101303
https://doi.org/10.1039/C5CY01552A
https://doi.org/10.1039/C5CY01552A
https://doi.org/10.1002/jrs.6231
https://doi.org/10.1039/c6ce01131d
https://doi.org/10.1039/c6ce01131d
https://doi.org/10.1039/c5ce00058k
https://doi.org/10.1016/j.aca.2009.06.059
https://doi.org/10.1016/j.aca.2009.06.059
https://doi.org/10.4209/aaqr.2020.03.0099
https://doi.org/10.4209/aaqr.2020.03.0099
https://doi.org/10.1039/C6RA10103H
https://doi.org/10.1039/C6RA10103H
https://doi.org/10.2138/am-2021-7666
https://doi.org/10.2138/am-2021-7666
https://doi.org/10.2138/am-2020-7390
https://doi.org/10.2138/am-2020-7390
https://doi.org/10.1021/cm00011a018
https://doi.org/10.1021/cm00011a018
https://doi.org/10.1557/jmr.2011.138
https://doi.org/10.1007/s00604-019-3316-x
https://doi.org/10.1007/s00604-019-3316-x
https://doi.org/10.1016/j.apsusc.2019.143662
https://doi.org/10.3390/catal12121596
https://doi.org/10.3390/catal12121596
https://doi.org/10.1063/1.4811372
https://doi.org/10.3390/catal8040138
https://doi.org/10.3390/catal8040138
https://doi.org/10.1038/srep10899
https://doi.org/10.1073/pnas.1722235115
https://doi.org/10.1016/j.susc.2021.121894
https://doi.org/10.1016/j.susc.2021.121894
https://doi.org/10.1002/adfm.202303275
https://doi.org/10.3390/nano13172408
https://doi.org/10.3390/nano13172408
https://doi.org/10.1039/C5CE01012H
https://doi.org/10.3390/batteries9060311
https://doi.org/10.3390/batteries9060311
https://doi.org/10.1039/c4cp00833b
https://doi.org/10.1039/c4cp00833b
https://doi.org/10.1007/s11581-019-03389-4
https://doi.org/10.1021/acsomega.1c03456
https://doi.org/10.1016/j.apsusc.2020.147990
https://doi.org/10.1016/j.pmatsci.2023.101089
https://doi.org/10.1016/j.solidstatesciences.2009.09.007
https://doi.org/10.1016/j.solidstatesciences.2009.09.007

Appendix 3

3. pielikums

N. Gris¢enko, R. Diirena, M. Iesalnieks, M. Bértins, A. Viksna, A. Zukuls

Improvement of manganese dioxide cathode by molybdenum doping in highly acidic
electrolyte

Journal of Energy Storage, 76, 2024, 109847
DOI: 10.1016/j.est.2023.109847



Journal of Energy Storage 76 (2024) 109847

o

ELSEVIER

Contents lists available at ScienceDirect
Journal of Energy Storage

journal homepage: www.elsevier.com/locate/est

iy

Ener
Stora%e/

Research Papers

Improvement of manganese dioxide cathode by molybdenum doping in

highly acidic electrolyte

Check for
updates

Nikita Griscenko?, Ramona Durena®, Mairis lesalnieks ®, Maris Bertins ", Arturs Viksna ",

Anzelms Zukuls®

2 Institute of Materials and Surface Engineering, Faculty of Materials Science and Applied Chemistry, Riga Technical University, P. Valdena 3 and 7, Riga LV-1048, Latvia

® Faculty of Chemistry, University of Latvia, Jelgavas 1, Riga LV-1004, Latvia

ARTICLE INFO ABSTRACT

Keywords: To address the increased demand for rechargeable batteries such as Li-ion, the market must introduce an
MnO, alternative to Li-ion technology. Rechargeable Zn-MnO; battery technology is one feasible option, yet it has
High capacity materials struggled to dominate the market due to low cathode cyclic stability and potential. To look into this problem, the
Mo-doped . characteristics of the cathode material were altered in this work through Mo-doping and modification of the
Hydrothermal synthesis N . . . .
Aqueous medium resulting material morphology. KMnO4 was used as a precursor in the hydrothermal synthesis of the active
material, which was produced at 120 °C for 12 or 24 h with Mo doping at varied concentrations. The phase
composition and morphology of the produced samples were determined using X-ray diffraction (XRD), scanning
electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). Moreover, the electrochemical
characteristics were determined using a galvanostat. It was found that the synthesised powders consist of a-MnOxy
and 8-MnO;, crystalline phases and the phase does not change after cyclic voltammetry (CV) measurements. In
addition, the distribution of doped Mo before and after CV measurements was even throughout the sample
surface. Furthermore, the addition of up to 2.5 mol% Mo to MnO3, increases the specific capacity of the cathode
in a highly acidic (pH = 1.5) electrolyte, in addition, improved capacity retention for faster discharge rates is

observed by increasing Mo doping up to 5 mol%.

1. Introduction

Due to Green Policies for climate change mitigation, the move from
fossil fuels to green energy is encouraged [1]. Researchers are looking
for innovative strategies to store surplus renewable energy in various
kinds of storage systems. One of the energy storage alternatives is bat-
tery technology with the most commonly used storage method Li-ion
batteries. However, this technology has limitations, such as a scarcity
of lithium in the Earth's crust and highly flammable organic electrolytes
[2]. Other elements, such as Ni [3] and Co, are required for the pro-
duction of Li-ion batteries, but industrial mining and processing of
minerals containing such elements is highly toxic to the environment
and humans [4]. Moreover, rechargeable Li-ion batteries are expected to
be in higher demand than the current industry can accommodate [5].
This means that alternative battery technologies will be required in the
near future and aqueous rechargeable Zn-MnO;, batteries may be one of
them.
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The non-rechargeable battery industry is already dominated by Zn-
MnO; batteries [6], however, research is more drawn to secondary-type
cells as they offer wider application options. Moreover, aqueous Zn-
MnO, batteries have promising properties for large-scale applications
like high safety and low cost. Without this, Mn is more abundant in the
Earth's crust than Li [7]. However, no matter how good these properties
may seem, aqueous Zn-MnO3, batteries also have several disadvantages,
such as poor cycle stability due to large capacity decline mainly due to
the MnO; cathode.

The main reason for the failure of rechargeable Zn-MnO, alkaline
batteries is the formation of an insoluble precipitate such as Mn(OH)a,
Mny03 and Mn3O4 which are electrochemically passive, thus leading to
permanent loss of capacity [8]. Adjusting the acidity of the electrolyte
medium can mitigate the influence of the insoluble phase formation by
promoting the electrochemically inactive phase to dissolve [9]. More-
over, in an acidic medium, the MnO5, cathode goes through reaction with
HT ions forming Mn?" ions and water as shown in half-reaction (1) with
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increased potential versus standard hydrogen electrode (SHE) [10]:

MnO, +4H* + 2~ SMn** + 2H,0

1
E° = 1.224 V vs SHE M

As H' ions play a key role in the functionality of MnO, cathode,
promoting their interaction with MnOy, is crucial. This may be achieved
by adding different metals to the structure of MnO,, such as Al, Bi, Ni,
etc. [11-14]. Moreover, Zheng and co-authors [15] in 2022 demon-
strated a Mo-doped MnO;, cathode employing mildly acidic (pH ~ 4.8)
ZnSO4 and MnSO, co-solution as electrolyte and concluded that H*
contributes to battery stability. To further evaluate the possible
improvement of elevated H' ion concentration on MnO, cathode ma-
terial, Mo-doped MnO,, cathodes should also be tested in an increased
acidic medium electrolyte.

Another way to improve cathode material properties is morphology
engineering since it affects the surface area and hence the available
capacity [16]. There are many polymorphic modifications of MnO, such
as o, B, v, 8, and A, with different crystallographic structures. The
physical and electrochemical properties of MnO; depend on the type of
polymorph. The structures of polymorphic modifications of MnO; are
built from MnOg units with shared edges. Nonetheless, these modifica-
tions differ from each other by the combinations of MnOg unit connec-
tions [17]. Hollandite (a-MnOy), is a polymorphic form of MnO, with a
monoclinic crystal structure, that consists of one-dimensional 2 x 2
tunnels [18]. B-MnOo, called pyrolusite, is another polymorph of MnO2
with a tetragonal crystal structure, forming a structure of 1 x 1
dimensional tunnels [19]. Ramsdellite (y-MnO3), creates 2 x 1 tunnels
[20]. Birnessite (§-MnOy), is a layered polymorph of MnO, that has a
complex and variable crystal structure. It consists of layers rather than
tunnels, thus various cations or water molecules can intercalate between
these layers. Moreover, the layers can be separated by varying distances,
resulting in various sorts of interlayer spaces. Depending on this, the
layers can be at different distances from each other, leading to interlayer
spaces [21]. In addition, the intergrowth MnO, type, A-MnO3, has a
unique crystal structure of three-dimensional tunnels [22]. Thus, the
tunnelling structure of MnO; significantly affects intercalation and
overall cathode performance, as the tunnels in the MnOy structure
provide pathways for ion diffusion. The primary charge transfer process
that determines the pace of electrochemical reactions within a battery is
ionic conduction, which is limited by diffusion [23]. From this
perspective, the 8-MnO2 polymorph with its layered structure offers
more space (7.0 A) for ion intercalation compared, for example, to the
B-MnO3 tunnelling structure, which offers only a tunnelling space of
1.89 A [17].

One of the most widely used methods for obtaining different poly-
morph MnO» nanoparticles is hydrothermal synthesis. This method in-
cludes the reaction of Mn precursors with oxidizing agents under high
pressure and high-temperature conditions in an aqueous medium
[24-27]. Various parameters can affect the properties of the product in
hydrothermal synthesis, for example, altering the temperature and re-
action time can change the morphology and size [28]. Also, the di-
mensions of the structures that develop vary depending on the duration
of hydrothermal synthesis. In the case of MnO, nanostructures, their
length is more susceptible to change than diameter. Also, adjustment in
the concentration of the initial substance produces more pronounced
differences in the size of structures. Therefore, by increasing the con-
centration of KMnOy, the formed nanostructures tend to decrease in size
[29].

In this paper, we report the synthesis of Mo-doped MnO, cathode
with various Mn:Mo ratios. The electrochemical properties of the MnO,
cathode, such as CV and specific capacity, are evaluated in a highly
acidic electrolyte. Moreover, the cathode material is analysed by XRD,
XPS, Raman, SEM, and EDX. According to XPS observation Mo addition
to MnO, cathode electrode tends to stabilise Mn®" ion formation in
cathode material. Furthermore, based on the CV results, Mo doping in-
creases the specific capacity of the cathode material. However, as the
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amount of Mo in the MnO, cathode increases above 2.5 mol%, the
specific capacity tends to decrease.

2. Experimental section
2.1. Materials

B-MnO, (Pyrolusite), KMnO4, NasMoOy4, HSO4, Polyvinylidene
fluoride (PVDF) (MW ~530,000) and N-Methyl-2-pyrrolidone (NMP)
were purchased from Merck; Vulcan XC72 Carbon Black (CB) were used
in MnO3 hydrothermal synthesis and 0.05 mm thick conductive graphite
paper (RERAS, purchased from China and used as electrode substrate)
were used to prepare cathode materials.

2.2. Preparation of MnO_ powder samples

In total, 4 sample series of pure and molybdenum-doped MnOy
powders were made containing 0; 1; 2.5; and 5 mol% of Mo. The total
molar amount of KMnO4 and NagMoO4 sum in all samples was constant
at 0.0035 mol. To prepare a sample, the necessary quantity of KMnO4
was placed in a 50 mL conical flask. In addition, 0.042 g of CB and the
required amount of NagMoOy4 for the doping level were added to the
same flask. Afterwards, 0.7 mL of 10 % H3SO4 solution was added. The
preparation was finished by adding the necessary amount of distilled
water, resulting in a mixture with a total volume of 35 mL.

The synthesis began with stirring the obtained mixture on a magnetic
stirrer for 1 h. Afterwards, the mixture was transferred to a 50 mL
Teflon-coated stainless-steel autoclave and heated in an oven for 12 or
24 h. The target product in the resulting mixture was in an insoluble
state, therefore, centrifugation was used to remove soluble by-products.
The resulting mixture was centrifuged three times for 20 min at 6137
rpm using ethanol. Following purification, the precipitate was dried in
an oven for 24 h at 60 °C before being ground with a pestle and mortar to
create a powdered sample for further testing.

The purchased MnO;, coarse powder was prepared by mixing it with
CB in a mass ratio of 13:5 and milling in a steel ball mill for two hours at
200 rpm. The obtained powder was used for cathode material
preparation.

2.3. Preparation of cathode materials

Additional CB was added to the synthesised samples to form a mass
ratio of 13:5 (MnO2:CB). Further, all the obtained MnO,/CB samples
were mixed with NMP/PVDF (mass ratio 9:1) solution in a weight ratio
of 1:1 using a magnetic stirrer and ultrasonic sonication. Additional
NMP was added to bring the total weight ratio of MnO; to NMP to 1:1.8
to obtain a cathode ink.

Then, the ink was applied onto graphite paper using a manual doctor
blade coating applicator with a gap size of 50 pm and dried on a hotplate
to evaporate the excess NMP. After the coated paper had dried, several
cathode disks were punched out using a hollow punch.

2.4. Characterization

X-ray diffractometer (Rigaku Ultima+) with Cu-Ka radiation (A =
0.154056 nm) measured in the 20 angle range from 20° to 80° at a
scanning speed of 2° min™?, at 40 kV and 20 mA were used to obtain the
diffractograms of purchased and synthesised MnO2 samples. Obtained
XRD results were analysed using the PDF 4+ database. The morphology
of the cathode material was determined using a scanning electron mi-
croscope FEI Nova SEM230 operating at 15 kV. The energy-dispersive X-
ray spectroscopy (EDX) with an Apollo X-SPP detector was used to
determine the atomic composition of the cathode material. Raman
measurements were obtained at room temperature using a Renishaw In-
ViaV727 spectrometer with a backscattering geometry. Green laser
(Arf, A = 514.5 nm, grating — 1200 mm™ ') was used for phonon
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excitation and the sample exposure time was 10 s. X-ray photoelectron
spectroscopy (XPS) spectra were acquired using 650 pm spot size with a
monochromatic anode source. Samples were analysed as received
without further surface cleaning. Peak fitting was performed using
Avantage 5.9925 software and carbon peak at 248.8 eV was used as a
calibration point. Autolab PGSTAT302N was used to determine various
electrochemical properties. The CV measurement was used to analyse
the oxidation and reduction of the cathode material and to determine
the specific capacity. For sample characterization sample measuring cell
“TSC Surface” (from rhd instruments) was used. To the sample cell, 0.6
mL of electrolyte consisting of 0.1 M MnSO4 and 0.5 M HSO4 water
solution was added. Platinum electrodes were used both as a reference
electrode and as a counter electrode. The CV was performed at 10
various scan rates ranging from 0.002 V/s to 0.1 V/s. The CV mea-
surement program was designed in such a way that when starting the
measurement, the open circuit potential is initially measured (5 min),
from which the average open circuit potential value is taken, then the
sample is cycled with a potential of +0.45 V relative to the measured
open circuit potential. Using the same cell configuration as previously
mentioned, electrochemical impedance spectroscopy (EIS) was carried
out by applying a 10 mV small perturbation voltage in the 100 kHz to
0.1 Hz frequency range. An equivalent circuit software from NOVA 2.1
was used to analyse the impedance spectra.

Measurements of chronopotentiometry (CP) were conducted on
samples in a half-cell configuration closed off from the atmosphere.
Sample discs with 12.7 mm diameter were used in cell configuration
(graphite paper/coated MnO, sample/filter paper with electrolyte/
graphite paper) to determine the overall performance of obtained ma-
terials. As an electrolyte 100 pL of 0.1 M MnSO4 and 0.5 M H,SO4 water
solution was used.

Inductively coupled plasma mass spectrometry (ICP-MS) using an
Agilent 8900 ICP-QQQ mass spectrometer, manufactured by Agilent
Technologies in Santa Clara, CA, USA, was used to determine levels of
molybdenum (Mo). The instrumental parameters were configured as
follows: RF power set at 1550 W, a sampling depth of 8 mm, nebulizer
gas flow at 1.1 L/min, and auxiliary gas flow at 0.9 L/min. Helium
served as the collision cell gas with a flow rate of 5.0 mL/min, while
oxygen acted as the reaction gas with a flow rate of 0.5 mL/min.

Samples were digested using a microwave-assisted digestion method.
9 mL HNOj (Fischer Scientific, TraceGrade) and 3 mL HCI (Fischer
Scientific, Trace Grade) were added to 0.2 g of sample and heated in a
microwave furnace (Milestone, Start E) for 30 min at 200 °C tempera-
ture. After digestion sample was diluted to the total volume of 50 mL
with deionized water (Grade 1, EC < 0.055 pS/cm).

Sample solutions were introduced into the ICP-MS system through a
peristaltic pump. The MicroMist nebulizer was used to generate a stable
aerosol, facilitating sample vaporization in the plasma. The resulting
ions were then transferred to the mass spectrometer for analysis. The
collected data included intensity counts (CPS - counts per second) for
specific mass-to-charge ratio (m/z) values (95 for Mo). The calibration
curve was constructed using standard solutions (ICP multi-element
standard solution VI, Merck) within a concentration range of 0.1 to
1000 pg/L. A blank correction was applied to account for any back-
ground interference during the measurements.

To ensure measurement stability, an internal standard solution
containing Scandium (Sc) and Yttrium (Y) was added at a concentration
range of 5 pg/L to all samples, including calibration standards and test
samples. Additionally, two control samples (10 pg/L and 100 pg/L) were
used to verify measurement accuracy. Results were considered accept-
able if the obtained values deviated by <10 % from the known control
values.

Raw data obtained from the mass spectrometer underwent process-
ing using the Agilent MassHunter software (version B.06.00). The soft-
ware's data processing functions were used to integrate the intensity
counts for each target analyte (Mo) and internal standard (Sc and Y). For
quantification, the calibration curve was used to determine the
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concentrations of Mo in the samples. Reported concentrations were
based on the calibration curve, and the relative standard deviation
(RSD) of measurements was calculated to evaluate the precision and
reproducibility of the analysis.

3. Results

In this work, Mo-doped MnO; powder samples were obtained using
hydrothermal synthesis with a synthesis time of 12 or 24 h. Doping with
Mo was fixed to 0; 1; 2.5 and 5 mol%. In Fig. 1 and Fig. 1S SEM images of
purchased MnO; powder and synthesised MnO; samples are shown. As
seen in Fig. 1b and f, samples without Mo doping are composed of
different structures, such as needles, flakes and flower-cabbage struc-
tures, which is a possible result of the disproportion of the KMnO4 raw
materials reaction [30-32]. When the synthesis times of these two
samples are compared, it can be seen that as the synthesis time increases,
so does the particle size and the morphology of the obtained sample
becomes less pronounced. By introducing Mo into the MnO; system, as
shown in Fig. 1c and g, the synthesised powder form of MnO; becomes
more flower-like. Moreover, by increasing the synthesis time from 12 h
to 24 h, the flower-like form of MnO; becomes more pronounced.
However, with an increased molar amount of added Mo, the formed
structures became smaller. In Fig. 1d, e and h, it can be seen that any
distinct shape previously seen has disappeared, only in Fig. 1i the form
of the sea urchin structure can be observed. From SEM images with
smaller magnification (Fig. 1S), we can conclude, that obtained powder
samples are homogeneous throughout the sample and consist mainly of
observed crystal shapes.

The atomic composition of synthesised products was determined
using ICP-MS and EDX measurements. The quantitative results of all
samples are summarized in Table 1 and Table 1S. Elements such as Mn,
Mo and K were detected by ICP-MS in our samples. Also, with EDX el-
ements such as O, Mn, Mo, K and C as well as Al are observed.
Aluminium and additional carbon signals are obtained from the
aluminium sample holder and adhesive carbon double-sided tape that is
used for sample preparation. Considering that carbon was also added
during the synthesis, it is not possible to conclude the total carbon
content of the sample based on the obtained EDX results. However, with
ICP-MS no carbon was detected as only soluble part of the sample can be
analysed and carbon by itself if not soluble. Otherwise, both ICP-MS and
EDX results are in good agreement and indicate that samples are
throughout homogenous.

Furthermore, potassium is present in the sample in both ICP-MS and
EDX results, which can be linked to the starting material molecule
KMnOy, as purification of the product by multiple centrifugations failed
to remove all K' ions. Also, taking into account the MnO, crystalline
structure (Fig. 2a), K" ions are intercalated into the material, making ion
removal difficult. Moreover, when the Mn:Mo ratio is compared, it
roughly remains as intended by the synthesis. More deviation can be
seen with higher doping levels of Mo and shorter synthesis time.

XRD analysis was performed to determine the phase composition of
purchased MnO3 and the synthesised samples (Fig. 2a). The normalised
XRD results for purchased MnO, show broad diffraction maxima, indi-
cating small crystallite size and corresponding to the crystalline struc-
ture of Pyrolusite (B-MnOy). For all of the synthesised samples, two
phases can be identified: 8-MnO2 (Mn;O;3-5H20) and a-MnOy (Ka.
«MngOs¢). This supports ICP-MS and EDX finding that the K" ions are
attached to the MnO;, crystalline lattice. When XRD results of samples
synthesised at 12 h or 24 h are compared, it can be seen that diffraction
peaks became sharper with increasing synthesis time, indicating an in-
crease in crystallinity of the sample by allowing small crystallites to
grow larger and smaller crystallites to dissolve, as suggested by P. Umek
et al. [29]. Samples synthesised for 24 h have additional maxima at 32°
that could be assigned to y-MnO, phase formation. The formation of this
phase for a similar synthesis procedure, in which carbon was also added
to the synthesis solution, is described in the literature [33]. However,
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.

Fig. 1. SEM images of a) purchased MnO, powder and b) - i) synthesised Mo-doped MnO, powders.

Table 1

ICP-MS results of Mo-doped MnO, samples.
Ne Sample Element mol% Ratio, %

K Mn Mo Mn Mo

1 Purchased 0.06 99.94 0.00 100.0 0.0
2 0mol% 12 h 15.78 84.22 0.00 100.0 0.0
3 0 mol% 24 h 16.67 83.33 0.00 100.0 0.0
4 1mol% 12 h 16.11 83.08 0.81 99.0 1.0
5 1mol% 24 h 19.12 80.08 0.80 99.0 1.0
6 2.5mol% 12 h 15.59 82.43 1.98 97.7 2.3
7 2.5mol% 24 h 18.19 79.87 1.94 97.6 2.4
8 5mol% 12 h 11.93 85.26 2.81 96.8 3.2
9 5mol% 24 h 15.45 80.77 3.79 95.5 4.5

one maxima is not enough to confirm this phase in samples. In addition,
by increasing the Mo amount, a disappearance of the maxima at 12° can
be observed. The decrease for this reflection maximum is associated
with (110) crystalline plane of §-MnO; disappearance. This crystalline
phase according to the literature [34], is attributed to rod-like structures
that can be observed in SEM images (Fig. 1) as well. By increasing the
molybdenum amount, rod-like structures are disappearing as well and
maxima at 37° become more intensive. This reflection maximum can be
attributed to (211) crystalline plane of «-MnO,. Thus §-MnO; phase
formation decreases and a-MnO, phase increases suggesting that Mo
addition to samples promotes a-MnO; (K2.xMngO16) phase formation.
However, all samples exhibit broad diffraction peaks due to the small
size of crystallites, which affect the shape of the maxima.

Prior to electrochemical measurements, XPS analysis (Fig. 2 b-f) was
carried out to determine the oxidation states of elements in purchased
and 5 mol% Mo-doped MnO; samples. Both samples contain Mn ions in a
4+ oxidized state, however, only synthesised MnOy samples contain
carbon-to-oxygen bonds as CB was added during the synthesis proced-
ure. In addition, Mo doped MnO; sample contains Mo in a 6+ oxidized
state and Mn intermediate oxidation state of Mn>*. As noted by Z. Zheng
and co-authors [15] Mo additive stabilizes the presence of Mn>*.

To analyse the electrochemical characteristics of MnO5 samples, CV
measurements were carried out. As shown in Fig. 3, the shape of the
collected data results in a duck-shaped form, with the oxidation peak at
the top and the reduction peak at the bottom. During discharge, MnO3 as

a cathode undergoes a reduction reaction, changing the oxidation state
of Mn from 4+ to 2+, resulting in a 2-electron discharge process. This
suggests that two peaks should be visible as a result of the transfer of two
electrons in both the reduction and the oxidation reactions. However,
only a single peak is observed in both processes. The possible reasons for
the absence of the second peak are: (1) Mo influence on the MnO5 ox-red
processes since Mo doping stabilizes the presence of Mn3* [15]; (2)
insufficient scanning speed, as both electron transfers could be possibly
decoupled at faster scan rates [35,36]. Also, in contrast to pure and
purchased MnO;, cathode samples, the oxidation and reduction maxima
for the doped samples can be seen to shift. Potential decreases when a
lower concentration of Mo (1 mol%) is added to the cathode material.
However, as the Mo concentration is increased (2.5 and 5 mol%), the
oxidation and reduction potential maxima shift to more positive values
versus the platinum electrode. Moreover, the morphology of the elec-
trode changes after CV measurements, implying that initial particles and
structures dissolve and regrow in different structures (Fig.2S). Thus, the
shape of the particles obtained in the synthesis does not significantly
affect the performance of the electrode during cycling. More likely, the
particle size and doping agent influences the cathode material
performance.

Moreover, the obtained areas of the graphs were used to calculate
cathode-specific capacity at different scanning speeds using the
following equation:

J1dV  [VeA]e]s|

Wle V] @

T2emev

were [IdV — the area of CV graph (VeA); m - the mass of active material
(8); v — scanning speed (V/s).

As seen in Fig. 4a, Fig. 3S and Fig. 4S, all synthesised samples provide
a higher specific capacity than sample containing purchased MnO,.
Furthermore, the specific capacity of synthesised samples increases with
the addition of Mo dopant. The reason for the overall increase in specific
capacity between purchased and synthesised samples can be attributed
to phase differences. As seen in XRD results (Fig. 2a) the purchased
sample contains f-MnO, while the synthesised samples contain §-MnO2
and a-MnO,. The highest specific capacity, 415 mAh/g at 0.002 V/s, was
obtained from the 2.5 mol% Mo-doped MnO, sample with a synthesis
time of 12 h. However, further testing reveals that the 1 mol% Mo-doped
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Fig. 2. Results of a) XRD spectra of purchased, pure and Mo-doped MnO,, synthesised samples and b)-f) XPS spectra of 5 mol% Mo-doped and purchased MnOs.

sample synthesised for 12 h performs better than others, retaining its
specific capacity at higher scanning speeds than other samples. Overall,
from CV measurements (Fig. 4b) it can be seen that samples with Mo-
doping show an increase in specific capacity until reaching a critical
doping level of 2.5 mol%. CV results (Fig. 4) also indicate, that by
increasing scan speed the capacity of more highly Mo-doped samples
decreases less than for samples without Mo additive. A similar trend is
also observed for CP measurements (Figs. 3S and 4S) that show better
capacity retention for 5 mol% doped samples with increased cycling
rates and over more performed cycles.

The Nyquist plots for each sample, obtained from electrical imped-
ance spectroscopy, are shown in Fig. 5S. With a sinusoidal excitation
signal of 10 mV, the imaginary part of the impedance is depicted versus
its real component over a frequency range of 0.1 Hz to 100 kHz. By
employing NOVA 2 software, an equivalent circuit was created from the
Nyquist plot in order to comprehend the electrical parameters operating
on the sample electrode interface. The obtained equivalent circuit
[37-39] is shown in Fig. 5 and parameter values are summarized in
Table 2. In the equivalent circuit, Ry is the resistance associated with
solution resistance, wires, clips, etc. R;, represents the charge transfer
resistance between the electrode and electrolyte interface. Combined
parallel to it is Q; associated with the double-layer capacitance formed
between the electrode and the electrolyte. In the linear circuit with Ry is
the parallel circuit of R; and Qg, which is associated with resistance
between individual oxide particles in the cathode layer and overall

capacitance of metal oxide, accordingly. For most of the samples, R
value is around 10 Q attributed mostly to the resistance of the used
electrolyte. However, some loose connections and not as perfectly
aligned components and sample parts of the assembled cell contributed
to the increase of Rs value. Moreover, correlating with other represented
data, by increasing the Mo doping level the R; value associated with
resistance between oxide particles decreases until reaching a critical Mo
doping value of 2.5 mol% and afterwards significantly increasing for 5
mol% Mo doping.

To determine the changes in cathode material after electrochemical
measurements, the sample surfaces were examined using Raman spec-
troscopy and EDX mapping. Fig. 6 displays Raman results of samples
obtained both before and after CV measurements. Peaks under 1000
em™! represent different Mn—O bonds. The peaks in the range of
(630-660 cm ™) and (570-580 cm™!) represent the octahedral MnOg
layer stretching modes of Mn—O bonds. The peaks located at (510-517
em™!) correspond to Mn-O-Mn deformation mode [40]. For samples
examined before CV measurements (Fig. 6a), one intensive peak around
640 cm™! corresponding to Mn—O bond stretching vibrations can be
seen. This spectrum can be associated with a-MnO, [41-43] that cor-
responds to XRD results (Fig. 2a). Also, two peaks of carbon are present
in the range of 1300-1650 cm™: the disordered (D) band (1350 cm™1)
and the graphitic (G) band (~1585 em™Y) [44,45]. After CV measure-
ments (Fig. 6b) 3 peaks associated with MnO; can be distinguished
around 515 ecm™}; 575 cm ™! and 640 cm™! corresponding also with
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Table 2

The equivalent circuit parameters on interface electrode/electrolyte.
N2 Parameter R R, Q1 Ry Q2

Sample Q Q g Q pF

1 Purchased 24.82 1.56 2540 692.54 368
2 0mol% 12 h 12.91 0.56 33,950 473.91 922
3 0 mol% 24 h 11.46 3.37 3886 1179.20 143
4 1mol% 12 h 9.90 2.38 16,900 389.53 2250
5 1 mol% 24 h 32.00 0.05 749 1034.30 4380
6 2.5mol% 12 h 11.52 3.06 156 274.44 2560
7 2.5mol% 24 h 10.62 1.42 118 164.02 1818
8 5mol% 12 h 10.44 1.82 7 1943.50 2229
9 5mol% 24 h 10.53 0.47 2992 652.43 61

a-MnO; [41,46,47]. Despite two additional peak appearances no phase
changes are observed as after cathode cycling more pronounced thin
layer (Fig. 2S) has grown and the expressiveness of the peaks depends on
the particle morphology [48]. Moreover, no carbon bonds can be
identified after electrochemically cycling the cathode as MnO, had
grown over the CB from the initial ink during the CV measurement. The
same trend can be seen in EDX mapping results (Fig. 6S) where carbon
can be identified in samples before CV measurements and not in samples
after CV measurements. This suggests that a dense layer of MnOy

electrode has grown on the conductive carbon substrate surface with
estimated layer thickness from SEM image (Fig. 7S) up to 2 pm. More-
over, EDX mapping results (Fig. 6S) show that Mo is evenly dispersed
across all sample surfaces before and after CV measurements. Individual
particles or spots with high Mo concentrations were not observed.

4. Conclusion

In this work, MnO, was hydrothermally synthesised for 12 or 24 h
with different amounts of Mo content. Obtained samples were compared
with commercially purchased MnO,. The elemental composition
investigation with XPS and EDX reveals successful Mo doping of MnOy
samples. From XRD results we observed the §-MnO; and a-MnO; phases
formation as a form of Mn;0;3-5H20 and K 4\MngO16. CV measurements
were performed in an acidic electrolyte (pH = 1.5) to estimate the
specific capacity of synthesised samples, which ranged from 220 mAh/g
to 415 mAh/g with the highest capacity for 2.5 mol% Mo-doped sample
synthesised for 12 h. Also, CP measurements were performed with
increasing charge-discharge rates that showed improved stability of
capacity for samples with larger Mo doping. The best results were for
samples with 5 mol% Mo-dopping suggesting that Mo additive promotes
better capacity retention for faster cycling rates. Overall, all synthesised
MnO; samples with Mo doping up to 2.5 % show an improvement in
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Fig. 6. Raman spectroscopy results of purchased and synthesised MnO, a) before and b) after CV.

specific capacity compared to the commercial MnO,. From the Raman
measurements, the a-MnOy phase was observed before and after CV
measurements. SEM images reveal a dense MnO; layer (up to 2 pm)
formation that contained evenly distributed Mo ions throughout the
electroactive surface of the cathode material before and after CV
measurements.
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Global energy consumption is increasing yearly, yet the world is trying to move
toward carbon neutrality to mitigate global warming. More research is being
done on energy storage devices to advance these efforts. One well-known and
widely studied technology is Zn-ion batteries (ZIBs). Therefore, this paper
demonstrates how laser irradiation at wavelengths of 266 and 1064 nm, in the
presence of air or water, can enhance the electrochemical performance of
metallic zinc anode in alkaline electrolyte. The obtained samples are
characterized using X-ray diffraction analysis, scanning electron microscopy,
and Raman spectroscopy. Then, the electrochemical properties are studied by
cyclic voltammetry and impedance measurements. Results indicate that the
laser processing of the Zn sample increases surface-specific capacity by up to
30% compared to the non-irradiated Zn sample. Furthermore, electrochemical
measurements reveal enhanced participation of metallic Zn grains in the
oxidation and reduction processes in irradiated samples. In future research,
integrating laser treatment into electrode preparation processes can become

1. Introduction

Global energy production from renew-
able sources continues to increase along-
side that from fossil fuels. Moreover,
global energy consumption increases an-
nually. Achieving carbon neutrality ne-
cessitates reducing fossil fuel consump-
tion while scaling up renewable energy
production.l A significant hurdle for the
widespread adoption of renewable energy
is the variability in energy production
over time. Implementing diverse energy
storage systems is crucial to store surplus
energy for future use.[>

For now, the most used secondary
battery systems are Li-ion batteries (f).
They have been and will probably con-

essential for optimizing anode battery materials.
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tinue to dominate the portable device
market. However, LIBs are not eco-
nomically viable for battery energy stor-
age systems due to the scarcity of the
necessary metals, and the safety risks the LIBs oppose.>"1% Al-
ternative to LIBs for larger energy storage facilities are Zn-ion
Dbatteries (ZIBs). Metallic Zn is more readily available, with lower
costs and reduced safety risks.''1*] However, applying metallic
Zn as an anode has several solvable drawbacks. The main prob-
lems with Zn anodes are electrochemical hydrogen evolution re-
action (HER), corrosion passivation, and dendrite growth.[1+-1¢]
HER s a severe ZIB problem because hydrogen gas generation
can lead to battery swelling or even explosion. Theoretically, HER
is more thermodynamically favorable than Zn plating because
its standard potential is lower. In neutral electrolytes, the equi-
librium potential of Zn?**/Zn is —0.76 V versus standard hydro-
gen electrode (SHE), and H,O/H, is 0 V versus SHE; however, in
alkaline electrolytes, the equilibrium potentials are —1.26 V ver-
sus SHE and —0.83 V versus SHE, respectively.['’-2°] Although
HER is theoretically more favorable, the Zn plating reaction will
overtake HER due to the low hydrogen ion activity and high
overpotential. However, HER can still occur under certain con-
ditions like high polarization during charging, high current den-
sity, and low potential. As a result, the Coulombic efficiency (CE)
decreases, hazardous hydrogen gas is released, the pH of the elec-
trolyte changes locally, the amount of electrolyte decreases, and
the battery dries out over a more extended period of time.[21-26]
Similar to the electrochemical HER process, a chemical reac-
tion of Zn metal with an aqueous electrolyte can also occur, re-
sulting in the release of gaseous hydrogen and the conversion
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of Zn from the metal to the solution in the form of the Zn**
ion, thereby losing capacity. In addition to this corrosion process,
OH-~ ions are formed due to water splitting, which increases the
pH of the electrolyte. Thus, inert by-products are formed because
of these pH changes, which cover the surface of the anode and
interfere with the further progress of the desired reaction. How-
ever, these products are not dense enough to stop the progress of
side reactions.!?-31

The formation of dendrites in batteries on the anode surface is
also common in other metal anode batteries, such as LIBs.?>3*)
The pre-conditions for their formation are widely studied and
well understood. The leading cause of their formation is related
to inhomogeneities of the anode surface, such as protrusions,
crystallite boundaries, lattice defects, impurities, etc., which lead
to an inhomogeneous electric field. This, in turn, promotes in-
homogeneous deposition of Zn, forming peaks, which further
contribute to various “tip” effects. Such uncontrolled growth of
dendrites usually leads to separator piercing, short-circuiting, or
“dead” zinc in case of dendrite breakage, which reduces anode
capacity and CE.**7] According to the literature, the Zn (002)
plane is the most suitable for battery anodes compared to Zn
(100) and Zn (101) growth planes.**! The Zn (002) plane has a
smaller self-diffusion barrier, resulting in lower resistance to ad-
atom movement on the surface of Zn. Limited ad-atom move-
ment is the main reason for dendrite growth on Zn (100) and Zn
(101) planes. The growth and dissolution of Zn/Zn?* on a poly-
crystalline Zn surface lead to a loose and porous deposition of
the Zn layer, which negatively impacts the reversibility of the an-
ode. Additionally, side reactions, by-product accumulation, and
hydrogen evolution are more pronounced on these surfaces.*)

All these processes are interrelated and reduce the capacity
and efficiency of the Zn anode. The main directions as the sci-
entific community tries to prevent these unwanted actions and
improve the Zn anode performance are coating the electrode
or modifying the electrolyte that controls and guides the strip-
ping/plating reaction. Some coating options include CaCOj,!*]
ZnO,!1-81 Zr0,[*-4] and TiO,.¥* Other scientists have used
a slightly different approach to coating Zn anode by employing
different polymer layers.!>0-53]

The roll-press formation of Zn sheets induces surface defects
such as roughened surfaces, scratches, folds, and new edges that
are prone to dendrite growth.l*) During the manufacturing pro-
cess of roll-pressed Zn, the (002) textured plane structure forma-
tion can be promoted through heating-rolling processes. How-
ever, the previously mentioned defects still occur.’?) To elimi-
nate the effects of introduced surface defects, surface polishing
can be utilized. Studies show that polishing can increase the cy-
cling lifespan of an electrode more than seven times.[*) Vari-
ous methods can be used for metal surface polishing, including
mechanical,* chemical,[** electrical®! and laser>®! polishing.

Laser processing is cost-efficient and compatible for large-scale
production compared to various chemical routes.””] However,
this approach has received very little attention regarding Zn an-
ode as only a few researchers have published work in this area.
C. Yang et al.*® have modified the Zn anode with a laser-induced
graphene coating, Z. Na et al.® have used a laser lithography
strategy, D. Yao et al.l®%) have applied femtosecond-laser filament
texturing, and H. Jin et al.l!l have employed the surface texture
through a laser-micromachining method. All these works have
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presented effective strategies to improve the Zn anode, high-
lighting the need for more attention to the laser pretreatment
of metal anodes. This approach could be particularly beneficial
for roll-pressed Zn substrates, as it can address surface defects
and enhance Zn growth and dissolution properties. By reduc-
ing the residual stresses formed during the manufacturing of Zn
sheets, oriented growth of newly plated Zn metal layers can be ex-
pected. Also, by combining it with separators, it would be possi-
ble to provide the desired uniform hexagonal zinc deposition.[®?]
Therefore, in this study, the Zn anode surface was modified us-
ing pulsed laser radiation. It is well known that the effective sur-
face area of the working electrode significantly influences charge
accumulation and current flow in the anode-electrolyte system.
Pulsed laser radiation, which reaches or exceeds the microabla-
tion threshold in terms of energy density (fluence — F), is recog-
nized as highly efficient for modifying this parameter. The aim of
this work was to investigate how laser processing with varying en-
ergy densities and different environments (air, water) in the active
technological zone influences structural properties. Additionally,
the electrochemical properties of the half-cell system consisting
of a zinc plate anode and a 1 M KOH electrolyte solution were
examined. This investigation revealed a surface-specific capacity
increase of up to 30%, decreased charge transfer resistance, and
more pronounced Zn crystal grain boundaries after electrochem-
ical cycling.

2. Experimental Section

Zinc plates were purchased from Goodfellow Cambridge Ltd.
(Zinc foil, 0.20 mm, 99.95+%), deionized waters was prepared
using Adrona Crystal Sterifeed and used without further purifi-
cation, KOH (pallets for analysis) was purchased from Sigma
Aldrich and used without further purification. The zinc plate was
washed/rinsed in deionized water/ethanol before laser irradia-
tion to remove loose metal particles and degrease them from fac-
tory oils.

Zinc metal plates were irradiated with a nanosecond pulse
Nd:YAG laser (model: NL301G, produced by Ekspla, Lithuania).
Laser processing involved two different wavelengths (1, = 1064
and 4, = 266 nm), with fluences ranging from 0.32t0 2.66 ] cm 2,
under various environmental conditions (air and deionized wa-
ter). The Zn surface was irradiated using pulses with a duration
of t, = 6 ns in scanning mode, with a repetition frequency of
laser pulses in the range from 1 to 10 Hz. This setup allowed con-
trol over the overlap of the laser spot on the Zn plate surface. A
schematic of the irradiation process is shown in Figure 1a, where
AX = 0.125 mm and d = 1.2 mm. Additionally, the laser wave-
lengths were varied, considering the different interactions of UV
(266 nm) and infrared (IR) (1064 nm) rays with zinc oxide (ZnO)
that may form during laser processing. The scanning step was
selected close to the diameter of the laser spot to maximize sur-
face heterogeneity and effective area. Detailed information about
the irradiated samples can be found in Table S1 (Supporting In-
formation).

The structural characterization of the samples before and
after electrochemical measurements was performed using X-
ray diffraction (XRD). Measurements were performed using the
Smartlab (Rigaku, Japan) diffractometer with a 9 kW rotating Cu
anode X-ray generator. Theta/2theta scans were measured with a
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Figure 1. Pure and irradiated Zn sample characterization as prepared before electrochemical measurements: a) sample irradiation setup; b) SEM images;
c) XRD diffractograms; d) difference between sample XRD and pure Zn (sample XRD spectrum minus pure Zn XRD spectrum); e) Raman analysis; f)
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step size of 0.02°, with a total scan range from 30 to 90°. Obtained
XRD results were analyzed using the PDF 4+ database.

Raman spectra analysis was performed for the samples before
and after CV measurements at room temperature under 500x
magnification using a Renishaw In-ViaV727 spectrometer in
backscattering geometry. The spectrometer was operated with an
Ar* green laser (wavelength 4 = 514.5 nm, grating —1200 mm™!,
power —10 mW), exposure time 10 s.

FEI Nova SEM230 and Hitachi TM3000 Tabletop scanning
electron microscope (SEM) with an acceleration voltage of 10 kV
and 15 kV were used to characterize sample surface morphology.

Total reflectance spectra were measured with a UV-Vis-NIR op-
tical spectrometer (Ossila Optical Spectrometer). The measure-
ment system consisted of a light source Ocean Insight “Broad-
band LED” and integrated sphere (Thorlabs, General-Purpose
@50 mm Integrating Spheres).

Various electrochemical properties were measured using
Potentiostat-Galvanostat Autolab PGSTAT302N. Cyclic voltam-
metry (CV) measurements were performed in the “I'SC Surface”
(from rhd instruments) measuring cell using a 3-electrode sys-
tem configuration. As received and laser irradiated sample zinc
plates were used as working electrodes, 1 mL of 1 m KOH so-
lution was used as an electrolyte, a platinum rod was used as a
counter electrode, and a double junction configuration Ag/AgCl
(3 M KCl) electrode was used as a reference electrode. For this
study, no separators were used, to exclude the interference of
the separator-induced growth effects on the Zn anode that has
been mentioned in literature.[®?] The CV measurements were
performed in a potential window of —1.9 V to —0.6 V Ag AgCl™!
with variable scan rates from 0.005 to 0.1 V s~1. Impedance spec-
troscopy (EIS) was performed by applying a +/—150 mV small
perturbation voltage in the 100 kHz to 0.1 Hz frequency range.
For obtained data and equivalent scheme analysis, NOVA 2.1 soft-
ware was used.

3. Results and Discussion

3.1. Sample Characterization

The obtained sample abbreviations are based on the applied
fluence and their irradiation parameters, and visual photos are
shown in Table S1 (Supporting Information). Visual observations
concluded that laser-irradiated sample surface morphology is ho-
mogeneous throughout all the irradiated 12 x 12 mm squares.
Changes in the surface morphology and color were noticed. Dif-
fuse reflectance measurements were performed to evaluate op-
tical changes (Figure S1, Supporting Information) in the laser-
irradiated samples. The obtained spectra show that the surface
of the irradiated samples reflects less light than a pure Zn plate.
This observation can be attributed to the formation of a ZnO
layer on the irradiated surfaces. Similar findings of ZnO forma-
tion have also been observed when irradiating Zn samples in air
and ethanol medium.[%3] The resulting ZnO layer may contain
interstitials and crystal defects, which would explain the reduced
relative diffuse reflectance. Additionally, possible signs of lumi-
nescence can be observed in the 350-400 nm range, further in-
dicating ZnO formation.!*]

Surface imaging was performed using SEM to investigate
the obtained samples further. The SEM images are shown in
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Figure 1b (images for all samples are shown in Figure S2, Sup-
porting Information). Characteristic signs of cold metal rolling
can be observed on the surface of the non-irradiated sample. The
surface of a Zn plate consists of pressed-down sharp-edged grains
with visible stretching marks. However, following laser irradia-
tion, the Zn surface melted to varying degrees, which, depend-
ing on the applied laser power and irradiation environment, af-
fected either shallower or deeper surface layers. The most pro-
nounced Zn surface melting occurred in samples irradiated in
air at a wavelength of 1064 nm. As a result, droplet-like frozen
structures formed on the surface of all these samples. A similar
melting effect of laser-irradiated Zn has also been observed in the
literature.[%) In contrast, samples irradiated with a 1064 nm laser
in an aqueous environment formed loose ZnO structures, be-
neath which a molten layer of uniformly frozen globular droplets
developed. However, samples irradiated in air using a 266 nm
laser melted more uniformly and had smoother surfaces without
droplet-like structures. These samples were more similar to the
unmodified Zn substrate with slight melting features, whereas
samples irradiated in a water medium developed a crinkled melt
structure.

The XRD measurements (Theta/2theta) for samples after laser
irradiation were performed, to observe the changes in the crys-
tallinity of the Zn surfaces perpendicularly to the growth direc-
tion (Figure 1c). For better comparison, the obtained spectra were
normalized by their intensity. The diffractograms show that the
Zn samples consist of a hexagonal Zn phase with peaks (PDF
Card No.: 00-004-0831) located at 20 = 36.5, 39.2, 42.5, 54.5,70.3,
71.0, 77.3, 82.1, 83.7, and 86.5° corresponding to hkl of atomic
planes (002), (100), (101), (102), (103), (110), (004), (112), (200),
and (201).1°7] The XRD results of the pristine Zn plate show
a typical pattern for a polycrystalline Zn plate, with a dominant
(002) basal plane that is parallel to the sheet surface due to rolling
deformations induced during manufacturing./®®! Laser treatment
reduces the dominance of the (002) basal plane by re-melting
the surface and revealing an underlying polycrystalline structure
dominated by the (101) plane. Figure 1d, where the pure Zn sub-
strate spectrum is subtracted from the irradiated sample spectra,
shows the most noticeable changes in polycrystallinity due to the
multidirectionally oriented hexagonal structure of Zn. Unfortu-
nately, SEM images of the irradiated samples (Figure 1b) only re-
veal the visible melt structures, with the polycrystalline structure
lying beneath the melted layer.

To obtain more information about the surface, Raman anal-
ysis was performed. The results are shown in Figure le. The
structure of hexagonal wurtzite ZnO can be distinguished in Ra-
man measurements by the first-order optical phonon modes. For
perfect wurtzite ZnO crystals, optical phonon (I'; ;) modes can
be described by I',,, = 1A, + 2B; + 1E; + ZEZ.F""] All visible
phonon modes for Zn samples are summarized in Table 1. Obser-
vations point to hexagonal wurtzite structure ZnO growth with a
space group of P63mc. The visible ZnO maxima at 382, 441, and
585 cm™! correspond to the polar A, (TO), low-frequency phonon
E,"8", and longitudinal optical E;(LO) modes, respectively. The
small and broad peak at 441 cm™! of the E,"8" mode represents
oxygen motion in hexagonal ZnO. According to the literature,
the decrease and broadening of this peak indicate the breaking
of translational crystal symmetry due to the formation of defects
or incorporation of impurities into the Zn/ZnO lattice.l®! This
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Table 1. Detectable Raman active modes of Zn samples.

Raman shift Raman active Indicative of Reference
[em™] modes
273 B,lov.B,high Defect formation in ZnO 71-73]
337 E,ieh-E,low Multi-phonon scattering modes [69.73]
of ZnO
382 A, (TO) First-order phonon modes of [69.73]
hexagonal ZnO
410 E,(TO) Optical phonon mode [73.74]
441 E,"ieh First-order phonon modes of 169.73.75]
hexagonal ZnO. Oxygen
vibration in ZnO.
508 E, (TO)+E,"" Multi-phonon scattering modes (69.73]
of ZnO
536 2B,'o%; 2LA Overtones along L-M and H 173]
Brillouin zone points/lines
574 A, (LO) First-order phonon modes of 169.70.73]
hexagonal ZnO, assigned to
the formation of oxygen
vacancy-related defects.
723 - 745 LA+TO Low-intensity modes 1731
1044 - 1072 TO +LO Multi-phonon scattering mode [69.73]
1158 2A,(LO); 2E,(LO);  Combination of second-order 1731
2L0 LO overtones and modes
1361 D-band Disordered band of carbon 176-78]
1540 G-band Graphitic band of carbon [77-79]

shows that after laser irradiation, the structure of ZnO is poly-
crystalline with many small particles/crystallites, which corre-
lates with the SEM images (Figure 1b). The peak at 333 cm™! is
attributed to E,"&"-E,"%, and the peak at 536 cm™' corresponds
to 2B,°% + 2LA. The most pronounced A, (LO) peak at 574 cm™"
indicates the presence of oxygen vacancies in the ZnO lattice and
zinc interstitial defects.*”) Furthermore, a broad peak at 250—
300 cm™! is attributed to the formation of interstitial zinc de-
fects. These defects are formed during the processes of metal-
lic Zn melting (during laser irradiation) and electrode surface
reforming (charge/discharge).””) An additional 275 cm™! peak
in air-irradiated samples corresponds to nitrogen-related modes.
During laser processing, N, gas from the air is incorporated into
the ZnO structure, creating a defect.l’!! Also, the maxima located
at 284 cm™! corresponds to a B;'%, B,"&" mode, and the max-
ima at 536 cm™" is attributed to 2B,'*" and 2LA. By using water
as an irradiation medium, additional modes can be observed at
1044 to 1072 cm™!, referred to as TO + LO optical modes. Also,
by irradiating samples in water, D and G bands of carbon appear
at 1361 and 1540 cm™, possibly due to dissolved CO, in the wa-
ter. For samples irradiated in air, an additional peak at 1158 cm™!
corresponding to a 2A,(LO), 2E, (LO), 2LO can be observed.

The open circuit potential (OCP) measurements were also per-
formed before electrochemical measurements (Figure 1f) to de-
termine the cell equilibrium electrochemical potential. Freshly
assembled half-cells from samples irradiated in an air atmo-
sphere had a predicted potential of —1.44 V versus Ag/AgCl (3
M KCl) (—1.24 V vs SHE), consistent with the reaction of Zn in
alkaline media 1). Samples irradiated in aqueous media using
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a 266 nm laser had the same OCP. In contrast, samples irradi-
ated in a water medium using a 1064 nm wavelength laser had
a different potential and reflected a different response than ex-
pected. At the start of the measurement, the potential was —0.95 V
versus Ag/AgCl (—0.75 V vs SHE) and corresponded to the reac-
tion of a more neutral environment 2), indicating a pH change
at the electrode/electrolyte interface. The concentration of OH~
ions should have been pH >10. However, the pH at the reaction
interface was essentially pH < 10 due to ion diffusion limita-
tions throughout the formed oxide layer on the Zn surface. Thus,
the favorable equilibrium reaction (2) occurs until the imbalance
is created. After some time, the electrode surface stabilizes due
to electrolyte diffusion, and the concentration of OH™ ions in-
creases at the interface, shifting the reaction to equilibrium (1).

Zn(OH), + 2¢” = Zn+ 20H"E° = —1.245V vs SHE )

Zn** +2¢” 2 ZnE° = —0.762V vs SHE ()

3.2. Electrochemical Property Analysis

Further, CV half-cell measurements were carried out to evaluate
the electrochemical properties of the irradiated sample surface.
Measurements were performed with different scan speeds within
a potential window of —=1.9t0—0.6 V vs Ag/AgCl (3 M KCl) in an al-
kaline (1 M KOH) electrolyte, shown in Figure 2a (measurements
for all the samples are shown in Figure S3, Supporting Informa-
tion). During the oxidation (anodic) sweep of all Zn samples, the
surface is oxidized to the point where the electrolyte cannot reach
the active Zn surface for further reaction. However, during the re-
duction (cathodic) sweep, a phenomenon (x—1.3 Vvs Ag/AgCl (3
M KCl)) described in the literature!®*%!] can be observed. During
a cathodic sweep in the potential range from —1.2 to —1.4 V ver-
sus Ag/AgCl (3 m KCl), an additional unreacted surface of Zn is
exposed to the electrolyte, and an instant current increase can be
observed due to the restored ongoing Zn oxidation process. These
measurements show that the laser-treated samples have higher
oxidation and reduction currents. This suggests that a greater
number of reaction centers are available on the surface, resulting
in more pronounced electrochemical reactions. Also, SEM im-
ages indicate (Figure 1b) that samples have a larger surface area
after the laser irradiation process due to a more detailed structure.
However, the previously mentioned phenomenon (x%—1.3 V vs
Ag/AgCl (3 M KCl)) is less evident in laser-treated samples. This
indicates that the reaction is more controlled, and ZnO grows
more uniformly for the laser-treated samples despite the oxida-
tion reaction being more pronounced. Thus, suggesting that the
surface laser treatment improves the overall cycling performance
of the Zn electrode.

The improved cycling performance of laser-treated samples
is also evident in the specific capacity per surface area in
Figure 2b,e. The results, calculated from the CV graphs, reveal
that at 0.005 V s7! scan rate (C-rate of 30 C), samples that have
been irradiated in an air atmosphere have a slightly larger (1.35-
1.50 mAh cm™2) surface-specific capacity compared to samples
irradiated in a water medium (1.25-1.35 mAh cm~2), and even
higher than a pristine Zn plate (1.15 mAh cm™2). For samples
irradiated in air with an IR laser, increasing parameter F also in-
creases the specific capacity. On the other hand, to achieve similar
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Figure 2. Electrochemical characterization of pure and irradiated Zn anodes: a) CV measurements at varying scan speeds from 0.005 V/s to 0.1 V/s; b)
and e) specific capacities at different scan speeds; c) and f) Randles-Sevcik graphs; d) and g) power law relationship.

improved results with a UV laser, approximately twice the F value
is required. Similar observations are made for the samples irra-
diated in the water medium, where increasing the parameter F
also increases the specific capacity. However, at F = 1.29 a maxi-
mum is reached, and a further increase of F leads to a decrease
in capacity. Overall observations suggest that irradiated samples
have an 8 - 30% surface-specific capacity increase compared to
the pristine Zn plate at 0.005 V s~'. The highest specific capacity
from samples irradiated in the air atmosphere is Zn-A-0.71, and
from water samples is Zn-W-1.29. According to the SEM images
(Figure 1b), samples Zn-A-0.71 and Zn-W-1.29 are characterized
by smaller average sizes and higher density of surface structures,
which causes the surface-specific capacity to increase. This is as-
sociated with a larger number of redox-active sites where more
reactions take place. Similar observations are also described in
the literature for other cathode and anode materials.[$2%]

The Randles-Sevcik graphs (Figure 2¢,f) were plotted from CV
graphs and show the peak current dependency on the square root
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of scanning speed. As the CV graphs show (Figure 2a), Zn plat-
ing only proceeds through a partial process at faster scanning
speeds. Thus, the peak current cannot be efficiently achieved and
determined from the graphs. This discrepancy is also evident in
Randles-Sevcik graphs where the last point does not correlate and
deviates from the others. Otherwise, the peak currents of all sam-
ple cathodic and anodic processes have a linear dependence on
the square root of the scan rate. This indicates that both Zn plat-
ing and stripping are reversible and diffusion-based processes.
Similar findings can be found by analyzing the anode electro-
chemical kinetics with the power law relationship (Figure 2,g).
It can be expressed by formula (3), where Ip is the peak current
of anodic or cathodic reaction (mA); v is the scan rate (V/s); a
represents a constant; and b is the power-law exponent. Based
on the value of b, a qualitative determination of the charge stor-
age mechanism can be made. If b is 0.5, then the process is
diffusion-controlled or Faradaic, whereas if bis 1, it indicates that
the current is surface-controlled and the process is non-Faradaic.
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Table 2. Values of parameter b for all Zn samples.

Sample Charging Discharging
b value R2 b value R?

Zn 0.41 0.98611 0.28 0.99946
Zn-A-2.66* 0.53 0.99986 0.36 0.99213
Zn-A-0.38 0.55 0.99994 0.35 0.99376
Zn-A-0.59 0.51 0.99971 0.36 0.99782
Zn-A-0.64 0.53 0.99989 0.37 0.99611
Zn-A-0.71 0.53 0.99910 0.41 1.00000
Zn-W-0.32% 0.43 0.99555 0.32 0.99698
Zn-W-0.53* 0.49 0.99855 0.36 0.99997
Zn-W-0.69 0.46 0.99590 0.33 0.99606
Zn-W-1.29 0.54 0.99996 0.37 0.99803
Zn-W-1.42 0.52 0.99987 0.36 0.99805
Zn-W-1.60 0.50 0.99921 0.34 0.99911

The Equation (3) can be rewritten as (4); thus, by plotting log(Ip)
versus log(v), the value of b can be found as the slope of the
graph. 891

Ip =ax v’ (3)
log (Ip) =log(a) + b x log (v) 4)

The Zn sample power law plots show a linear relationship be-
tween the logarithm of peak current dependence and the loga-
rithm of scan rate. The corresponding values of b are listed in
Table 2. The charge slopes are ~0.5, and the discharge slopes are
~0.3-0.4. This indicates that both cathodic and anodic processes
for all samples are purely diffusion-controlled and do not have
the characteristics of a capacitor.

3.3. Sample Characterization after Electrochemical Testing

After the electrochemical measurements, additional SEM imag-
ing was performed to detect surface changes in the samples, as
depicted in Figure 3a (images for all the samples are shown in
Figure S2, Supporting Information). The irradiated samples ex-
hibited visible grain structures with growth indications on dis-
tinct surfaces of the Zn hexagonal plane. Thus, the acquired
SEM pictures confirm the hexagonal Zn polycrystalline struc-
ture observed in the XRD measurements (Figure 3c). In contrast,
the surface of the non-irradiated Zn sample showed less pro-
nounced grain structures. Almost half of the non-irradiated sam-
ple surface displayed visible random growth signs, interspersed
between large hexagonal Zn grain regions. Overall, these obser-
vations suggest that zinc laser treatment significantly enhances
the plating and stripping processes, thereby improving electro-
chemical performance.

To gain deeper insights into surface changes during CV mea-
surements, Raman analysis was conducted following the electro-
chemical measurements. The Raman spectra of irradiated sam-
ples (Figure 3b) after electrochemical measurements are noisy,
and the characteristic features of ZnO are challenging to deter-
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mine. In contrast, in the irradiated samples before electrochem-
ical measurements (Figure 1f), ZnO can be clearly distinguished
from pure Zn metal. After CV measurements, the non-irradiated
Zn sample showed more pronounced ZnO signals on the surface
compared to the laser-irradiated samples. This suggests that the
laser treatment has enhanced electrochemical reactions, facilitat-
ing a more uniform growth of ZnO on the electrode surface and a
more complete conversion back to metallic Zn. However, for the
pristine Zn sample, it seems that only partial charging (conver-
sion of ZnO to Zn) is occurring, leading to an increase in the ZnO
content on the surface and consequently improving the ZnO Ra-
man signal. This observation is consistent with the CV measure-
ments of the pristine Zn sample, where a more pronounced phe-
nomenon (~—1.3 V vs Ag/AgCl (3 M KCl)) is observed, which is
attributed to the formation of ZnO.

Additionally, surfaces were re-examined using XRD mea-
surements (Theta/2theta) to observe the changes that occurred
(Figure 3c). For the non-irradiated Zn sample, a distinct increase
in (002) plane intensity and decrease in (101) plane intensity were
observed, suggesting growth predominantly in a (002) plane di-
rection. Additionally, a slight increase in the (100) plane was ob-
served, indicating the formation of dendrite-like or loose struc-
tures on the surface (Figure 3g). SEM images of electrochemi-
cally cycled non-irradiated Zn sample (Figure 3a) reveal the for-
mation of a loose structure, corresponding to the increase in the
(100) plane observed in the XRD measurements, and confirm-
ing the tendency of press-rolled Zn sheets to promote dendrite
formation due to induced surface defects.* In contrast, irra-
diated samples after CV measurements retained their polycrys-
talline (101) crystal structure formation. A slight increase in in-
tensity was observed for the lattices containing the c-plane, sug-
gesting possible growth in the basal (002) plane direction of the
polycrystalline surface. SEM images (Figure 3a) also confirmed
more pronounced growth of crystalline structure. The slight de-
crease in intensities along the (100) and (200) planes may indi-
cate that the surfaces are more resistant to vertical (dendrite-like)
structure growth (Figure 1g).

From Figure 3d, where irradiated sample spectra are sub-
tracted from the respective electrochemically cycled sample spec-
tra, it can be concluded that growth during electrochemical cy-
cling mostly occurs on the surfaces and along the crystal c-plane.
The comparison of changes between electrochemically cycled ir-
radiated samples and electrochemically cycled pure Zn anode can
be seen in Figure 3e, where the spectrum of the cycled Zn an-
ode has been subtracted from the laser-irradiated cycled spectra.
Crystal surface growth on all surfaces and planes containing the
c-plane remains dominant compared to non-irradiated Zn sam-
ples, attributable to the chaotic crystal orientation on the surface
of the Zn anode.

OCP after electrochemical testing of the samples (Figure 3f)
was ~—1.40 V vs Ag/AgCl (3 m KCl) for all the samples. This is
consistent with reaction (1) indicating that there are no additional
barriers for any sample that would alter the diffusion of OH~
ions. Further, electrochemical impedance spectroscopy was used
to characterize the electrode-electrolyte interface in the frequency
range from 0.1 Hz to 100 kHz. Figure 3h shows EIS spectra at a
negative DC component of —150 mV from the OCP and Figure 3i
shows spectra at a positive DC component of +150 mV from
the OCP. Individual EIS spectra for all the samples are shown
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Figure 3. Pure and irradiated Zn sample characterization after electrochemical measurements: a) SEM images; b) Raman analysis; c) XRD diffrac-
tograms; d) difference between cycled sample XRD and their irradiated spectra (electrochemically cycled sample XRD spectra minus sample irradiated
XRD spectrum); e) difference between cycled sample XRD and cycled pure Zn spectrum (CV sample XRD spectra minus CV pure Zn XRD spectrum); f)
OCP; g) hexagonal Zn planes and respective growth patterns; h) EIS measurements and equivalent circuit diagrams during negative and i) positive bias.

in Figures S4 and S5 (Supporting Information). All experimen-
tal data were analyzed using NOVA 2 software, and equivalent
circuits for each fitted bias are shown next to the correspond-
ing graphs in Figures S6-S8 (Supporting Information). The ob-
tained values of equivalent circuit components are summarized
in Tables S2 and S3 (Supporting Information). In the equiva-
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place, the series resistance R

lent circuit for the negative potential bias, where Zn plating takes

1 for all samples is ~27 Q (intersec-

tion with the real resistance axis Z’). It corresponds to the ohmic
resistance of the electrolyte. A semicircle follows at high frequen-
cies, the radius of which indicates the charge transfer resistance
R2. This resistance characterizes the charge transfer resistance
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of a faradaic process and is significantly reduced in laser-treated
samples. This resistance is ~#668 Q for the pure Zn sample, while
for the laser-treated samples, it is ~150 Q. However, the CPE ele-
ment, which characterizes the capacitance of the electrical double
layer, increases the analog capacitance value of the laser-treated
samples. This capacitance is ~45 pF for a pure Zn sample, while
it is ~55 pF for laser-treated samples. This slight increase indi-
cates a macroscopic enlargement in the surface area of the laser-
treated samples. At low frequencies, the spectra transition into a
sloping tail corresponding to a Warburg impedance that charac-
terizes diffusion-limiting processes.

An augmented equivalent circuit model is applied to the ob-
tained Nyquist plots at a positive potential bias, where Zn strip-
ping and ZnO formation occur. Two semi-circles can be seen in
the Nyquist curves, indicating two parallel connections of CPE
and resistance. R1, as in the previous case, describes the series
resistance and is 27 Q. The first parallel connection of R2 and
CPE1 characterizes the condition of the electric double layer: the
ion polarization resistance R2 and the electric double layer ca-
pacitance CPE1. R2 for the pure Zn sample is #20.5 Q, while
it is reduced to 17 Q for the laser-treated samples. The electri-
cal double-layer capacitance of the pure Zn sample is ~41.4 pF
and increases to ~53 pF for the laser-treated ones. The double-
layer capacitance values are similar to the negative biases, indi-
cating that the laser-treated macrosurface does not change dur-
ing electrochemical cycling. The second parallel circuit of CPE2
and R3 describes a faradaic process where R3 indicates charge
transfer resistance. For a pure Zn sample, this value is 38 Q,
while for laser-treated samples, it is ~200 Q. This significant in-
crease is due to the different defects formed during laser treat-
ment, as observed in Raman spectra after electrochemical mea-
surements (Figure 3b). This increases the charge transfer resis-
tance in the bulk material and reduces the reaction rate for Zn
stripping. CPE2 characterizes the capacitance of the Zn oxidation
process and is several orders of magnitude larger than the capac-
itance of the double layer. It is ~3.4 mF for a pure Zn electrode,
while it is reduced to ~2.7 mF for laser-treated samples. This ca-
pacitance reduction is due to the slowdown of the reaction, which
in turn is caused by the increased bulk material resistance.

4. Conclusion

In this study, the surface of Zn metal was modified using laser
irradiation at two different wavelengths (266 or 1064 nm) and ir-
radiation environments (water or air). The results indicate that
the surface of the laser-treated samples exhibits enhanced elec-
trochemical properties. SEM images show that the surface of
the modified samples has significantly more pronounced crys-
tallinity after the electrochemical cycling compared to untreated
Zn plates. This modification allows for more efficient Zn plating
and dissolution during electrochemical processes. Improved Zn
growth and oxidation effects were also observed in Raman spec-
tra. It was found that laser-irradiated surfaces had significantly
less unreacted ZnO residue after the electrochemical cycling than
the untreated surface.

Randles-Sevcik plots indicated that the electrodes exhibit
Faradaic characteristics typical of battery-type electrodes, and the
power law plot showed diffusion-limited processes at the elec-
trode/electrolyte interface. Additionally, the specific capacity of
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the laser-irradiated samples was on average 8-30% higher than
that of the standard Zn plate. During negative bias (Zn plating),
the charge transfer resistance of the laser-irradiated samples was
significantly lower than that of the untreated Zn plate, with simi-
lar findings observed during positive bias (Zn stripping). How-
ever, in positive bias measurements, an additional semicircle
with increased resistance was observed for the irradiated sam-
ples. This increased resistance can be attributed to various defects
formed from air or water in the Zn plate during laser treatment,
as described in references.**!]

Overall, samples irradiated with a 1064 nm laser in an air at-
mosphere exhibited superior results compared to both untreated
samples and those treated with other irradiation parameters. Ad-
ditionally, the ZnO content on the Zn surface after UV irradiation
at 266 nm showed no significant changes compared to IR irradia-
tion at 1064 nm. This is attributed to the high light scattering and
quantum efficiency of ZnO crystals under UV laser excitation.!*?]
Despite the high absorption coefficient of the UV laser beam in
ZnO, its power was not enough to heat and destroy the ZnO frag-
ments. Nonetheless, the effect of the laser with suprathreshold
fluence on the Zn electrode is sufficient to enhance the electro-
chemical properties of the system. Laser treatment increases the
effective surface area and the surface-specific capacity of the Zn
electrode. This enhancement quickly reaches a saturation point
with increasing laser fluence, as the surface roughness stabilizes
at a certain stage of laser processing.

The overall conclusion about the fluence values used is not un-
ambiguous, as these changes between irradiated samples are rel-
atively small. The most noticeable changes are observed between
the influence of water and air atmosphere on the irradiated sam-
ple. However, the aim of this study is to promote the understand-
ing of the possible application of laser processing for the develop-
ment of more efficient anode materials. Further experiments in-
volving surface laser treatment are necessary to thoroughly eval-
uate the observed surface changes and potential improvements.
Combining surface laser modification with other methods could
establish a robust foundation for forming (002) basal plane sur-
faces in aqueous Zn-ion batteries.
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Non-rechargeable alkaline Zn-MnO, batteries are dominating the primary battery market and are a promising
candidate for secondary battery storage systems as well. However, these batteries suffer from low potential and
poor rechargeability. Here, we report a rechargeable membrane-less amphoteric aqueous Zn-MnO,, battery with
a 2.4V open circuit potential. We have employed alkaline (KOH), acidic (H2SO4) and neutral (K2SO4) Pluronic F-
127 hydrogels as electrolytes. By placing the anode in an alkaline environment but the cathode in an acidic

environment, we have successfully widened the potential window in an aqueous medium avoiding hydrogen and
oxygen evolution reactions. The obtained open circuit potential of as prepared amphoteric battery is stable for
more than 25 h and 200 charge-discharge cycles.

1. Introduction

According to “International Energy Agency” information, the need,
for batteries and energy storage devices with high power density and
capacity in the global market, will multiply over the next decade [1].
Growth in the clean energy technology sector is inevitable due to various
green policies [2-5], and energy independence from carbon-based en-
ergy production technologies, which will encourage renewable energy
sources utilization i.e., wind, solar, tidal, wave and hydropower energy
[6,7]. However, renewable energy sources suffer from uneven power
generation and variable load patterns. Due to this reason rechargeable
batteries are needed to provide energy on request [8,9].

Being one of the oldest battery technologies, Zn-MnO, primary bat-
teries, have been studied since 1866 when they were invented by French
engineer Georges-Lionel Leclanché [8] and redesigned in 1950 by Ca-
nadian engineer Lewis Urry [10-12]. A major obstacle to Zn-MnO,
alkaline battery cells is its nominal potential of 1.5 V [13], as well as
limited battery rechargeability, inhibiting its use as a secondary battery
cell [14]. Different electrolytes (alkaline [15], neutral [15,16] and
mildly acidic [17]) have been used to construct Zn-MnO;, batteries with
the hope to increase performance. However different electrolyte pH
values induce various challenges for batteries and their construction. For
example, using alkaline electrolytes, the cathode electrode during the
charge/discharge cycles undergoes irreversible Mn3O4 and ZnMnyO4
phase formation [12,19]. In the neutral electrolyte, the secondary

* Corresponding author.
E-mail address: anzelms.zukuls@rtu.lv (A. Zukuls).

https://doi.org/10.1016/j.electacta.2022.141275

phases of ZnMn204 and ZnaMn3Og also limit battery performance [19].
In acidic electrolytes, a parasitic corrosion reaction occurs on the Zn
anode resulting in Hy gas release [20]. Various approaches have been
implemented to mitigate these undesirable side reactions such as pro-
tective coatings on the anode surface like fumed silica and poly(ethylene
glycol) [21]; additives in electrolytes like Lit[19], Mn2*+ [15]. However,
the addition of Mn?" additive to the aqueous electrolyte is not well
understood [22]. Also, gel-solid electrolytes such as sodium polyacrylate
hydrogel [23] can limit the growth of dendrites on the Zn anode surface
[24].

Another route for increasing the performance of aqueous Zn-MnOy
batteries by decoupling acidic and alkaline electrolyte mediums using
membrane has been proposed by G. G. Yadav et al. in 2019 [25]. It was
shown that it is possible to acquire stable open circuit potential (OCP)
batteries of 2.45 and 2.8 V for 120 charge/discharge cycles in decoupled
configuration separating two electrolyte mediums (alkaline and acidic)
using several layers of cellophane membrane. In 2020 Zhong with
co-authors [26] presented three-compartment (acidic, neutral, alkaline)
Zn-MnO;, batteries with OCP of 2.83 V and cycling stability for 200 h.
For compartment separation SO3~ and K" anion and cation-selective
exchange membranes were used. To eliminate the need for separators
and membranes another scientist group showed a membrane-less pri-
mary Zn-air battery constructed from Pluronic F-127 hydrogels with an
OCP of 2V [27].

In this work, we report a Zn-MnO, amphoteric rechargeable battery
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with an OCP of 2.4 V by employing both acidic (H,SO4) and alkaline
(KOH) Pluronic F-127 hydrogels. The potential of this battery is much
higher than that of single electrolyte (alkaline, neutral, or acidic) Zn-
MnO;, batteries, enabling a higher amount of energy to be obtained and
stored. In this report, we characterize the electrochemical properties of
the designed amphoteric hydrogel battery, also cathode and anode
materials have been studied with X-ray diffractometer and Raman
spectroscopy before use, in charged and discharged states. The reported
battery design OCP is stable for more than 25 h and can be charged and
discharged for at least 200 cycles while maintaining stable OCP.

2. Experimental section
2.1. Materials

For battery preparation following chemicals purchased from Sigma
Aldrich were used: potassium hydroxide (KOH), sulphuric acid (H2SO4),
carbon electrodes, Pluronic® F-127, dyes bromocresol green, methyl
orange, manganese (IV) oxide (bulk density 600-800 kg m ~ %), zinc foil
(0.2 mm thick), dimethylformamide (DMF). Potassium sulphate was
purchased from AppliChem, carbon black (CB) (Printex XE-2) powder
was purchased from Evonik Industries, carbon felt was purchased from
China (Suzhou Surt Env. Protection Tech. Co., Ltd) and deionized water
was obtained from Millipore Elix 3 water purification system.

2.2. Preparation of Pluronic® F-127 hydrogel electrolytes

Three types of gels were prepared — acidic, alkaline, and neutral.
Firstly, aqueous solutions of 0.25 M, 0.5 M H2SO4 and 0.5 M, 1 M KOH
and 0.4 M, 0.5 M, 0.6 M K5SO4 were prepared. Afterwards in the cor-
responding solutions, 30 mass% Pluronic® F-127 was dissolved. Disso-
lution of Pluronic® F-127 was carried out by placing a closed vessel in a
refrigerator for two days and executing periodic stirring. For pH iden-
tification purposes saturated methyl orange water solution and satu-
rated bromocresol green water solution were obtained. Both saturated
colour solutions were accordingly added to the solutions in volume
proportions against initial acid and alkaline solution volume 1:0.3:100
(methyl orange: bromocresol green: acidic/alkaline water solution). Asa
result, the acidic solution turned red and the alkaline solutions green,
however, the neutral solution coloured yellow. Also, none of the colours
affects the chemical reactions in the battery and does not affect its
working parameters.

2.3. Preparation of electrodes

Zinc electrodes were pressed out as 12 mm diameter discs from 0.2
mm zinc foil sheets (weight of the electrodes around 0.16 g), cleaned
with ethanol and used as follows. Two slits were cut into zinc foil and a
zinc strip electrode extension was inserted and fixed. Electrodes of MnO2
were prepared by mixing MnO, (Pyrolusite) with CB powder in a mass
ratio of 13:5. For even mixing DMF was added to make a slurry which
was then sonicated for 30 min. The obtained slurry was dried in a watch
glass, afterwards, the powder was collected and grounded in a pestle. A
thick slurry of cathode electrode was prepared by mixing acidic Pluronic
F-127 hydrogel with the obtained MnO,/CB powder until a spreadable
consistency was reached.

2.4. Preparation of Zn-MnO3 "syringe" batteries

Carbon felt was used as a matrix for MnO,/CB electrode. The cathode
electrode suspension was smeared on the carbon felt and placed in a
syringe in which the carbon rod electrode had previously been placed.
Afterwards, the necessary amount of acidic Pluronic F-127 hydrogel was
pipetted. After the hydrogel was formed, a paper separator (Fig. S1) (for
visual purposes only) was inserted, and alkaline hydrogel was poured
onto the acidic hydrogel resulting in a two-layer electrolyte. For some
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experiments, the third hydrogel with neutral pH was poured between
acidic and alkaline hydrogels resulting in a three-layer electrolyte. The
total amount of hydrogel used in the battery design was 3 mL; in the two-
layer electrolyte, each hydrogel was 1.5 mL, and in the three-layer
electrolyte, 1 mL. When the last layer was solidified into a gel, a Zn
electrode with a syringe plunger was inserted. A scheme and a photo of
obtained battery cell are shown in Fig. 1.

2.5. Characterization

Electrode active materials were analyzed with an X-ray diffractom-
eter (Rigaku Ultima+ (Japan) using a Cu-Ko radiation source (A =
0.154056 nm) at 40 kV and 20 mA with a scanning rate of 2° min . PDF
—4+ database was used to analyze the obtained diffractograms. Raman
scattering measurements were carried out with spectrometer Renishaw
In-ViaV727 in backscattering configuration at room temperature. Sam-
ples were illuminated with Ar* green laser with wavelength A = 514.5
nm, grating — 1200 mm . Signal recording time was between 1 s and 10
s and 1 to 10 signal accumulations were collected from the sample spot.
The electrode surface and morphology of the samples were determined
with a scanning electron microscope (SEM) FEI Nova NanoSEM 650
with an integrated Energy-dispersive X-ray spectrometer (EDX). Elec-
trochemical measurements were performed on potentiostat/galvanostat
Autolab PGSTAT302N. Cyclic voltammetry (CV) was used to determine
electrode oxidation and reduction states for half and full battery cells.
Graphite electrode was used as a counter electrode, but Pt was utilized as
a reference electrode. The sweep rate was 0.01 V s~'. Chrono-
potentiometry measurements were utilized with 0.1; 1 or 10 mA st
current during charge-discharge and cycling measurements. Battery
charge-discharge performance was evaluated with the following chrono-
potentiometry sequence: OCP measurement —120 s, discharge/charge
cycling with +/—1 mA s~ for 100 cycles (each charge/discharge cycle
length limited to 120 s), OCP measurement for 120 s then discharge/
charge sequence repeats as mentioned before, and last OCP measure-
ment after 200 cycles for 120 s. OCP measurements were utilised with
Autolab and Agilent (34970A) data logger switch unit. Mettler Toledo
SevenGo SG3 conductivity metre was used to measure hydrogel con-
ductivity. Galvanostatic charge-discharge curves for two-layered batte-
ries were measured at 20, 25 and 35 mA g ~ 1 current densities. The
potential window was limited to 2.0 V lower potential for discharge and
2.85 V upper potential for charging.

3. Results and discussion

Aqueous amphoteric Zn-MnO;, battery cell Fig. 1) was constructed of

MnO, Alkaline

cathode hydrogel ; .
Zn wire
Carbon Acidic Zn connection
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v

Fig. 1. Scheme and photo of the obtained battery cell with indi-
cated components.
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Zn metal anode, alkaline and acidic Pluronic F-127 hydrogel electrolyte,
and p-MnO,/carbon cathode. The battery materials were analyzed with
XRD, SEM, EDX and Raman spectroscopy before and after the battery
discharge/recharge. Properties of the used materials are described in the
supplementary information (Figs. S2-S11). In this battery design, no
membranes were used. By operating the Zn metal anode in an alkaline
hydrogel and MnO; cathode in an acidic hydrogel, this battery design
yields an overall theoretical battery potential of 2.42 V. This is consid-
erably higher than the primary alkaline Zn-MnO;, battery (1.4 V-1.7 V)
[28]. The corresponding reactions and standard potentials versus stan-
dard hydrogen electrode (SHE) of amphoteric Zn-MnO, are as follows
(Egs. (1)-((3)):
The anode in alkaline anolyte:

Zn+40H 2 Zn(OH); +2¢” E’ = —1.199 V vs SHE @
The cathode in acidic catholyte:

MnO, +4H" +2¢”2 Mn*" + 2H,0 E° = 1.224 V vs SHE (2
Overall reaction:

MnO, + Zn + 4H" +40H™ 2 Mn*" + Zn(OH); + 2H,0 E°
=2.423 V vs SHE 3)

To determine theoretical cathode and anode behavior during battery
operation cyclic voltammetry measurements were performed. MnO, and
Zn electrode half-cells were measured against Pt reference electrode in
acidic (0.5 M H3SO4) and alkaline (1 M KOH) hydrogels respectively.
According to the presented combined data (Fig. 2(a)), amphoteric bat-
tery OCP is around 2.3 V. OCP measurements of the several prepared
amphoteric batteries cells (inset of Fig. 2(a)) confirm that battery po-
tential varies from 2.3 V to 2.4 V. The expected minimal battery
discharge potential according to combined measurements should be

6
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around 1.6 V.

The potential window of hydrogel electrolytes (Fig. S12) was also
evaluated by cyclic voltammetry measurements. For the measurements,
the hydrogel samples were placed between two graphite paper elec-
trodes separated with a 2 mm Teflon spacer. Pluronic F-127 hydrogel
electrolytes (1 M, 0.5 M KOH and 0.5 M, 0.25 M H2SO4 (equinormal to
KOH)) were tested. Results show that electrolyte and graphite electrode
cell configuration show capacitor behavior and no side reactions can be
observed in a potential window of —2.2 V to +2.2 V. However, Raman
measurements of discharged battery anode reveal the formation of
Pluronic F-127 hydrogel reduction products (Fig. S11). These reduction
products observed in the measurement can be explained by ZnO pho-
tocatalytic activity [29], which could promote the degradation of the
Pluronic F-127 hydrogel on the ZnO substrate in the presence of strong
Raman laser radiation. Moreover, in the Raman spectrum of hydrogel
from dismantled cycled batteries (Fig. S10), only Pluronic F-127 vibra-
tional modes can be seen, indicating that no side reactions (hydrogel
reduction or oxidation) take place during battery discharging and
charging.

Cyclic voltammetry of the Zn-MnO, amphoteric battery cell
(Fig. S13) in a potential window of 1.8 V - 2.8 V was carried out to
evaluate battery capacity changes during the first 10 charge/discharge
cycles. It revealed that the battery capacity increases due to MnOy
recrystallization directly on the conductive carbon substrate during
cycling. Also, Li with co-authors [30] and Gao with co-authors [31] have
discussed this capacity modification and attributed it to activation of
MnO; phase transition through recrystallization, powder morphology
and grain size change [32-34].

To evaluate theoretical battery cut-off potential, full discharge of the
Zn-MnO; amphoteric battery cell was carried out (Fig. 2(b)). The
discharge plateau with a 10 mA s~ current rate, confirms that the
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Fig. 2. Properties of an amphoteric battery: a) Cyclic voltammetry of battery half-cell electrodes in their corresponding electrolytes (scan rate 0.01 V s~1.) and
comparison of battery cell performance after cell construction. b) Amphoteric Zn-MnO,, battery OCP and discharge potential (discharge current 10 mA s 1. ¢) ocp
during 18 h of different pH electrolyte Zn-MnO,, batteries compared to amphoteric Zn-air battery [27]. d) Impedance spectra for assembled amphoteric battery with
OCP 2.319 V. The inset figure represents the equivalent circuit and the red line shows fitted results.
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battery’s lowest potential (cut-off potential) is around 1.7 V-1.6 V and
corresponds with theoretical estimations from Fig. 2(a). The OCP at the
start of the measurement was 2.4 V and the terminal potential around
2.0 V. Also, at a discharge current of 100 A s~* the terminal potential
was 2.34 V (Fig. S14), however, during a 10 h discharge period the
potential decreased to 2.2 V.

To evaluate the advantage of amphoteric Zn-MnO battery, OCP
measurements for acidic, alkaline, and stacked acidic/alkaline hydrogel
electrolyte batteries are compared in Fig. 2(c). From these results, we
can see that amphoteric hydrogel electrolyte Zn-MnO battery OCP is
higher (2.31 V) than acidic (1.91 V) and alkaline (1.41 V) hydrogel
electrolyte batteries. The OCP of the amphoteric electrode battery cor-
responds with theoretical standard potential according to reaction (3).
Also, acidic and alkaline OCP corresponds with their theoretical stan-
dard potential according to reactions (S1-S3) and (S4-S6). According to
H. Yang and his co-author’s work [35] ZnMny03 formation decreases
battery performance, however, the cathode electrode can be reactivated
with help of 0.1 M H2SO4 solution returning partial capacity of the MnO2
electrode. Thus, in amphoteric and acidic Zn-MnO,, batteries there is a
low possibility of ZnMn,O3 formation on the electrode surface due to the
acidic environment around the MnO5 cathode electrode.

Moreover, we have compared our battery OCP results with Zn-air
battery OCP (2.02 V) from Zhao and co-workers” work [27] (Fig. 2(c))
which also uses dual (acidic and alkaline) Pluronic F-127 hydrogel as
electrolyte. Comparing the OCP of both batteries, our battery shows a
higher OCP (2.31 V) due to the different standard potential reactions. In
addition, the battery concept proposed here has advantages over the
Zn-air battery such as better performance in a longer duration as the
Zn-air battery is not sealed and the electrolyte hydrogel will evaporate
water. Moreover, the battery concept proposed here is sealed and will
contain its water content and electrolyte conductivity enabling the
possibility of rechargeability, which is discussed below.

To evaluate and observe battery element behavior and resistance
change during battery life electrochemical impedance spectroscopy was
used for a fully assembled amphoteric battery. The Nyquist plot is
demonstrated in Fig. 2(d). The imaginary part of the impedance is
plotted versus its real component in the frequency range from 100 mHz
to 10 kHz with a sinusoidal excitation signal of 10 mV. The 2 Constant
Phase Element (CPE) model was used to fit the experimentally obtained
Nyquist plot, and the fitting results (red line) are in good agreement with
the experiment (blue dots). The series resistance obtained from the
intercept with the Z ’axis combines the resistance of the wire and the
electrolyte. As shown in Table 1, its value is 30.5 ohms, which is large
and characterizes the resistance of the gel electrolyte. As shown in Fig. 1,
the thickness of the gel layer in the syringe is about 3 cm, which means a
large distance between the electrodes and large series resistance. The
first semicircle at high frequencies characterizes the interphase layer
formed between the electrolyte and the electrode. In the equivalent
circuit, this layer is characterized by the resistance R; and CPE; parallel
connection. The R; value obtained in the model is 17 Q and the CPE;
equivalent capacity is 102 mF (see Table 1). Both are sensitive to the
electrolyte composition [36] and the surface porosity at the electrode
[37,38]. The second semicircle in the low-frequency range reflects a
Faraday reaction. R; describes the charge transfer resistance and the
value obtained in the model is 6.7 Q. CPE; characterizes the double layer
capacity and has a value of 39 mF. Equivalent circuit parameter values

Table 1
Fitted parameter values obtained from impedance data.
Parameter Value Error%
R 30,5 Q 0,2
Ry 17,2Q 6
Cy 106 mF 3
Ree 6,7 Q 7
Car 39,1 mF 4
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are summarised in Table 1.

Prolonged measurement of the OCP showed that after about 18 h, the
OCP dropped from 2.25 to 1.9 V (Fig. S15). To better understand this
drop, the impedance spectrum was measured every two hours and
Nyquist plots of those measurements are shown in Supplementary
Fig. S16. Nyquist plots show that during the time increases the value of
the series resistance that characterizes the resistance of the electrolyte.
In parallel with impedance measurements, a change in colour indication
was also observed. Both the impedance spectra and the colour change
indicate a mixing of alkaline and acidic media resulting in an increase in
electrolyte resistance as the concentration of ions in the electrolyte de-
creases. Nyquist plot changes significantly at low frequencies after a
potential drop. Such a change may characterize the presence of another
electrochemical reaction, in which the resistance of the charge transfer
is significantly different. As can be seen from the colour change (insets of
Fig. S15), after 18 h the pH gradient has practically disappeared, and the
cell is weakly acidic (the cell is orange). In the presence of an acid
electrolyte, the reaction of Zn with an H' in an acid medium is
permissible according to the corrosion reaction (4) mentioned before.
This may also explain the significant change in Nyquist plots at low
frequencies after the disappearance of the pH gradient.

During all measurements, visible pH neutral layer formation in-
between two hydrogels was observed. It can be assigned to the diffu-
sion of H" and OH™ ions from acidic and alkaline regions where they
neutralize each other by forming water that further dilutes the acidic
and alkaline hydrogels and creates extra resistance of the electrolyte. For
this reason, the stability of amphoteric conditions was tested by con-
structing batteries with equinormal (1 M KOH/0.5 M H2S04) or with
alkaline/acidic hydrogel in supremacy (1 M KOH /0.25 M H3SO4 or 0.5
M KOH/0.5 M H3S0y4). For these batteries, OCP was measured for 75 h
(Fig. S17). Results show that in time batteries with equinormal acidic/
alkaline hydrogels become neutral due to diffusion of acidic and alkaline
hydrogels. As a result of the neutralization reaction, water content in-
creases and H" and OH™ ion content decreases. This leads to a rapid ion
concentration and overall conductivity decrease. In the case of acidic
hydrogel in supremacy, after diffusion mixing of hydrogels, the elec-
trolyte becomes overall acidic and battery potential stays at around 1.9
V corresponding with our acidic battery OCP measurements (Fig. 2(c))
and other acidic Zn-MnO», batteries discussed in the literature [17,39,
40]. It is important to note that as the acid diffused through hydrogel to
the anode, a Hy gas evolution (Eq. (4)) was observed due to corrosion
reaction and is also discussed as a problem in literature [20,41,42].

Zn+ H = Zn** + Hy 1 “@

However, the OCP of battery cell with alkaline hydrogel in su-
premacy (Fig. S17) gradually decreases reaching 1.5 V after 70 h. Ob-
servations and measurement results also match the OCP of our alkaline
hydrogel battery cell (Fig. 2(c)) and the potential of the commercial
alkaline Zn-MnO, primary cell [28]. The above-mentioned batteries,
with different concentrations of acid/alkali, were discharged (Fig. S18)
by connecting them to an external load (red light-emitting diodes with a
forward potential of 1.7 V - 1.8 V). The aim was to discharge the bat-
teries to the almost empty state and observe the potential and behavior
of the discharged batteries in time. This measurement indicated that the
energy stored in the battery can be discharged before the pH gradient in
the electrolyte mixes and disappears. From the results, we observed that
a battery with equinormal acidic/alkaline hydrogel electrolyte during
and after discharge gradually loses its potential as electrolyte resistance
slowly increases. The potential of a battery with an acidic hydrogel
electrolyte in supremacy after discharge drops to 1.5 V. When the
electrolyte turns acidic (after 7 h), the potential of the battery increases
to 1.7 V-1.8 V. A battery with an alkaline electrolyte concentration in
supremacy behaved similarly to a battery with acid hydrogel electrolyte
concentration in supremacy, overtaking the acidic part of the electrolyte
after 10 h and turning it into an alkaline battery cell. The potential of
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this discharged battery was 0.6 V-0.7 V, and corresponds with an empty
commercial primary alkaline battery (the state of an empty battery is
defined as the potential below 0.9 V [14]).

Chronopotentiometry results for Zn-MnO, rechargeable battery with
acidic and alkaline hydrogels (1 M KOH/0.5 M HSO4) are shown in
Fig. 3(a) and the OCP measurements before, after 100 cycles and after
200 cycles are shown in Fig. 3(b). Battery charge potential was around
2.7 V and discharge potential 2.2 V-2.3 V. OCP measurements (Fig. 3
(b)) indicate that the 2.34 V potential of amphoteric hydrogel battery
remains stable throughout almost 14 h discharge-charge measurements.
During measurement, the ion diffusion was observed with visible pH
neutral layer formation in-between two hydrogels. This can be attrib-
uted to the diffusion of H" and OH™ ions, where the acidic and alkaline
regions meet and neutralize each other to form water. This further di-
lutes the acid and alkali and creates additional electrolyte resistance.
Also, ion diffusion through hydrogel is inevitable as electrolyte does not
have any Zn?* or Mn?*, Furthermore, K* and SO%~ ions (which are al-
kali and acid counter ions and provide the ion conductivity in the
electrolyte) migrate to the middle of the battery too. Due to the limited
potassium sulphate solubility in water (120 g L !at25°C), it crystallizes
in the middle of the battery and creates another extra resistance to the
electrolyte. To overcome this salt formation, Na™ and Li* or other inert
cation hydroxides could be added to the electrolyte (hydrogel) to
decrease K ion concentration and decrease insoluble salt formation
since the solubility in water for sodium sulphate (281 g L ™! at 25 °C) and
lithium sulphate (349 g L ™! at 25 °C) is better.

The previously discussed reactions Eqs. (5)-((7)) are as follows:

Neutralization reaction:

H* + OH —H,0 ()]
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Excess salt formation reaction:

2K* + SO —K,50,1 ©
Overall reaction:
2H" + SO¥ + 2K +20H —K,S04| + 2H,0 (7)

To confirm these claims, we have analyzed the solid precipitate from
the middle of the battery with Raman spectroscopy. In the Raman
spectra (Fig. S19) few intensive peaks can be seen. All the peeks corre-
spond with vibrations of SOF~ but the peak precise position indicates
that the material is KoSO4. For other cation-saturated sulphates, the
peaks for the corresponding modes are shifted. The peak at 455 cm ™!
corresponds to vy(E) mode, 619 cm ! to v4(F2) mode, 983 cm ! to
v1(A1) mode, however 1107 cm ™! and 1145 em ™! to v3(F3) mode [43].

Regarding the formation of water and salt crystals in the battery, the
charge and discharge cycles were limited to 120 s. This was imple-
mented because the battery could not be recharged efficiently enough
after a longer discharge cycle due to the formation of water and salt
causing a significant increase in internal resistance. Further research on
electrolytes is needed to determine the need for salts and their specific
concentrations for optimal battery performance. Both electrolytes
should consist of Zn?>* and Mn?* ions in some form, which would limit
diffusion and increase the battery stability. Also, the performance of
electrodes should be optimized. Since the MnO, active material is
nonconductive it should be embedded in a conductive matrix. CB does
not provide enough rigid and stable matrix, therefore other conductive
matrixes should be investigated like graphdiyne [44-48].

To evaluate the effects of the neutral layer in the battery design, we
have tested battery configurations with a specific concentration of
neutral hydrogel between acidic and alkaline hydrogels as well
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(Fig. S20). The neutral electrolyte concentration varied with respect to
the alkali/acid concentration with lower, equal, or higher KSO4
normality, respectively. K2SO4 concentrations in the neutral layer were
0.4 M, 0.5 M and 0.6 M. According to measurements, a three-layer
(acidic/neutral/alkaline) electrolyte holds potential better than
acidic/alkaline electrolyte battery. In three-layer electrolyte batteries,
the pH gradient stability is more pronounced than in two-layer batteries.
These batteries were also connected to the diode circuit to monitor their
behavior while being discharged. Nonetheless, all batteries (both alka-
line/acidic and alkaline/neutral/acidic with different concentrations of
K2S0y4 in the neutral layer) behave similarly within 40 h, and their po-
tential decreases to 1.6 V - 1.7 V (Fig. S21).

Also, chronopotentiometry and OCP measurements (Fig. 3(c) and
(d)) were performed with a three-layer electrolyte (alkaline/neutral/
acidic - 1 M KOH/0.5 M K3504/0.5 M H,SO4) battery. OCP for three-
layer hydrogel battery (Fig. 3(d)) stayed stable (2.32 V) similarly as
for two-layer battery shown in Fig. 3(b). Three-layer hydrogel battery
charge potential was 0.5 V higher, and discharge potential was 0.5 V
lower than two-layer hydrogel battery potential (Fig. 3(a)). The charge
and discharge potential discrepancy is due to larger hydrogel electrolyte
resistance in three-layer hydrogel electrolyte. For 0.5 M H3SO4 hydro-
gel, the conductivity is 83.6 mS cm 1 (23°C, gelled). Meanwhile, for 1 M
KOH hydrogel conductivity is 78.6 mS cm ™! (23 °C, gelled). However,
the conductivity of the neutral 0.5 M K2SO4 hydrogel is 12.6 mS cm-1
(23 °C, gelled). Thus, the conductivity of the neutral gel is more than
6 times lower than that of the acidic and alkaline hydrogels. Meaning,
that the overall resistance of a three-layer electrolyte is significantly
larger than that of a two-layer electrolyte and creates the discharge and
charge potential discrepancy.

Also, the galvanostatic charge-discharge curves with specific ca-
pacities of the amphoteric Zn-MnO, are shown in Fig. S22. When
charging/discharging at a current density of 35 mA g-1, the battery
cannot be operated efficiently. However, by reducing the current density
to 25 mA g~ and 20 mA g, it is possible to reach a battery capacity of
12 mAh g 'and 25 mAh g~! at a limited battery discharge to 2.0 V.
Below this threshold a deep discharge is reached, after which the battery
capacity drops rapidly. This phenomenon has also been described else-
where in the literature [49].

4. Conclusion

We have developed an aqueous Zn-MnO, amphoteric rechargeable
battery with an OCP of 2.4 V. During the operation of the Zn-MnO,
amphoteric battery, we managed to perform 200 charge-discharge cy-
cles. Owing to an innovative approach, which combines acidic and
alkaline electrolyte hydrogels, it is possible to create a pH gradient that
provides the desired conditions at the MnO, cathode and Zn anode and
increases both electrode half-reaction standard potentials and rechar-
geability. By employing only acidic or alkaline hydrogels the obtained
battery OCP is only 1.9 and 1.4 V, accordingly. It should be noted that
ion-selective membranes separating acidic and alkaline electrolyte
media have not been used to ensure battery performance. The resulting
batteries can maintain the pH gradient for more than 25 h. Also, a
neutral layer forms in the contact area between the acidic and alkaline
hydrogels. However, after the battery employment for several hours, a
K2S04 precipitate is observed in the contact area due to ion mixing be-
tween both hydrogels and the limited solubility of K3SO4. Thus, by
optimizing hydrogels, electrodes, and electrolytes, battery life could be
extended and the rechargeability improved, allowing these batteries to
be recharged and discharged thousands of times.
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