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Einfluss von Morphologie und Funktionalisierung auf die elektrochemischen Ei-
genschaften von oxidischen Anodenmaterialien fiir Lithium-Ionen-Batterien

In der vorliegenden Arbeit werden potenzielle Anodenmaterialien fir Lithium-Ionen-
Batterien hinsichtlich ihrer physikalischen und elektrochemischen Eigenschaften untersucht.
Dabei im Vordergrund steht der Zusammenhang von Partikelgréfie, Morphologie, Funk-
tionalisierung und elektrochemischen Eigenschaften. In diesem Kontext wurden das
Interkalationsmaterial Li;VO,, die konversionsbasierten Ubergangmetalloxide MoO,, V5,04,
CoFe, 0, und Mn3;0, sowie ZnO als Vertreter der legierungsbildenden Materialien unter-
sucht. Die physikalische Charakterisierung der Ausgangsmaterialien und elektrochemisch
zyklierter Proben erfolgte mittels Rontgendiffraktometrie, Rasterelektronenmikroskopie
und Magnetisierungsmessungen. Als elektrochemische Messmethoden kamen die zyklische
Voltammetrie und galvanostatische Zyklierung zum Einsatz. Die vorgestellten Ergebnisse
zeigen, dass durch morphologische Modifikation sowie den Verbund mit Kohlenstoff Einfluss
die elektrochemischen Eigenschaften signifikant verbessert werden kénnen. So weisen im
Fall von LizVO, und MoO, kleinere Partikel hohere elektrochemische Aktivitdten auf.
Die pseudo-kapazitive Ladungsspeicherung, die fiir hierarchisch strukturierte V,05/C-
Mikrosphéaren beobachtet wird, erlaubt auch bei hohen Laderaten eine gute Leistung.
Im Fall der Komposite mit Kohlenstoffhohlkugeln und -nanoréhren fithren die Beitréage
der Ubergangsmetalloxide zu hoheren spezifischen Kapazititen. Zudem erweist sich die
Einkapselung von CoFe,O, in Kohlenstoffnanoréhren als erfolgreiche Strategie, um den
negativen Auswirkungen der Konversionsprozesse auf die Zyklenstabilitét entgegenzuwirken.

Effect of morphology and functionalization on the electrochemical properties of
oxide anode materials for lithium-ion batteries.

In the present thesis, potential anode materials for lithium-ion batteries are studied with
respect to their physical and electrochemical properties. The focus is on the relationship
between particle size, morphology, functionalization and electrochemical properties. In
this context, the intercalation material Li;VO,, the conversion-based transition metal
oxides MoO,, V4,03, CoFe,O, and Mn3;O, as well as ZnO as a representative of the alloy-
forming materials were investigated. The physical characterization of the pristine as well as
electrochemically cycled materials was performed by X-ray diffraction, scanning electron
microscopy and magnetization measurements. The electrochemical measurement methods
used were cyclic voltammetry and galvanostatic cycling. In total, the presented results show,
that the electrochemical properties of anode materials can be improved significantly by
morphological modification and realising carbon composites. In the case of Li;VO, and
MoQO, smaller particles exhibit higher electrochemical activities. The pseudo-capacitive
charge storage observed for hierarchically structured V,05/C microspheres allows good
performance even at high charge rates. In the case of the composites with hollow carbon
spheres and nanotubes, the contributions of the transition metal oxides lead to higher
specific capacities. Moreover, encapsulation of CoFe,O, in carbon nanotubes proves to be
a successful strategy to counteract the negative effects of conversion processes on cycling
stability.
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KAPITEL 1 1 EINLEITUNG UND (GZRUNDLAGEN

Elektrochemische Energiespeicher gelten als Schliisseltechnologie auf dem Weg zu einer
nachhaltigen, modernen und mobilen Gesellschaft. Mit der Méglichkeit der portablen Strom-
speicherung wurde in den letzten Jahrzehnten die Voraussetzung fiir viele innovative Tech-
nologien geschaffen, die zum Wandel zu einer digitalen, vernetzten Informations- und
Kommunikationswelt beigetragen haben. In der heutigen Zeit sind portable elektronische
Gerdte im Alltag und im Berufsleben lingst nicht mehr wegzudenken. Dariiber hinaus sind
Batteriespeichersysteme ein wesentlicher Baustein fiir das Gelingen der Energiewende, die
unumgénglich ist fir eine sichere, umweltvertrigliche und wirtschaftlich erfolgreiche Zukunft.
Der grofite Teil der globalen Energieversorgung wird gegenwértig von fossilen Brennstoffen
abgedeckt, die allerdings aufgrund ihrer begrenzten Verfiigbarkeit angesichts des stetig wach-
senden globalen Energiebedarfs nicht zukunftsfiahig sind. Ein weitaus wichtigerer Aspekt,
der die Energiewende vorantreibt, ist die Notwendigkeit, die Treibhausgasemissionen zu
reduzieren, um das Weltklima zu schiitzen [1]. Zu den alternativen Energiequellen gehoren
Solar- und Windenergie, die jedoch tageszeitbedingten und witterungsabhéngigen Schwan-
kungen unterliegen. In diesem Zusammenhang sind effiziente stationdre Energiespeicher
erforderlich, die die Volatilitdt der erneuerbaren Energien ausgleichen und somit ein stabiles
Stromnetz gewéhrleisten. Um das von der Deutschen Bundesregierung angestrebte Ziel der
Klimaneutralitdat im Jahr 2045 zu erreichen [2], ist zudem der Umstieg auf Elektromobilitét
unabdingbar. Hierfiir werden leistungsfihige mobile Energiespeicher mit langer Lebensdau-
er benotigt, die hohen Sicherheitsanforderungen geniigen miissen und die gleichzeitig zu

niedrigen Herstellungskosten produziert werden kénnen.

Im Vergleich zu anderen Batteriesystemen zeichnen sich Lithium-Ionen-Batterien (LIBs)
durch ihre hohe Energie- und Leistungsdichte aus (Abb. a), was sie bereits zur vorherr-
schenden Batterietechnologie fiir tragbare Elektronik und Elektrofahrzeuge werden lief.
Dariiber hinaus {iberzeugen sie durch ihre hohe Langlebigkeit und niedrige Selbstentladung.
Lithium-Ionen-Batterien beruhen auf dem Prinzip der reversiblen Ein- und Auslagerung
von Lit-Tonen in Aktivmaterialien durch elektrochemische Redoxreaktionen. Sie bestehen

prinzipiell aus zwei Elektroden, welche durch den elektrolytgetrankten Separator rdumlich
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Abbildung 1.1: (a) Ubersicht {iber die spezifische Leistungs- und Energiedichte fiir konventio-
nelle Batteriesysteme und Lithium-Ionen-Batterien. Aus ) (b) Schematische Darstellung der
Funktionsweise einer Lithium-Ionen-Batterie. Aus )

voneinander getrennt sind. Beim Entladen werden an der negativen Elektrode (Anode) durch
Oxidation LiT-Tonen frei, die durch den Elektrolyten in Richtung der positiven Elektrode
(Kathode) wandern, in die sie verbunden mit der Reduktion des Aktivmaterials eingelagert
werden (Abb. b). Beim Laden findet der umgekehrte Prozess statt. Die vergleichsweise
kleinen LiT-Ionen weisen eine hohe Beweglichkeit auf, die fiir eine hohe Leistungsdichte
relevant ist. Die Menge an elektrischer Energie, die eine Batterie speichern kann, wird
bestimmt durch die Menge der speicherbaren Ladung, die sogenannte Kapazitét, und der
Differenz der elektrochemischen Potentiale der Redoxpaare. Die Leistungsfahigkeit einer
Batterie wird somit mafigeblich von der Zellchemie bestimmt. Metallisches Lithium gilt als
ideales Anodenmaterial, da es von allen Redoxpaaren das negativste Standardelektroden-
potential (-3,05V gegen Standardwasserstoffelektrode) besitzt und eine hohe spezifische
Kapazitit von 3860 mA hg~! aufweist . Zwar finden Lithium-Metall-Anoden Anwendung
in nicht wiederaufladbaren Primérbatterien, allerdings verhindern Sicherheistaspekte den
Einsatz in Sekundérbatterien. Beim wiederholten Laden kommt es zur Ausbildung von

Lithium-Dendriten, die zu einem Kurzschluss fithren kénnen @ .

Die Suche nach geeigneten Elektrodenmaterialien ist auch heute noch ein Schwerpunkt der
Batterieforschung. Seit der erfolgreichen Markteinfithrung der ersten Lithium-Ionen-Batterie
im Jahr 1991 (Sony, Japan) hat sich Graphit als Anodenmaterial und oxidische Ubergangs-
metallverbindungen als Kathodenmaterial durchgesetzt @ Sowohl Graphit als auch die

vielfach eingesetzten Verbindungen mit Steinsalzstruktur besitzen eine schichtartige Kri-
stallstruktur, in die die LiT-Ionen iiber reversible topotaktische Redoxreaktionen eingelagert
werden (Abb. a). Die Lit-Tonen diffundieren an freie Plitze im Kristallgitter, sodass im

Idealfall die Wirtsstruktur nicht zerstoért wird und die Phasenumwandlungen ohne grofie



kristallographische Anderungen verbunden sind. Es tritt lediglich eine geringe Dehnung des
Kristallgitters auf. Dieser Prozess der Lithiumeinlagerung, auch Interkalation genannt, weist
zwar eine hohe Reversibilitit auf, allerdings ist die Speicherkapazitit auf meist 1 Li*T-Ion

pro Formeleinheit (engl. formula unit, f.u.) limitiert [10].

Um die Nutzung von Elektrofahrzeugen, deren Reichweite nach wie vor eines der Hauptkauf-
kriterien ist, attraktiver zu machen, sind jedoch hohere gravimetrische und volumetrische
Energiedichten erforderlich, als die derzeitige Lithiumbatterietechnologie bietet. In diesem
Zusammenhang sind in den letzten Jahren Elektrodenmaterialien, die auf alternativen
Speichermechanismen basieren, zu denen die Legierungbildung und Konversion (Abb. b)
zéhlen, zunehmend in den Fokus der Forschung geriickt. Typische Elemente, die mit Li-
thium bei Raumtemperatur intermetallische Verbindungen eingehen sind Mg, Al, Si, Ge,
Sn, Ag, Zn [11]. Ubergangsmetallverbindungen MX (M = Fe, Co, Ni etc., X = O, N, F,
S, P,) konnen iiber eine sogenannte Konversionsreaktion LiT-Ionen speichern [12]. Dieser
Speichermechanismus wurde erstmals im Jahr 2000 von Poizot et al. [13] fiir Ubergangsme-
talloxide beschrieben. Bei der Konversionsreaktion wird das Ubergangsmetall vollstéindig
reduziert und im Fall oxidischer Verbindungen Li,O gebildet. Die Struktur der gebildeten
metallischen Partikel, die in der amorphen Li,O-Matrix eingebettet sind, ist entscheidend
fiir die Reversibilitat der Reaktion, da die Zersetzung von Li,O nur durch kleine Metallna-
nopartikel mit grofier Oberfliche und katalytischen Eigenschaften gewéhrleistet wird [14].
In Bezug auf die Energiedichte sind sowohl die Legierungsbildung als auch die Konversion
der Interkalation deutlich iiberlegen, da pro Formeleinheit mehrere LiT-Ionen gespeichert
werden koénnen. Die Kehrseite der hohen Anzahl an gespeicherten LiT-Ionen ist allerdings,
dass damit auch gravierende strukturelle Verdnderungen verbunden sind [10]. So kann die
mit starken Volumenédnderungen einhergehende mechanische Belastung zur Fraktionierung
des Elektrodenmaterials fithren [15]. Durch die Zerstérung der Elektrodenstruktur entstehen

elektrochemisch inaktive Bereiche, die mit Kapzitatsverlusten verkniipft sind.

In den letzten Jahrzehnten wurde verschiedene vielversprechende Strategien entwickelt,
um dieser Problematik entgegenzuwirken. Dazu zéhlen unter anderem die morphologische
Modifikation der Elektrodenmaterialien sowie der Verbund mit Kohlenstoff [9]. Das Aus-
mafl der strukturellen Schiaden héngt zum einen von der Grofle der Partikel ab, so ist fiir
nanoskalige Partikel die mechanische Belastung aufgrund der effektiv kleineren Volumenén-
derungen geringer [16]. Des Weiteren spielt die Morphologie bei anisotroper Ausdehnung des
Volumens, wie es zum Beispiel fiir Silizium beobachtet wird [17], eine wichtige Rolle. Zum
anderen kann ein leitfdhiges Kohlenstoffnetzwerk die strukturelle Stabilitdt erh6hen, indem
es als Puffer der Volumenédnderungen dient. Auflerdem verhindert es die Agglomeration der

Partikel und kann auch bei strukturellen Schiaden die elektrische Kontaktierung innerhalb
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Abbildung 1.2: Schematische Darstellung der verschiedenen Mechanismen zur Speicherung
von LiT-Ionen. Nach .

des Elektrodenmaterials weiter aufrechterhalten.[18]

Fine weitere Herausforderung bei der Optimierung der Leistungsfihigkeit von Lithium-
Tonen-Batterien stellt die Gewéhrleistung eines schnellen Ladungstransports dar. Wahrend
im Elektrolyten aufgrund dessen hohe Ionen-Diffusivitiit ein schneller Transfer der LiT-Ionen
garantiert ist sind die LiT-Ionen-Diffusion im Aktivmaterial und der Elektronentransport
innerhalb der Elektrode die limitierenden Faktoren. Ein Paradebeispiel, dass die bereits
oben genannten Losungsstrategien auch in diesem Zusammenhang Erfolg versprechend sind,
ist das mittlerweile kommerziell verfiighare Kathodenmaterial Lithiumeisenphosphat. Im
Jahr 1997 wurde LiFePO, zum ersten Mal in der Arbeitsgruppe von J. B. Goodenough als
Interkalationsmaterial entdeckt [19]. Um dessen schlechte ionische als auch elektronischen
Transporteigenschaften zu iberwinden und die kommerzielle Anwendungsreife zu er-
reichen, wurde auf die Nanoskalierung der Partikel und die Beschichtung mit Kohlenstoff
zuriickgegriffen . Zum einen verkiirzen sich durch die Nanoskalierung die Diffusionswe-
ge im Aktivmaterial und zum anderen bildet die Kohlenstoffbeschichtung ein leitfihiges

Netzwerk, das das Elektrodenmaterial durchzieht und einen schnellen Elektronentransport
gewahrleistet .

Auf dem Weg zu leistungsfihigeren Lithium-Ionen-Batterien ist neben der Synthese neuer

Materialien auch die Aufklarung der komplexen Speichermechanismen und der Transport-



prozesse sowie deren Beziehung zur Elektrodenmorphologie und -struktur erforderlich, um

sie gezielt optimieren zu kénnen.

In der vorliegenden Arbeit werden verschiedene interkalationsfihige sowie konversionsbasierte
Ubergangsmetalloxide als potenzielle Anodenmaterialien in LIBs untersucht. Der Fokus
der Untersuchungen liegt auf dem Einfluss der Morphologie und Funktionalisierung mit

Kohlenstoff auf die elektrochemischen Eigenschaften.

Die Arbeit ist wie folgt gegliedert: In den folgenden Abschnitten des Kapitels 1 werden im
ersten Teil die theoretischen Grundlagen elektrochemischer Systeme erlautert. Anschlieflend
werden die experimentellen Grundlagen und der Versuchsaufbau der im Rahmen der Arbeit
eingesetzten elektrochemischen Charakterisierungsmethoden beschrieben. Im zweiten Teil
wird eine Einfiihrung in die Thematik der Anodenmaterialien gegeben, die die Anforderungen
an diese und die Vorstellung der kommerziell am héufigsten verwendeten Anode Graphit
beinhaltet. Anschliefend werden die untersuchten Materialien vorgestellt, einschliellich
eines kurzen Uberblicks iiber relevante Forschungsarbeiten. Kapitel 2 befasst sich mit den
Untersuchungen am Interkalationsmaterial Lithiumorthovanadat LizVO,. Im ersten Teil
wird der Einfluss verschiedener morphologischer Modifikationen auf die elektrochemischen
Eigenschaften von reinem Li;VO, dargestellt. Es folgen im zweiten Teil die Ergebnisse
zu den Untersuchungen an verschiedenen LizVO,-Komposite mit amorphem Kohlenstoft.
Kapitel 3 beinhaltet die Untersuchungen an konversionsbasierten Anodenmaterialien im Ver-
bund mit amorphem Kohlenstoff. Hierzu zihlen die Ubergangsmetalloxide Molybdindioxid
MoO,(Abschnitt 3.2), Vanadiumdioxid V5,05 (Abschnitt 3.3 und 3.4) sowie Zinkoxid ZnO
(Abschnitt 3.5). Es wird unter anderem mittels kinetischer Analyse fiir V,O4 der Einfluss der
Morphologie auf den vorliegenden Speichermechanismus mittels kinetischer Analyse nidher be-
trachtet. Der zweistufige Reaktionsmechanismus von ZnO, bestehend aus einer Konversions-
und Legierungsbildung wird anhand von ez-situ Studien analysiert. Untersuchungen zu
Kompositen von Ubergansmetalloxiden mit Kohlenstoffnanostrukturen werden in Kapitel 4
vorgestellt. Hierzu z&hlt ein Komposit, bestehend aus CoFe,O, und Kohlenstoffnanoréhren
(Abschnitt 4.1) sowie ein Komposit aus Mn3;O, und Kohlenstoffhohlkugeln. In Kapitel 5
findet sich im ersten Teil eine Zusammenfassung der wichtigsten Ergebnisse zu den einzelnen
Abschnitten, die im zweiten Teil gegeniibergestellt und in einem gréfleren Kontext diskutiert

werden.



Kapitel 1 1 Einleitung und Grundlagen

1.1 Theoretische und experimentelle Grundlagen

1.1.2 Theoretische Grundlagen elektrochemischer Systeme

Die folgenden Erlduterungen zu den theoretischen Grundlagen elektrochemischer Systeme

sind an das Buch ,Electrochemical Methods: Fundamentals and Applications® [24] angelehnt.

Batterien bestehen aus einer oder mehreren galvanischen Zellen, bei denen spontan che-
mische Energie in elektrische Energie umgewandelt wird. Eine galvanisches Zelle ist aus
zwei Elektroden, die durch einen ionenpermeablen elektrolytgetrankten Separator raum-
lich und elektronisch voneinander getrennt sind, aufgebaut. Uber den Elektrolyt, einen
elektronischen Isolator, sind die Elektroden ionisch leitend miteinander verbunden. Thre
Funktionsweise beruht auf Redoxreaktionen, die an den Elektroden rdumlich voneinander
getrennt ablaufenden. Per definitionem wird die Elektrode, an der die Oxidation ablduft, als
Anode bezeichnet und diejenige an der die Reduktion stattfindet wird Kathode genannt.
Die Reaktionsgleichung fiir eine der Einzelreaktionen kann wie folgt allgemein beschrieben

werden:
Ox+ze” = Red

Wobei Ox fiir den oxidierten und Red fiir den reduzierten Zustand der Spezies steht, z
bezeichnet die Aquivalenzzahl, die der Anzahl der an der Reaktion beteiligten Elektronen

entspricht.

Die Klemmspannung einer galvanischen Zelle ergibt sich aus der Differenz der Potentiale
von Kathode und Anode. Ublicherweise wird das Potential eines Redoxpaares im thermody-
namischen Gleichgewicht gegeniiber der Standardwasserstoffelektrode definiert und wird

durch die Nernst-Gleichung beschrieben:

RT a0z
E=Fy+—7—I1 1.1

o+t zF " (a Red) ( )
mit dem Standardelektrodenpotential E® gegeniiber der Standardwasserstoffelektrode bei
Standardbedingungen, universeller Gaskonstante R, absoluter Temperatur 7', Aquivalentzahl

z, Faraday-Konstante F' und die von der Ionenkonzentration abhéngigen Aktivitéten a.[25]

Im Betrieb einer elektrochemischen Zelle laufen verschiedene Ladungstransferprozesse ab, die
im Folgenden beschrieben werden. Dazu zéhlen der Ladungstransfer an den Phasengrenzen

von Elektrode und Elektrolyt sowie die Diffusion der Ionen.



Ladungstransfer an einer elektrischen Doppelschicht

Im Allgemeinen weisen die Elektrode und der Elektrolytdiese unterschiedliche chemische
Potentiale auf, was dazu fiihrt dass sich zur Einstellung eines Gleichgewichts die Ionen
im Elektrolyten l6sen bzw. an der Elektrode abgeschieden werden. Aufgrund der positiv
geladenen Tonen im Elektrolyten und den nicht kompensierten negativ geladenen Elektronen
in der Elektrode bildet sich eine elektrochemische Doppelschicht. Fiir detaillierte Modelle
der Struktur der Doppelschicht, wie das Helmholtz-, Chapman- oder Stern-Modell, wird auf
die Literatur [26] verwiesen. Der Ladungstransfer an den Phasengrenzen ist ein Prozess mit
endlicher Geschwindigkeit und kann somit ein limitierender Faktor in elektrochemischen
Systemen sein. Betrachtet man den Ladungstransfer als aktivierten Prozess einer Ein-
Elektron-Reaktion mit Arrhenius-Verhalten, so wird der faradaysche Stromfluss J durch
die Butler-Volmer-Gleichung beschrieben. Sie entspricht der Superposition der anodischen

(oxidativen) und kathodischen (reduktiven) Strombeitrége.

nk

J=Jde+Jo=Jo- (6(1_5)'% — e PmT) (1.2)

Wobei Jy der im Gleichgewicht vorliegende Austauschstromdichte entspricht, S dem Trans-

ferkoeffizienten und 1 der angelegten Uberspannung.

Diffusiver Massentransport

Sowohl die Ionenleitung im Elektrolyt als auch der Massentransport im Elektrodenmaterial
erfolgt unter anderem iiber Diffusion. Der vom Konzentrationgradienten Vc¢ getriebene

Diffusionsstrom J folgt der durch das erste Fick’sche Gesetz beschriebenen Proportionalitét:
J(Zt) = —D - Ve(Z,t) (1.3)

Mit D dem sogenannten Diffusionstensor und ¢ der Konzentration. Durch Einbeziehen der
Kontinuitatsgleichung in Form von Massenerhaltung wird aus dem ersten das zweite Ficksche
Gesetz abgeleitet, welches im eindimensionalen Fall linearer Diffusion die sich zeitlich und

rdumlich dndernde Konzentrationsverteilung in der Diffusionsschicht beschreibt.

oc d%c

Die Ableitung des zweiten Fick’schen Gesetzes, basierend auf der kinetischen Gastheorie
von Einstein, ergibt wiederum den Zusammenhang (Gl. |1.5) zwischen mittlerem Verschie-
bungsquadrat (x?) eines linear diffundierenden Teilchens und dem Diffusionskoeffizienten D

[27]. Diese dient der Abschéitzung der typischen Diffusionsliange ¢ wihrend der Zeitdauer 7
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(G [L.6):

(=*)

2Dt
V1D (1.6)

1.1.3 Elektrochemische Charakterisierungsmessungen

Im Folgenden werden die in der vorliegenden Arbeit genutzten elektrochemischen Messmetho-
den, die zyklische Voltammetrie und galvanostatische Zyklierung, sowie der Versuchsaubau

beschrieben.

Messmethoden

Die Zyklovoltammetrie (CV) ist eine weit verbreitete Methode zur Charakterisierung elek-
trochemischer Eigenschaften eines Materials hinsichtlich der aktiven Potentialbereiche, der
Reversibilitat der Prozesse und der Reaktionskinetik. Bei dieser Technik wird an die elektro-
chemische Zelle eine sich zeitlich linear &ndernde Spannung in Dreiecksform angelegt und der
flielende Strom gemessen. Die sogenannte Scanrate gibt den Betrag der Spannungsdnderung
pro Zeit an. Beim Zyklovoltammogramm bei dem der geflossene Strom gegen das Potential
aufgetragen ist, treten in den Potentialbereichen, in denen das Elektrodenmaterial elek-
trochemisch aktiv ist, charakteristische Strompeaks auf. Bei der verwendeten Verkabelung
flieit bei einer Oxidation des Elektrodenmaterials ein positiver Strom und bei reduktiven

Prozessen ein negativer Strom.

Zur Untersuchung des Lade- bzw. Entladeverhaltens eines Materials dient die galvanostatische
Zyklierung. Bei dieser Technik wird an die Messzelle ein konstanter Strom angelegt und der
Potentialverlauf gemessen. Die Stromstéirke wird in diesem Zusammenhang auch Zyklierrate

genannt.

Eine wichtige Messgrofle ist die spezifische Kapazitit Qgpe., die der umgesetzten massennor-

mierten Ladungsmenge entspricht.

t/

Qupez = - [ 1(0)at (L.7)

0

Mit dem in der Zeit t' geflossenen Strom I und der Masse m des Aktivmaterials. Die

theoretische Obergrenze der Ladung Qe €ines elektrochemisch aktiven Stoffes ist durch



das Faradaysche Gesetz definiert:
zF

cheo = M (18)

Mit der Faraday-Konstante F', der Aquivalentzahl z und die molare Masse M.

In der vorliegenden Arbeit wurde die Technik ,Galvanostatic Cycling with Potential Limi-
tation® (GCPL) eingesetzt, bei der die Zellspannung auf einen Potentialbereich zwischen
Lade- und Entladeschlussspannung beschrankt wird. Dies Gewahrleistet die Vergleichbarkeit

der Daten und Uberladungs- bzw. Tiefentladungseffekte kénnen vermieden werden.

Versuchsaufbau

Die elektrochemischen Messungen wurden mit Hilfe eines mehrkanaligen VMP3-Potentio-
stats durchgefiihrt, der iber Anschliisse fiir Zwei- und Dreielektrodenzellen verfiigt. Es gibt

drei Abgriffe zur Potentialmessung und zwei Stromanschliisse.

Die verwendete ,,EC-Lab“-Software der Firma BioLogic stellt anpassbare Vorlagen fiir die
zuvor beschriebenen Messmethoden bereit und ermdéglicht eine automatisierte Durchfithrung.
Zur Gewdahrleistung stabiler Umgebungsbedingungen befinden sich die Zellen wéihrend der

Messung in einem Warmeschrank, dessen Temperatur auf 25 °C gehalten wird.

() 0 ¢
yaat

Feder Separator Arbeitselektrode
mit Elektrolyt

Lithiumfolien- Swagelok- Metallzylinder/
Gegenelektrode Halle Kunststoffdichtringe

Abbildung 1.3: Schematischer Aufbau der elektrochemischen Zelle mit Zwei-Elektroden-
Konfiguration. Nach .

Der Aufbau der elektrochemischen Messzellen ist in AbbJ[I.3]schematisch dargestellt. Als
Gehéause dienen luftdichte Swagelog-Rohrverschraubungen aus Perfluoralkoxylalkan (PFA),
die mit Edelstahlstdben verschlossen werden. Der Separator, der sich zwischen Arbeits- und
Gegenelektrode befindet, besteht aus 2 Lagen Mikroglasfaser-Filterpapier (Whatman GF /D)
und ist mit 200 {1 Elektrolyt (1 M LiPF6 in 1:1 Ehtylenecarbonat (EC) und Dimethylcarbonat
(DMC), Electrolyte LP30, Merck) getrankt. Als Gegenelektrode wird eine kreisformig ausge-
stanzende Lithium-Folie (Alfa Aesar, 99,9 % Metal basis), die auf eine Nickelscheibe gepresst
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ist, verwendet. Die Arbeitselektrode besteht aus 75 wt% aktivem Material, 15 wt% Leitrufl
(Super C65, Timcal) und wt% Polyvinylidenfluorid-Binder (Solvay Plastics) und wurde
wie folgt hergestellt. Zundchst wurden die Pulver in N-Methyl-2-Pyrrolidon (NMP, Sigma-
Aldrich) gemischt und mindestens 12 Stunden lang gerithrt. Dadurch wird eine homogene
Verteilung von Aktivmaterial und Kohlenstoff erreicht. Um eine streichfihige Elektrodenpa-
ste zu erhalten, wurde der gréfite Teil des NMP unter Vakuum verdampft. Anschlieffend
wurde die Elektrodenpaste auf kreisférmige Cu-Netze (Drahtdurchmesser: 0,115 mm, Nenn-
durchmesser: 0,14 mm, Dréahte/Zoll: 100x 100, offene Fliache: 30,3 %, Dicke: 0,25 mm) mit
einem Durchmesser von 10 mm aufgebracht. Die préparierten Elektroden wurden unter
Vakuum getrocknet und im Anschluss mit einer hydraulischen Presse mit einem Druck von
10 MPa oder mit einer Spindelpresse von Hand gepresst. Vor dem Transfer in die Glovebox
mit Argonatmosphére werden sie nochmals fiir einige Stunden im unter Vakuum unter
gleichen Bedingungen belassen. Aufgrund der hohen Reaktivitdt von Lithium mit Wasser
und Sauerstoff und der Bildung von Flusssdure bei Kontakt des Elektrolyts mit Wasser
werden die Zellen in einer Glovebox unter Argonatmosphére (O2 < 1ppm, HoO< 1 ppm)

zusammengebaut.

Die dominierende Fehlerquelle der Messdaten, die auf die Masse des Aktivmaterials normiert
sind, ist die Bestimmung der Probenmasse. Bei der Fehlerabschétzung wird zum einen die
Ungenauigkeit der Waage und zum anderen das tatséchlich vorliegende Massenverhéaltnisses
von Aktivmaterial und Kohlenstoff beriicksichtigt. Abhéngig von der Probenmenge liegt
die Ungenauigkeit der Messdaten zwischen 5% und 10 %. Auf die Reproduzierbarkeit der
elektrochemischen Messungen kann sich ebenfalls der héndische Zusammenbau der Zellen

auswirken.

1.2 Anodenmaterialien

1.2.1 Anforderungen und Stand der Technik

Im Folgenden werden zunéchst die relevanten Eigenschaften, die ein Anodematerial mitbrin-
gen muss, vorgestellt und anschliefend mit denen von Graphit verglichen, das in kommerziell

erhéltlichen LIBs am héufigsten Verwendung findet.

Um eine hohe Menge an Energie bei moglichst kleinem Eigengewicht und auf mdoglichst
kleinen Raum zu speichern, ist zum einen eine hohe gravimetrische und volumetrische Ka-

pazitét erforderlich. Das Anodenmaterial sollte demnach Elemente mit geringer Atommasse
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enthalten, eine geringe Dichte aufweisen und eine moglichst groe Anzahl an Lit-Tonen
speichern. Als zweites ist fiir eine hohe Energiedichte relevant, dass das elektrochemische
Potential so nah wie méglich zu dem von Li/Li™ ist, um eine hohe Zellspannung zu gewéhr-
leisten. Fiir eine lange Lebensdauer mit hoher Zyklenstabilitat ist eine hohe Reversibilitat
der elektrochemischen Prozesse sowie strukturelle Stabilitéat relevant. Auflerdem muss eine
ideale Anode sowohl gute elektronische als auch ionische Transporteigenschaften besitzen.
Des Weiteren sollte das Material nicht schadlich fiir Mensch und Umwelt sein und mdoglichst

ginstig in der Herstellung.

Graphit, das bis dato die Vorherrschaft auf dem Markt eingenommen hat, wird den meisten
Anforderungen an ein Anodenmaterial gerecht. Es ist leicht verfiigbar, thermisch und
chemisch stabil sowie giinstig und einfach in der Herstellung. Auflerdem tiberzeugt es durch
sein leichtes Atomgewicht, das geringe Potential gegen Li/Li™ von unter 0,3V und die gute
elektronische Leitfihigkeit der sp?-hybridisierten Kohlenstoffatome [29]. Da die Li*-Ionen in
Graphit durch Interkalation gespeichert und damit eine Volumenénderung von nur 5-10 % |29,
30] verbunden ist, besitzt es zudem eine hohe Form- und Zyklenstabilitdt. Allerdings besteht
darin auch seine grofite Schwiiche. Die LiT-Ionen werden zwischen die Graphitschichten,
die durch eher schwache Van-der-Waals-Krifte zusammengehalten werden, eingelagert und
werden dabei an 6 Kohlenstoffatome gebunden [29]. Die Anzahl der speicherbaren Li*-Ionen
ist somit auf 1 LiT-Ion pro 6 Kohlenstoffatome begrenzt, was dazu fiihrt, dass Graphit
trotz des geringen Atomgewichts eine theoretische spezifische Kapazitit von lediglich 372
mA hg~! besitzt. Zwar ist ein niedriges Potential gegen Li/Li* wiinschenswert in Bezug auf
eine hohe Energiedichte, allerdings birgt dies auch Sicherheitsrisiken. Vor allem bei hohen
Stromraten kann es dazu kommen, dass sich beim Ladevorgang metallisches Lithium auf der
Oberflache der Anode abscheidet, was auch Lithium-Plating genannt wird, und letztlich zum
Kurzschluss fithren kann [31, 32]. Ein weiterer Nachteil ist die geringe Li*-Ionen-Diffusivitét
von Graphit [33]. Obwohl Graphit als Anodenmaterial in handelsiiblichen LIBs durchaus
gut geeignet ist, kann es die steigende Nachfrage nach Batterien mit héherer Energiedichte

und schnelleren Ladezeiten nicht erfiillen.

1.2.2 Anodenmaterialien der nachsten Generation

1.2.2.1 Interkalationsmaterialien

Aktuell haben nur die beiden Interkalationsmaterialien Graphit und Li TizO,, die kom-
merzielle Marktreife erreicht, was auf die hohe Reversibilitdt der Interkalationsreaktion

zuriickzufiihren ist [34]. Ein Nachteil der Interkalation ist die meist auf 1 Lit-Ion/f.u. begrenz-
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te Speichermenge und damit verbundenen geringen spezifischen Kapazitdten. Das wesentliche
Ziel bei der Erforschung neuer Interkalationsmaterialien besteht darin, die speicherbare
Ladung zu erhéhen und gleichzeitig die positiven Eigenschaften der Interkalation, wie hohe

Form- und Zyklenstabilitat, beizubehalten.

Kohlenstoffnanostrukturen

In Anbetracht der vielerlei positiven Eigenschaften von Graphit, gelten andere Kohlen-
stoffmodifikationen mit sp2-hybridisierten Kohlenstoffatome, wie Kohlenstoffnanoréhren
und Kohlenstofthohlkugeln, als vielversprechender Ersatz [35]. Kohlenstoffnanorohren (engl.
Carbon Nanotubes, CNTs) sind seit ihrer Entdeckung im Jahr 1991 [36] aufgrund ihrer
Eigenschaften auf grofles Interesse in vielen verschiedenen Forschungsgebieten gestoflen
|37-43]. Dabei handelt es sich um zylinderformig aufgerollte Graphenschichten, deren Eigen-
schaften von ihrer genauen Struktur abhéngen. Je nach Aufrollrichtung des hexagonalen
Graphengitters sind sie entweder halbleitend oder metallisch leitend [4]. Die Enden kénnen
offen oder geschlossen sein. Des Weiteren unterscheidet man zwischen einwandigen und
mehrwandigen CN'Ts. Letztere weisen eine ausgezeichnete Zugfestigkeit von 50-200 GPa auf
sowie mit 1,2 TPa ein hohes Ma8 an Elastizitdat [44]. Damit zéhlen sie zu den stérksten und

hértesten Materialien.

Zahlreiche Forschungsgruppen haben das Potenzial von einwandigen sowie mehrwandigen
CNTs als Anodenmaterial in LIBs untersucht [30, 45-49]. Die berichteten spezifischen
Kapazititen variieren je nach Struktur der CNTs stark und reichen von 312mAh g~! bei 40
Ag [50] bis hin zu mAhg~! bei 50mA g~![51]. Solch hohe Kapazititswerte, die bei weitem
den theoretischen Wert von Graphit unter der Bildung von LiCg iibertreffen, konnen auf die
zusitzlichen Speicherplitze fiir Lit-Ionen in den CNTs zuriickgefiihrt werden. LiT-Ionen
kénnen unter anderem in den Zwischenrdumen zwischen CNT-Biindeln oder auch im Fall
von offenen Enden oder Defekten im Inneren der CNTs eingelagert werden [30, |52, 53].
Basierend auf einer Stochiometrie von LiCy wurde der maximale theoretische Wert fir
die reversible Kapazitiit von einwandigen CNTs auf 1116 mA hg~! abgeschitzt [54]. Eine
Herausforderung aktueller Forschung stellt allerdings der schlechte Coulomb-Wirkungsgrad
von CNTs dar.

Im Verbund mit anderen Aktivmaterialien haben sich CNTs bereits bewéhrt [30, 55-57).
Einerseits tragen sie im Komposit durch ihr eigenes Vermogen, LiT-Ionen zu interkalieren,
zur Ladungsspeicherung bei. Zum anderen stellen sie ein leitfihiges Netzwerk dar, das
aufgrund ihrer guten elektronischen Leiteigenschaften einen schnellen Elektronentransport
innerhalb der Elektrode gewéhrleistet, und erhohen die strukturelle Stabilitédt der Elektrode.

Bei der géngigen Methode werden die Aktivmaterialien auf den CNTs abgeschieden, was

12



allerdings dazu fithren kann, dass sich die Partikel aufgrund der schwachen Adsorptionskréfte
wieder 16sen [58]. Vielversprechender ist die Einlagerung der Aktivmaterialien in die Hohl-
rdume der CN'Ts. Dies hat sich insbesondere als erfolgreich erwiesen, um den Schiden durch
die starken Volumendnderungen, die bei der Konversion und Legierungsbildung auftreten,
entgegenzuwirken [59]. Ein Ubersichtsartikel iiber Untersuchungen zu gefiillten CN'Ts als
Anodenmaterialien findet sich im Anhang. Die CNTs konnen sich aufgrund ihrer hervor-
ragenden mechanischen Eigenschaften, wie die hohe Elastizitéit, den Volumendnderungen

anpassen und die dabei einhergehende mechanische Belastung ableiten.

Bei weitem nicht so gut erforscht wie CNTs sind Kohlenstofthohlkugeln (engl. Hollow carbon
spheres, HCS). Dabei handelt es sich um Kugeln aus Kohlenstoff mit Durchmessern von
meist wenigen hundert Nanometern, die im Inneren einen Hohlraum aufweisen. Sie zeichnen
insbesondere ihre hohe spezifische Oberfliche aus, die zusitzliche LiT-Ionen-Speicherplitze
bietet sowie kurze Diffusionswege [60]. Allerdings zeigen die wenigen Untersuchungen zu
reinen HCS als Anodenmaterial keine grofien Vorteile gegeniiber Graphit [61-63]. Generell
fihrt die geringe Packungsdichte der HCS aufgrund des Hohlraums zu einer niedrigen

volumetrischen Energiedichte.

Die Hohlrdume eignen sich dagegen ideal zur Einkapselung von anderen Aktivmateriali-
en, was zu der Entwicklung zahlreicher Komposite gefiihrt hat, die eine hervorragende
elektrochemische Perfomance liefern. Dazu zdhlen unter anderem Komposite mit legierungs-
bildenden Materialien, wie Silizium [64], Germanium [65] und Zinn [66, 67], sowie mit den
Konversionmaterialien Fe;O5 [68], CoO [69], Co;0, |70].

Lithiumorthovanadat LizVO,

Das Vanadat LizVO, ist bereits seit vielen Jahren aufgrund seiner nicht-linearen optischen
sowie ionenleitenden Eigenschaften Gegenstand der Forschung [71-73]. Erst die Studien
von Li et al. [74] im Jahr 2013, die dessen interkalative Eigenschaften aufdeckten, haben
das Interesse an LizVO, als potenzielles Anodenmaterial geweckt. Unter den verschiedenen
LizVO,-Polymorphen ist die sogenannte §-Phase, deren Kristallstruktur (Abb. der

orthorhombischen Raumgruppe Pnm2; angehort, bei Raumtemperatur stabil |75].

Die Kristallstruktur besteht aus einem verzerrten Netzwerk hexagonal dicht gepackter Sauer-
stoffionen, wobei die Hélfte der tetraedrischen Pléitze von Li und V besetzt ist. Die iiber ge-
meinsamen Kanten verkniipften LiO4- und VO4-Tetraeader besitzen die gleiche Orientierung
parallel zur kristallographischen c-Richtung. Gerade Tunnel entlang der kristallographischen
a- und c-Richtung sowie zickzackformige Tunnel entlang der kristallographischen b-Richtung

bieten potenzielle Diffusionspfade fiir LiT-Ionen. Neben den bereits von den drei Lithiu-
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Abbildung 1.4: Schematische Darstellung der Kristallstruktur von $-Li;VO, entlang der
c-Achse nach den Stukturdaten aus . Die LiOy4-Tetraeder sind in griin, die PO4-Tetracader
in blau und die Sauerstoffatome in rot dargestellt.

matomen besetzten Kristallgitterplatze (Li(1) in 1b- und Li(2) in 2c-Wykoff-Positionen),
stehen die 2a- (1/2, 1/2, 0,68) und 4b-Positionen (1/4, 0,0028, 1/4) fiir zusétzliche Lithiu-
matome zur Verfiigung. Neben der hohen ionischen Leitfdhigkeit macht vor allem die grofie
Bandbreite moglicher Oxidationsstufen von Vanadium, die die Speicherung von mehr als
1Lit-Ton/f.u. zulésst, LisVO, zu einem vielversprechenden Anodenmaterial. Aulerdem weist
es ein sicheres aber dennoch niedriges Potentialfenster zwischen 0,2V und 1V vs. Li/Li*
aus. Basierend auf ez-situ Rontgendiffratometrie-Studien (engl. X-ray diffraction, XRD) in
Verbindung mit der spezifischen Kapazitit, die mittels galvanostatischer intermittierender
Titrationstechnik (GITT) erhalten wurde, wurde von Li et al. folgender Mechanismus

der LiT-Tonen Speicherung in Li;VO, vorgeschlagen:

Li;VO, + xLit + xe” == Liz VO, Qth(z=2) = 394 mAhg™!

Anders als bei typischen Interkalationsmaterialien kann in Li; VO, mehr als 1 Lit-Ton/f.u.
eingelagert werden, wobei iiber die genaue Anzahl Uneinigkeit herrscht. In der Literatur
finden sich fiir Li;VO, iiberwiegend spezifische Kapazititen unter 400 mAhg1,
entsprechend x =2. Liang et al. und Ni et al. berichten dagegen von reversiblen

spezifischen Kapazititen um 590 mA hg~!

, was die Vermutung aufkommen lief}, dass unter
der Reduktion von V°* zu V2 bis zu 3 Lit-Tonen/f.u. gespeichert werden koénnen und
die theoretische Kapazitit somit 591 mA hg~! betrigt. Zur Bestitigung dieser Annahme
demonstrierten Liang et al. mit Hilfe von First-Principle-Berechnungen, dass 3 LiT-Ionen
stabil in die Kristallstruktur von Li;VO, eingelagert werden kénnen. Hier ist anzumerken,
dass diese Berechnungen jedoch nur auf Basis der kristallografischen Struktur erfolgten und
eine umfassendere Analyse mittels Dichtefunktionaltheorie von Dompablo et al. zu einem

anderen Ergebnis kommt. Die Speicherung von 2 Li*-Ionen fiihrt zwar zu einer Verzerrung
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der Sauerstoffschichten, die urspriingliche hexagonale dicht gepackte Struktur bleibt dabei
jedoch erhalten. Da die Einlagerung eines dritten LiT-Ions dagegen mit einer rekonstruktiven
Phasenumwandlung zu LigVO, mit einer Antifluorit-Struktur verbunden ist, wird eine
mogliche reversible Speicherung von 3 Lit-Ionen in Li;VO, ausgeschlossen. Eine Erklarung

1 ist moglicherweise eine

der hohen gemessenen reversiblen Kapazitdten um 590mAhg™
kapazitive Speicherung von Lithium in oberflichennahen Schichten oder Grenzflichen, zumal
es sich bei den untersuchten Materialien um nanoskalierte Kohlenstoffkomposite handelt.
Ungeachtet des noch nicht vollstindig aufgeklérten Speichermechanismus wére LisVO, im
Hinblick auf die Energiedichte mit einer derart hohen Kapazitdt jedoch wettbewerbsfdhiger

als die kommerziell verfiiggbaren Interkalationsmaterialien Graphit und Li,Ti;O, (Abb[L.5).
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Abbildung 1.5: Vergleich von Li; VO, mit Li, TizO,5 und Graphit hinsichtlich (a) der Potenti-
alverldufe wihrend des Ent-/Ladens und die spezifische Kapazitit sowie (b) die gravimetrische
und volumetrische Energiedichte. Aus .

Neben der spezifischen Kapazitit und moglichen Lit-Ionen-Plitze ist die Kenntnis iiber die
strukturellen Anderungen, die withrend der Li*-Ionen-Speicherung auftreten, erforderlich,
um ein besseres Verstidndnis iber den Speichermechanismus zu erhalten. Ez-situ und in-situ
durchgefiithrte Untersuchungen mittels XRD verschiedener Forschungsgruppen
zeigen, dass die Interkalation zunéchst tiber einen einphasigen Prozess ablduft und sich
anschlieBend eine zweite Phase bildet. Dabei handelt es sich um einen reversiblen Prozess,
bei dem nach einem vollen Zyklus die urspriingliche Li;VO,-Phase wieder vorliegt. Einen
genaueren Einblick liefern die in-situ durchgefithrten XRD-Studien von Liu et al. die
zeigen, dass sich die Abstéande zwischen den (200)- und (002)-Ebenen nach dem ersten Zyklus

irreversibel vergroflert haben, was sich positiv auf das weitere Zyklierverhalten auswirkt.

Im Folgenden wird ein kurzer Uberblick iiber die Fortschritte der elektrochemischen Per-
formance von Liz VO, gegeben, seit es erstmals als Anodenmaterial untersucht wurde. Li
et al. berichteten von spezifischen Kapazititen um 300 mA hg~!, die iiber 25 Zyklus

stabil waren, jedoch bei einer relativ geringen Stromdichte von 20 mA g=!. Mit der Reduk-
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tion der Partikelgrofle konnte die Leistungsfahigkeit von LisVO, in den folgenden Jahren
verbessert werden, so lieferten Li;VO,-Partikel mit einer Durchschnittsgrofie von 250 nm
nach 100 Zyklen immer noch eine reversible Kapazitit von 396 mAhg~! bei einer etwa
finffach groferen Stromdichte von 0,25 C [86]. Es wurden verschiedenste Morphologien
entwickelt, wie hohle Li;VO, -Mikroboxen [87] und Mikrokugeln [88] mit dem Ziel, die
elektrochemischen Eigenschaften zu verbessern. Yang et al. [89] fithrten Untersuchungen
zu verschiedenen Morphologien von Li;VO, durch. Im Vergleich zu den Materialien, deren
Ausmafle im Bereich einiger Mikrometer lagen, erwiesen sich die Nanostdbchen mit Durch-
messern von 50-100 nm und Léngen von 100-500 nm hinsichtlich spezifischer Kapazitét
und Hochstromfihigkeit als am Besten. Sie erreichten bei 100 mA g+
370mAhg~! und selbst bei 4000mA g~! noch 150mAhg~!. Durch die nachtrigliche Be-

schichtung mit Kohlenstoff konnte sowohl die spezifische Kapazitit, die Zyklenstabilitéit

eine Kapazitiat von

und die Hochstromfihigkeit weiter optimiert werden, sodass bei 100mA g~! selbst nach 100

L noch

Zyklen noch 430 mA h g~ 'erzielt wurden und bei einer Stromdichte von 4000 mA g~
250mA hg~!. Zhang et al. [90] konnten durch die Zugabe der Kohlenstoffquelle schon bei
der Synthese das Wachstum der LizVO,-Partikel einddmmen und ein Komposit aus kohlen-
stoftbeschichteten Li;VO,-Nanopartikel herstellen, die eine Gréfle von 20 - 75 nm aufwiesen.
Sie lieferten bei Stromdichten von 1 C, 10 C und 80 C jeweils ausgezeichnete Kapazitaten
von 410mAhg=!, 340mAhg~! und 106 mA hg~'. AuBerdem blieb selbst bei einer hohen
Stromdichte von 10 C nach 2000 Zyklen 80 % der Kapazitit erhalten. Neben amorphen
Kohlenstoff |79, 82, 91| wurden Komposite mit verschiedensten Kohlenstoffallotropen, wie
Graphene [92], Graphit [93], Kohlenstoffnanoréhren [94] sowie Kombinationen [95] davon
untersucht. Die bis heute héchste gemessene spezifische Kapazitit liegt bei 594mAhg=!
bei 150mA g~! im ersten Delithiierungszyklus [83]. Dabei handelt es sich um ein Komposit
bestehend aus Li; VO, -Nanokristallen, die homogen verteilt auf C-Nanoflocken eingebettet
sind. |85] synthetisierten ein Komposit aus mesoporésen Liz; VO, /C-Ellipsoiden mit Gréfien
im Submikrometerbereich, die auf reduzierten Graphenoxid eingebettet sind, welches die bis
heute léngste Lebensdauer (82,5 % Kapazitiatserhalt iiber 5000 Zyklen bei 10 C) aufweist

und die beste Hochstromfiihigkeit (230 mA hg~! bei 125C).

1.2.2.2 Konversionsbasierte Materialien

Bei der Entwicklung neuer Anoden fiir Hochenergie-Lithium-Ionen-Batterien kommen des
Weiteren Materialien in Betracht, die auf alternativen Speichermechanismen, wie der Kon-
version, basieren. Im Gegensatz zur Interkalation kénnen dabei mehrere Lit-Tonen/f.u.
gespeichert werden. Unter diesen Materialien gelten Oxide von Ubergangsmetallen, die

bis heute am meisten erforscht sind, aufgrund ihrer vielerlei positiven Eigenschaften als
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besonders vielversprechend .

Einfache Ubergangsmetalloxide

Im Gegensatz zu den meisten Ubergangsmetalloxiden, die in der Regel eine schlechte
elektronische Leitfihigkeit aufweisen [98], besitzt Molybdéndioxid MoO, einen niedrigen

elektrischen Widerstand, was es als Anodenmaterial interessant macht.

MoO, kristallisiert in einem monoklinen primitiven Gitter der Raumgruppe P2; /¢ (Abb..
Die verzerrt rutilartige Kristallstruktur kann als Tunnelgeriist beschrieben werden, bei dem
die tiber Kanten verkniipften MoOg-Oktaedern entlang der kristallographischen a-Richtung

eindimensionale Kanéle bilden, die den LiT-Transport begiinstigen.

Abbildung 1.6: Schematische Darstellung der Kristallstruktur von MoO, entlang der a-Achse
nach den Strukturdaten aus [99]. Die MoOg-Tetraeder sind in blau und die Sauerstoffatome in
rot dargestellt.

Bereits im Jahr 1987 veroffentlichte Auborn et al. Untersuchungen zu MoQO, als poten-
zielles Anodenmaterial, das auf der Interkalation von LiT-Ionen basiert. Dahn et al.
konnten mittels in-situ XRD-Studien nachweisen, dass die urspriingliche monokline Phase
bei der Interkalation von 1Li*-Ion/f.u. iiber eine orthorhombische Phase (Pnnm) in eine
andere monokline Struktur iibergeht und damit eine Volumenénderung von 11 % verbunden
ist (Abb. [1.7ja). Die theoretische gravimetrische und volumetrische Kapazitit von MoO,
betragen 209mAhg=! und 1357mAhcc™! und liegen damit iiber denen von Li,Ti5Oy,
(Abb. b). In den Untersuchungen von Dahn et al. zeigten die mikrometergrofien
MoQ,-Partikel jedoch hohe Kapazitatsverluste bei der elektrochemischen Zyklierung iiber
den Phaseniibergang hinaus. In den folgenden Jahren gelang es durch die Nanoskalierung die
Zyklenstabilitét signifikant zu verbessern, so berichtete Sen et al. fiir MoO,-Nanobénder
hohe stabile Kapazititen um 150mA hg~! fiir iiber 200 Zyklen bei 100mA g~!. Die ergin-
zenden ez-situ XRD-Studien zur Untersuchung der strukturellen Entwicklung wahrend der
De- /Interkalation demonstrierten zudem die Reversibilitiat des Phaseniibergangs, wie auch
die ez-situ XRD-Studien und Analyse mittels dichte-Funktional-Theorie von Kim et al.
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Abbildung 1.7: (a) Schematische Darstellung der Kristallstrukturen und Potentialverlaufe
von MoO, bei der De-/Interkalation von 0,98 Li*-Tonen. [102].(b) Vergleich der gravimetrischen
und volumetrischen Energiedichte von MoO, und Li, Ti;O;, Aus [103].

zeigen. Liu et al. synthetisierten MoOy-Nanoplattchen, die bei 1 C zwischen dem 1000
und 2000 Zyklus einen Kapazititsverfall von lediglich 0,015mA hg~! pro Zyklus. Park et al.
demonstrierte mit seinen Untersuchungen, dass durch die Reduktion der Partikelgrofie
zudem die elektrochemische Aktivitéit signifikant gesteigert werden kann. Im Vergleich zu
MoQ,/C-Mikrostédbchen zeigten die mittels kolloider Vermahlung hergestellten Partikel mit
einer Grofle unter 200 nm, weitaus hohere spezifische Kapazitiaten, so erreichten sie bei 0,5 C

L und selbst bei einer hohen Stromdichte von

eine spezifische Kapazitidt von 206 mA h g™
30C noch 129mAhg~!. AuBlerdem wiesen sie mit einem Erhalt von 98,6 % der initialen

Delithiierungskapazitdt nach 100 Zyklen bei 0,5 C eine hervorragende Zyklenstabilitit auf.

Zwar wurde bereits in den Jahren zuvor fiir MoO,-Nanopartikel berichtet, dass bei der elek-
trochemischen Zyklierung bis 0,01V vs. Li/Lit eine fiir interkalations-basierte Speicherung
ungewohnliche hohe Anzahl von iiber 3 Lit-Ionen/f.u. reversibel eingelagert werden kénnen
, doch erst durch die von Ku et al. durchgefiihrten Réntgenphotoelektro-
nenspektroskopie (engl. X-ray photoelectron spectroscopy, XPS) konnte aufgeklirt werden,
dass die Speicherung von mehr als 1Li"-Ton/f.u. auf einer Konversionsreaktion beruht,
die entweder durch Erhéhung der Raumtemperatur oder Verkleinerung der Partikelgréfle

begiinstigt wird.

(A) MoOy +zLit +2ze” === Li;MoO, (0 <z <0,98)

(B) Li;MoO, + (4 —z)Lit + (4—2)e” == 4MoO, + Li,O

Die hohe theoretische Kapazitit von 838 mA hg~! hat in den folgenden Jahren groBes Inter-

esse an MoQO, als Anodenmaterial geweckt. Als Konversionmaterial unterliegt jedoch auch
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MoQ, bei der Zyklierung starken Volumendnderungen, die sich negativ auf die Zyklenstabi-
litdt auswirken. Um die elektrochemische Performance zu verbessern, wurden verschiedene
morphologische Modifikationen entwickelt, wobei der Fokus insbesondere auf nanoskalierte
Materialien [106, (109, [110] lag. Des Weiteren haben sich mesoporose Strukturen [111],
aufgrund der groflen Oberfliche, die sie bieten, als vielversprechend erwiesen. Obwohl die
elektrochemischen Figenschaften durch die morphologische Modifikation deutlich optimiert
werden konnten, ist fiir eine kommerzielle Anwendung eine weitere Verbesserung der Zyklen-
stabilitdt erforderlich. Dies hat zur Herstellung von Kompositen mit Kohlenstoffallotropen,
wie Graphene [112], CNTS [113], amorphen Kohlenstoff [114] gefiithrt. So berichten Sun et
al. [115] fiir MoOy-Nanopartikel, die in eine Matrix aus Kohlenstoff eingebettet sind, von
einer spezifischen Kapazitit in Héhe von 734mA hg~! nach iiber 350 Zyklen bei 50 mA g~
Interessant sind auflerdem die Untersuchungen von Shon et al. [116] an mesopordsen MoO,-
Elektroden. Sie liefern bei einer Stromdichte von 0,1 C iiber 50 Zyklen eine extrem hohe
stabile Kapazitit um 1500mAhg~!, die bis heute hochste Kapazitit ist, die fiir MoO,
gemessen wurde und den theoretischen Wert basierend auf der Konversionsreaktion deutlich
iiberschreitet. Die Analyse mittels in-situ XRD, TEM verbunden mit Elektronen-Energie-
Verlust-Spektroskopie (EELS) und Computermodellierung decken auf, dass die Speicherung
der LiT-Tonen nicht iiber eine Konversionsreaktion stattfindet und stattdessen die nano-
skalige Porenstruktur des Materials einen anderen Speichermechanismus erméglicht, der
noch weiter erforscht werden muss, um die Griinde fiir die hohe Lithium-Speicherfahigkeit
zu finden. Dies bietet moglicherweise eine vielversprechende Strategie fiir das Design von

Hochenergie-Anodenmaterialien.

Das Vanadiumsesquioxid V4,05 ist vor allem als Mott-Hubbard-Isolator bekannt, der bei
einer Temperatur um 160 K einen Metall-Isolator-Phaseniibergang erster Ordnung aufweist
[117]. Dabei geht mit Abnahme der Temperatur die paramagnetische rhomboedrische Phase
mit Korund-Struktur (Raumgruppe R3c) in eine antiferromagnetische monokline Phase
(Raumgruppe 12/a) tiber. Bei Raumtemperatur weist V,05 eine hohe elektronische Leitfa-
higkeit von 102 Sem™! [118] auf, weshalb es bereits erfolgreich als leitfihige Beschichtung von
LiFePO,-Partikeln zur Optimierung derer elektrochemischen Eigenschaften eingesetzt wurde
[119]. Tranchant et al. [120] untersuchten im Jahr 1980 die elektrochemischen Eigenschaften
von V5,05 in einem Potentialbereich zwischen 2V und 3,5V gegen Li/Li™ und erklédrten
es aufgrund der geringen Kapazitdt ohne erkennbare Plateaus in den Potentialverlaufen
fiir ungeeignet als Kathodenmaterial in LIBs. Das Interesse der Forschung an V,05 als
Anodenmaterial wurde von Li et al. [121] geweckt, die basierend auf thermodynamischen Be-
rechnungen V,0j eine theoretische spezifische Kapazitiit von 1073 mA hg~! bei Potentialen

unterhalb von 1V gegen Li/Lit zuschrieben. Der zugrunde liegende Speichermechanismus
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setzt sich aus einer anfinglichen Interkalation und einer anschlieenden Konversionsreaktion

zusaminen:

(A) V203 +x Ll+ + e (:> LIIV2OS

(B) LizV,05 + (6 —2)LiT + (6 —z)e” == 2V + 3Li,0O

Die Ergebnisse der experimentellen Untersuchung von Li et al. [121] lieferten jedoch fiir
V,03 eine Kapazitét von nicht einmal der Hélfte des theoretisch erwarteten Werts verbunden
mit einer schlechte Reversibilitdt. In den nachfolgenden Jahren wurden viele Anstrengun-
gen unternommen, um die elektrochemischen Eigenschaften von V4,05 zu optimieren. Der
Schwerpunkt lag dabei auf der Herstellung von Kompositen mit verschiedenen Kohlenstoff-
modifikationen und Morphologien, um die schlechte Zyklenstabilitat aufgrund der starken
Volumenénderungen bei der Konversionsreaktion zu verbessern. Da die oberflichennahen
Vanadiumatome von V5,03 aufgrund deren geringer Valenz (V31), leicht in hohere Valenzzu-
stinde (V4 oder V°T) oxidieren, ist eine Beschichtung von V,05 mit Kohlenstoff zudem in
Hinblick auf dessen Stabilitat an Luft interessant [122]. Jiang et al. [123] synthetisierten
in-situ mit Kohlenstoff beschichtete Mikrosphéren, die mit einer spezifischen Delithiierungs-
kapazitiat von 437,5mAhg~! nach 100 Zyklen bei 100mA g=! 92,6 % des initialen Werts
erhalten. XRD-Untersuchungen bestédtigen zudem, dass die Kohlenstoffbeschichtung die
V,03-Partikel vor Alterung schiitzt. Dong et al. [124] berichten von einem Komposit aus
1

nanoskaligem V,03;und amorphen Kohlenstoff, das nach 100 Zyklen bei 200mA g~ eine

reversible Kapazitiit von 780 mA h g~ liefert. In Kohlenstoff eingekapselte V,04-Nanofiden
weisen bei einer Stromdichte von 100 mA g~! stabile spezifische Kapazititen um 985 mA hg~!
auf und selbst bei 5000 mA g~ noch 519mA hg~! [125]. Neben amorphen Kohlenstoff wur-
den weitere Kohlenstoffmodifikationen, wie CN'Ts [126] und reduziertes Graphenoxid [127,

128] untersucht.

Unter den Konversionsmaterialien gelten Manganoxide aufgrund ihrer hohen Umweltvertrég-
lichkeit, Wirtschaftlichkeit und leichten Verfiigbarkeit als vielversprechende Anodenmateria-
lien fiir LIBs [129]. Fan et al. [130] untersuchte erstmals im Jahr 2010 mit Hilfe von ez-situ
XRD- und TEM-Studien den Speichermechanismus der Manganoxide MnO, MnO,, Mn,04
und Mn3;0O,. Die Ergebnisse zeigen, dass nach der ersten vollstdndigen Lithiierung in allen
Oxiden die reversible De-/Lithiierung tiber denselben Prozess ablauft. Unterschiede liegen
in der theoretischen spezifischen Kapazitit sowie die Hohe des initialen Kapazitdtsverlust

aufgrund der irreversiblen Prozesse bei der ersten Lithiierung. Das im Mineral Hausmannit
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natiirlich vorkommende Manganoxid MnzO, besitzt nach MnO die hochste theoretische

spezifische Kapazitdt und den geringsten initialen Kapazitdtsverlust basierend auf folgendem

Reaktionsmechanismus:

(A) MnzO, + Lit + e —— LiMn;0, Qi = 117TmAhg™!
(B) LiMn3O, + Li*T + e — Li,O + 3MnO Qi = 117mAhg!
(C) 3MnO + 6Li" + 6e- = 3Li,O + 3Mn Qin = 703mAhg!

Um einen tieferen Einblick in den Speichermechansimus von Mn3O, zu bekommen, fithrten
Lowe et al. in-situ XRD- und XAS-Studien, deren Ergebnisse in Abb. zZusammen-
gefasst sind. Sie konnten zum einen zeigen, dass die Lithiierung zunéchst an der Oberfliche
von Mn3;O, mit simultan ablaufender Reduktion von Mn;O, und LiMn;O, stattfindet.
Metallisches Mn hingegen ist erst nach der Reduktion von Mn?* in einen durchschnittlichen
Oxidationszustand von Mn'T zu finden. Die Ergebnisse zeigen zudem, dass mit der Lithiie-
rung ist sukzessive Amorphisierung des Materials verbunden ist. Des Weiteren wurde gezeigt,
dass ein grofler Teil der Ladung kapazitivartig gespeichert wird, wobei der zugrundeliegende
Prozess jedoch weiter erforscht werden muss.
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Abbildung 1.8: (a) Potentialverldufe des 1.Zyklus bei der De-/Lithiierung von Mn;0,. Der
Verlauf wéhrend der Lithiierung wurde in drei Bereiche I bis III aufgeteilt. Bereich IV entspricht
dem Delithiierungsvorgang. (b) Schema des Reaktionsmechanismus mit den beobachteten auf
Manganbasierten Verbindungen. Aus .

Mn4O, iibertrifft mit einer hohen reversiblen Kapazitit von 703mAhg~! und einem nied-
rigen Redoxpotential um 0,3V Graphit in Bezug auf die gravimetrische Energiedichte bei
weitem. Um die Anwendungsreife als Anodenmaterial in kommerziellen LIBs zu erreichen,
gilt es jedoch dessen extrem niedrige elektrische Leitfihigkeit (1077-10"8 Sem™!) und die
schlechte Zyklenstabilitat aufgrund der starken Volumenédnderung von iiber 170 % bei

der De-/Lithiierung zu iiberwinden. Zur Verbesserung der elektrochemischen Performance
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von Mn30O, als Anodenmaterial wurden verschiedene Ansétze verfolgt, wie die Modifikation
der Morphologie und die Herstellung von Kompositen mit Kohlenstoffallotropen. Huang et
al. [133] untersuchte den Einfluss der PartikelgréBe an verschiedenen Mn;0,-Nanooktaeder
mit Abmessungen zwischen 40 nm und 350 nm. Die Ergebnisse zeigen einen klaren Zusam-
menhang zwischen der Partikelgrofie und den elektrochemischen Eigenschaften. Je kleiner die
GroBe der Nanooktaeder und somit grofler deren Oberfliche ist, desto hoher ist die elektro-
chemische Aktivitat und Hochstromféhigkeit. So erzielen die kleinsten Mn;0,-Nanooktaeder
mit spezifischen Kapazititen um 800 mAhg, 500mA h g~! und 350 mA hg~! bei einer Strom-
dichte von jeweils 50mA g~ 100mA g~! und 500 mA g~'die hochsten Werte. Aufgrund des
stetigen Kapazititsverlusts, den sie erleiden, bleibt jedoch nach 50 Zyklen bei 50 mA g~!
weniger als die Halfte der Kapazitit des ersten Delithiierungszyklus erhalten. Bai et al. [134]
synthetisierten mesoporése Mn3;O,-Nanorohrchen mit hervorragender Zyklenstabilitét, die
iiber 100 Zyklen bei 500 mA h g~ 'eine stabile reversible Kapazitit um 500 mA h g~ !liefert.
In den letzten Jahren wurden zahlreiche Komposite von Mn;O,mit verschiedensten Koh-
lenstoffmodifikationen, wie amorphen Kohlenstoff [135+138|, Graphen[139-142], reduziertes
Graphenoxid [129| 143, [144], Graphit [145, 146], CNTs [59, 147, |148], entwickelt. Erst
kiirzlich berichteten Cao et al. [149] von einem Komposit, bestehend aus CNTs auf deren
Oberflache Mn;0,-Partikel angelagert sind. Es erreicht hohe spezifische Kapazitdten und
zeigt ein stabiles Zyklierverhalten; selbst nach 200 Zyklen betragt die reversible Kapazitat
895mAhg~! bei 500mA g~!. Wie REM- und TEM-Aufnahmen der zyklierten Elektrode
zeigen, ist dies auf die strukturelle Stabilitdt des Komposits zuriickzufithren. Durch die
Anlagerung auf die Oberfliche der CN'Ts kann eine Aggregation der Mn;0,-Nanopartikel

verhindert werden.

Biniire Ubergangsmetalloxide

Neben konversionsbasierten einfachen Ubergangsmetalloxide gelten binire Ubergangsme-
talloxidverbindungen ebenfalls als vielversprechende Anodenmaterial fiir LIB [97] [150]. Sie
profitieren von der Komplementaritit und dem synergetischen Effekt der Mischung zweier
Ubergangsmetalloxide, die nach der ersten vollstindigen Delithiierung vorliegt und das ur-
spriingliche bindre Metalloxid ersetzt [97, 151]. Zu diesen gehort unter anderem Kobaltferrit
CoFe,0,, das in einer Spinellstruktur der Raumgruppe Fd3m kristallisiert. Das grofite In-
teresse der Forschung gilt seiner magnetischer Eigenschaften, wie grofler magnetokristallinen
Anisotropie und hoher Koerzitivitdt und Magnetostriktion [152]. Es findet unter anderem
Verwendung in der Nanotechnologie als Material fiir hochkapazitive Magnetspeicher. Erst-
mals im Jahr 2004 berichteten Alcantaara et al. [153] von seinem potenziellen Nutzen als

Anodenmaterial in LIBs. Kurz darauf ist es Chu et al. [154] gelungen, mittels ez-situ XPS und
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XRD-Studien die zugrunde liegenden Reaktionen der Li*-Ionen-Speicherung aufzukliren.

(A) CoFey,Oy + 8LiT + 8¢~ —— 4Li,0 + 2Fe + Co Qi = 914mAhg!

(B) 4Li,O + 2Fe + Co == Fe,O5 + CoO + S8Lit + 8e” Qi = 914mAhg!

In-situ XRD- und ez/in-situ Rontgenabsorptionsspektroskopie (engl. X-ray absorption
spectroscopy, XAS) von Permien et al. [155] liefern einen tieferen Einblick in die Prozesse,
die wahrend der Konversion ablaufen, und fithren damit zu einem besseren Verstdndnis
des Speichermechanismus von CoFe,O,. Sie beobachten zum einen wéhrend der Lithiierung
die Umwandlung der urspriinglichen Spinellstruktur der Raumgruppe Fd3m in eine NaCl-
Struktur der Raumgruppe Fm3m, bei der die Kationen von den Tetraeder-Plitzen zu
benachbarte leere Oktaeder-Platzen wandern (Abb. a). AuBlerdem weisen sie nach, dass
nach der Lithiierung nanoskalierte metallische Co- und Fe-Partikel vorliegen, die in einer
Li,O-Matrix eingebettet sind, und nach der Delithiierung zu Co?* und Fe3* oxidiert sind
(Abb. [1.9b). Sie identifizieren zudem als eine Ursache fiir Kapazitéitsverluste die Abnahme
der Oxidation von Co® zu Co?T, wohingegen die Reaktion Fe® 7 Fe?* iiber viele Zyklen
reversibel abléuft (Abb. [1.9)b).

Aufgrund der hohen theoretischen Kapazitit von 918 mAhg~!'bei der Speicherung von
8 LiT-Tonen ist CoFe,O, auf groflies Interesse in der Batterieforschung gestofien. Die Ergeb-
nisse der Untersuchungen von Chu et al. [154] verdeutlichen, dass durch Nanoskalierung die
elektrochemischen Eigenschaften, insbesondere die Zyklenstabilitdt, von CoFe,O, signifi-
kant verbessert werden kann. Nach einer initialen Delithiierungskapazitit von 910mAhg=!
bei 1 C stabilisiert sich der Wert nach 20 Zyklen auf 610mA hg~!. Die Untersuchungen

von Lavela et al. [156] zeigen einen klaren Zusammenhang zwischen Synthesebedingungen,
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Abbildung 1.9: (a)In-situ Rontgendiffraktogramme von CoFe,O, wihrend der Einlagerung
von 2Lit-Tonen. (b) Ez-situ XAS-Scans an der Fe K-Kante (links) und an der Co K-Kante
(rechts) von unzykliertem CoFe,O, jeweils nach der ersten Lithiierung und nach ein, zwei und

drei Zyklen zusammen mit Spektren von metallischen Fe- bzw. Co-Folien zum Vergleich. Nach
[155].
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Morphologie und elektrochemischer Perfomance. So zeigen geschichtete flockenartige Ag-
gregate, die ein makropordses System bilden, die beste Zyklenstabilitdt und erreichen bei
1 C nach 75 Zyklen noch bis zu 739 mA hg~!. CoFe,O, mit dreidimensionaler makropordser
Struktur liefert bei 0,2mA cm™2 in den ersten Zyklen zwar sehr hohe Kapazitéiten iiber
1000 mA hg~!, allerdings zeigen sich bereits nach 30 Zyklen Verluste von iiber 40 % [157].
REM-Aufnahmen einer zyklierten Elektrode zeigen, dass die Struktur der mechanischen
Belastung aufgrund der starken Volumenénderungen wéhrend der De-/Lithiierung nicht
standhalten konnte und zerbrochen ist. Weitere Morphologien, die untersucht wurden, sind
unter anderem Nanostdbchen [158|, hierarchisch strukturierte Mikrosphéren [159] oder
hohle Nanosphéren [160]. Die Ergebnisse der Untersuchungen von Wu et al. [161] an reinen
CoFe,0,-Faden sowie einem Komposit mit Kohlenstoff demonstrieren, dass durch den
Verbund mit Kohlenstoff die Zyklenstabilitdt und Hochstromféahigkeit verbessert werden
kann. Letzteres ist auf den geringeren Ladungstransferwiderstand der CoFe,0,/C-Elektrode
zuriickzufithren, wie impedanzspektroskopische Untersuchungen zeigen. Ren et al. [162] ist
es gelungen durch Einkapselung von CoFe,O, in Kohlenstofffiden die Agglomeration der
bei der elektrochemischen Zyklierung entstandenen metallischen Nanopartikel zu verhindern,
wie ez-situ XRD-Studien bestétigen. Dies resultiert in einer hervorragenden Zyklenstabilitét
des CoFe, 0, /C-Komposits mit spezifischen Kapazititen iiber 700 mA h g~! nach 250 Zyklen
bei 100mA g~!. Zhang et al. [163] untersuchten verschiedene Komposite mit Kohlenstoff-
nanordhren. Im Vergleich zu den CoFe,O,-Nanosphéren, die lediglich mit CNTs vermischt
wurden, zeigen sich bei Verkniipfung mit CNTs bessere elektrochemische Eigenschaften, wie
eine héhere Kapazitit und Zyklenstabilitéit. Nach iiber 100 Zyklen bei 200mA g=! liefern sie
eine Kapazitit von 10456 mAhg~!, was 93 % der Kapazitit des ersten Delithiierungszyklus
entspricht. Der zusétzliche Beitrag, der zu einer spezifischen Kapazitét fithrt, die den theoreti-
schen Wert tibertrifft, beruht auf pseudo-kapazitiver Ladungsspeicherung. REM-Aufnahmen
zyklierter Elektroden demonstrieren, dass die CN'Ts die strukturelle Stabilitédt verbessern;
so ist urspriingliche Struktur des verkniipften CoFe,O,/CNT-Komposits auch nach 100
Ent-/Ladezyklen noch erhalten. Fiir reine CoFe,O,-Nanosphéiren wird hingegen nach 50 Zy-

klen ein deutliches Gréflenwachstum beobachtet, was deren schlechte Zyklenstabilitéit erklart.

Legierungsbildende Ubergangsmetalloxide

Nach einer Abschitzung von Badway et al. [164] konnen konversionsbasierte Materialien in
Bezug auf die Energiedichte nur dann mit Graphit konkurrieren, wenn sie unter Annahme
eines initialen Kapazitétsverlustes von 25 % spezifische Kapazitaten um 1000mAhg=" lie-
fern und bei Potentialen unter 0,6 V mit Lithium reagieren. Im Gegensatz zu den meisten

Konversionsmaterialien werden diese Bedingungen von legierungsbildenen Verbindungen
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erfiillt. So betrégt beispielsweise die theoretische Kapazitat von Silizium bei der Bildung von
Li;5Si, 3579mAhg~! bei einem Potential unter 0,4 V gegen Li/Li*. Die dabei auftretenden
erheblichen Volumenénderung bei der De-/Lithiierung von bis zu etwa 300 % [165] hat ihre
Anwendung in kommerziellen LIBs bisher ausgeschlossen. Ein vielversprechender Ansatz
ist es, die beiden Speichermechanismen zu kombinieren und statt der reinen Metalle die
entsprechenden Oxide zu verwenden, sodass bei der Lithiierung zunéchst eine Konversion-
reaktion ablduft bei der sich metallische Nanopartikel und Li,O bilden und anschliefend
die metallischen Nanopartikel mit Lithium eine Legierung eingehen. Die Idee basiert auf
dem Konzept, dass das bei der Konversionreaktion entandene Li;O eine elektrochemisch
inaktive Matrix bildet. Diese dient einerseits als Puffer fiir die bei der nachfolgenden Legie-
rungsbildung auftretenden Volumenédnderungen und und zum anderen als Haftmittel fiir die
metallischen Nanopartikel, um deren Aggregation zu verhindern [166]. Die Reversibiltat der
Konversionsreaktion ist abhiingig von der GroBe der Ubergangsmetallpartikel und ist daher
nicht mehr gegeben, wenn diese aggregieren [13], da die Riickbildung von Li,O nur ablaufen

kann, wenn die metallischen Nanopartikel ein leitf&higes Netz bilden [167].

FEin bekannter Vertreter dieser Klasse, der in den letzten Jahren in der Forschung grofe
Beachtung erfahren hat, ist ZnO. Fu et al. [168] gelang es erstmals im Jahr 2007 mit Hilfe
von ex-situ XRD-Studien den Speichermechanismus von ZnO nachzuweisen und die zuvor

angenommene Irreversibilitdt der Konversionreaktion zu widerlegen [169).

(A) ZnO + 2Lit + 2¢” == Li,O + Zn Qin = 659mAhg!

(B) Zn + Lit + e = LiZn Qin = 329mAhg!

Auch anschliefende Untersuchungen anderer Forschungsgruppen mittels ez/in-situ XRD
[170,171] und ex/in-situ XAS [172}|173] bestatigen die Reversibilitédt der Konversionreaktion,
allerdings nur fiir die ersten Zyklen. In-situ TEM-Studien zeigen, dass die Li,O-Matrix nicht,
wie angenommen, die sukzessive Aggregation der metallischen Nanopartikel verhindern kann,
sondern sich grofie Zink-Partikel mit einer Gréfle von bis zu einigen hundert Nanometern
bilden [174, 175]. Basierend auf den Untersuchungen von Park et al. [172] ist die Reversibilitét

der Konversionsreaktion jedoch nur fiir Partikelgréfien unter 3 nm gewahrleistet.

Ein erfolgreicher Ansatz, um diese Problematik zu 16sen und gleichzeitig die geringe elektro-
nische Leitfahigkeit von ZnO zu iiberwinden ist der Verbund von nanoskaligen ZnO-Partikel
mit Kohlenstoff [172]. Im Gegensatz zu reinem ZnO, das trotz einer initialen spezifischen
Delithiierungskapazitit um 600 mA hg=' bei 100mA g=! bereits nach 50 Zyklen nahezu
keine Ladung speichert, liefert das ZnO/C-Komposit selbst nach 200 Zyklen 570 mAhg~!,
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Kapitel 1 1 Einleitung und Grundlagen

was einem Kapazitatserhalt von 81 % gegeniiber dem ersten Zyklus entspricht. Neben Kom-
positen mit amorphen Kohlenstoff [176/-178] wurden weitere Kohlenstoffmodifikationen, wie

CNTs 180], Graphit und Graphen [182-184], entwickelt.
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Abstract

Li;VO,4 with various morphologies has been synthesized by a microwave-assisted hydrothermal method. It is shown that the
crystal size and morphology of Li; VO, are determined by the type of solvent in the reaction solution and possible reasons of the
solvent-type effect are discussed. Electrochemical studies of as-prepared Li; VO, as anode materials for Li-ion batteries demon-
strate a clear influence of the materials’ morphology and surface properties on the electrochemical performance. Li; VO,
nanocrystals with a porous structure exhibit an enhanced electrochemical activity with an initial discharge capacity of

163 mAh g .

Keywords Li;VO, - Hydrothermal synthesis - Anode material - Lithium-ion batteries

Introduction

Lithium-ion rechargeable batteries have high current and power
densities compared with other rechargeable batteries. The major
challenges in designing next-generation lithium-ion batteries
(LIB) include the need to increase their energy density, cycling
life, and charge/discharge rate capability. This demands the
design of improved electrode materials with favored properties,
e.g., fast Li-ion diffusion and small volume changes upon elec-
trochemical cycling [1]. In this respect, among the different
reaction mechanisms, intercalation-type anodes are particularly
promising [2, 3]. The commercially widely used graphite fea-
tures a high theoretical capacity of 372 mAhg ' [4, 5].
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However, it exhibits a low voltage plateau (below 0.3 V vs.
Li/Li*) near to the potential to that of deposition of Li metal
which involves the risk of dendrite formation [6]. Alternative
materials LIBs are Li4TisO;, and TiO,. In particular, the spinel
Li4TisOq, is used in niche applications as it can accommodate
three Li-ions with a, however, low theoretical specific capacity
of 175 mAhg " at a flat potential of 1.55 V [7, 8]. TiO, dem-
onstrates double theoretical specific capacity (335 mAhg " at
x=11n Li,TiO,) and high Li insertion potential (1.5-1.8 V vs.
Li/Li*) [9]. However, the maximum value of Li insertion is
limited to x = 0.5, corresponding to the theoretical capacity of
167.5 mAhg ' [10]. Additionally, this material has low electri-
cal conductivity and poor cycling performance. Good electro-
chemical performance was reported for elongated TiO, nano-
structures such as rods or tubes [11, 12]. Due to high aspect
ratio and porous morphology, TiO, nanostructures allow effi-
cient transport of lithium ions and a high charge/discharge ca-
pacity (about 250 mAhgfl).

Recently, lithium orthovanadate, Li;VOy,, has been sug-
gested as another promising intercalation-type anode material
for lithium-ion batteries [13—19]. In comparison with graphite,
Li4TisO,, and TiO,, lithium orthovanadate could be interca-
lated by Li-ions in the voltage range 0f 0.2-1.0 V (vs. Li/Li").
Its high working voltage offers a save operating potential and
allows to effectively avoid the deposition of lithium metal on
the electrode. In addition, it demonstrates a large theoretical
reversible specific capacity comparable to that of graphite
(394 mAhg_l) corresponding to x=2 in Li;,,VO,4. Low
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and safe voltage combined with a large specific capacity per-
mit to claim that Li; VO, might play a promising role as a new
insertion anode for LIB.

There are two known LisVO4 polymorphs: the low-
temperature 3-form and the high-temperature y-form. Its
crystal structure belongs to the Li;PO,4-type which is com-
posed of a 3D network of corner-sharing LiO4 and VO, tetra-
hedrons (Fig. 1). The empty sites of the crystalline framework
generate straight channels along the a- and c-axes, and zigzag
channels along the b-axis, both of which providing potential
intercalation paths for Li-ions.

Various methods have been attempted to synthesize
Li3VOy, including solid-state reaction [14, 20, 21], hydrother-
mal [22-24], aerosol spray [25], sol-gel [26, 27], precipitation
[20], and self-template [28] methods. Solid-state synthesis and
precipitation are the most conventional and widely used
chemical syntheses. Nevertheless, they lead to broad particle
size distributions of the final product. Besides, it is hard to
prevent the agglomeration of the primary nanoparticles, which
may cause poor electrochemical performance. Whereas, sol-
gel and conventional hydrothermal methods can promote pre-
cursors to achieve mixing and homogenizing up to the nano-
meter level. Both procedures, however, usually require a long
and time-consuming sintering process. Similarly, as the aero-
sol spray method is also costly in terms of time and requires
sophisticated equipment, it is not advantageous for large-scale
production. Compared with conventional methods, hydrother-
mal microwave-assisted synthesis is quite faster, simpler, and
more energy-efficient providing the production of the final
product with a smaller particle size and improving its electro-
chemical performance [29].

In this paper, the hydrothermal microwave-assisted route is
introduced to synthesize Li;VO,. The study is focused on the

results of the structure, morphology, and electrochemical per-
formance of Li;VO,.

Experimental

The starting materials used in the experiment were of analyt-
ical grade and purchased from Sigma—Aldrich. In a typical
procedure, 0.234 g NH,VO; and 0.252 g LiOH-H,O (the
molar ration of NH;VO; to LiOH-H,O = 1:3) were dissolved
in 30 ml distilled water. After stirring for 20 min, the clear
solution was poured into a sealed glass vial and then trans-
ferred into a microwave reactor (Monowave 300, Anton Paar).
On a ramping time of 10 min, the vial was heated at 180 °C,
held at this temperature for 20 min, and cooled by compressed
air up to 40 °C. The product was collected by centrifugation
and washed with deionized water several times. The as-
prepared material is labeled as Li3VO4-W. For the purpose
of comparison, Li;VO,4 was also prepared in an ethanol-
assisted route using a volume ratio of C,HsOH to H,O =
1:1. The resulting material is denoted as Li;VOy4-E. To inves-
tigate the effect of pounding on the electrochemical activity,
Li3;VO4-E powder was grinded using a mortar for 15 min; this
sample is labeled as Li; VO4-E(G).

The structure and morphology of the resulting product
were characterized by X-ray powder diffraction (Shimadzu
XRD-7000S, Cu K, radiation, A=1.540 A), ZEISS Leo
1530 scanning electron microscopy (SEM), and JEOL JEM
2100 transmission electron microscopes (TEM). The specific
surface area and pore volume of the samples were measured
by a surface area and porosity analyzer (Gemine VII,
Micromeritics).

Fig. 1 XRD patterns of Liz; VO,
synthesized in the presence of
ethanol (blue line), in water
without ethanol (red line), and the
expected Bragg positions for the
Li;VOy structure (left). Crystal
structure of Li; VO, along (001)
direction (right). Oxygen atoms
are denoted by red balls, and LiO4
and VO, tetrahedra are marked by
green and violet color,
respectively

Intensity (a.u.)
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Electrochemical studies were performed in Swagelok-type
two electrode cells using a VMP3 potentiostat (Bio-Logic
SAS) at 25 °C (see [30]). The working electrodes were pre-
pared by mixing LizVOy, carbon black (Timcal), and
polyvinylidene fluoride binder (PVDF, Solvay Plastics) dis-
solved in N-methyl-2-pyrrolidone (NMP, Sigma—Aldrich) in a
weight ratio of 75:20:5. In order to ensure a homogeneous
distribution, the mixture was stirred for at least 12 h.
Afterwards, most of the NMP was evaporated to obtain a
spreadable slurry that was applied on circular Cu-meshes with
a diameter of 10 mm. The electrodes were dried in a vacuum
oven at 80 °C, mechanically pressed with 8 MPa, and then
dried again. The loading density was about 2 mg cm 2. As
counter electrode, a lithium metal foil disk (Alfa Aesar)
pressed on a nickel current collector was used. Both electrodes
were separated by two layers of glass fiber separator
(Whatman GF/D), which was soaked with 200 pl electrolyte
(Merck Electrolyte LP30), a 1 M LiPFg salt solution in 1:1
ethylene carbonate (EC) and dimethyl carbonate (DMC). The
cells were assembled in a glove box under an argon atmo-
sphere (O,/H,O <5 ppm).

Results and discussion

Lithium orthovanadate, Li;VOy,, was synthesized by the fol-
lowing reaction:

In Fig. 2, the XRD pattern of the material prepared using
pure water as solvent (marked W) is shown in comparison to
the one synthesized in the presence of ethanol (marked E). All
diffraction peaks of the patterns can be indexed in the ortho-
rhombic 3-Liz; VO, phase with the space group Pnm2, accord-
ing to the standard pattern of COD-1528868. Lattice parame-
ters determined by means of full-profile analyses with the
FullProf Suite are in a good agreement with reference data
(Table S1). As shown in Fig. 1, Li3VO4-W exhibits sharper
diffraction peaks which we associate to the larger crystal size
in comparison with samples synthesized in the presence of
ethanol. The crystallite sizes of the as-synthesized samples
are calculated using Scherrer equation:

D = K\/A(26)cos0, (2)

where D is the average grain size based on the particular
reflecting crystal face (hkl) direction, K is a shape factor which
can be approximated to 0.93, \ is the wavelength of the ap-
plied Cu K« radiation, A(26) is the full width at half-
maximum of the diffraction peak, and 6 is the Bragg angle.
The analysis of the 110 and 101 peaks yields average crystal-
lite sizes of 68 £5 nm for both Li;VO4-E and Li;VO4-E(G)
samples. In contrast, Li;VO4-W is a bulk material with an

average crystallite size of more than 100 nm which renders
Scherrer’s formula non-applicable. This indicates that the
crystal size decreases with the addition of ethanol to the reac-
tive system.

The influence of the solvent type on the morphology of the
synthesized samples is further examined by SEM as illustrated
in Fig. 2. As shown in Fig. 2a, Li3VO,4-W which is hydrother-
mally synthesized with water as solvent mainly possesses ir-
regular aggregates. Some particles exhibit a truncated tetrag-
onal pyramid-like shape with sharp corners and well-defined
edges of 1-4 um in length. These particles show smooth sur-
faces. In the presence of ethanol as solvent in the reactive
system, self-assembled hierarchical porous microspheres with
a size of around 1 pm are formed (Fig. 2b). The surface of
Li3VO4-E is very rough and consists of numerous flake-like
nanoparticles which sizes range from 40 to 200 nm. Between
these particles, the large holes are distinctly exhibited (Fig.
2¢). Similar Li3VOy particles of sphere-like shape have been
also fabricated with the usage of ethanol as solvent under
conventional hydrothermal conditions by other researchers
[31]. As seen in Fig. 2d, grinding of Li;VOy-E yields breaking
of the sphere-like particles and formation of weakly agglom-
erated of about 50-70-nm-sized nanocrystals (Li3VO4-E(G)).
Note that according to Scherrer’s analysis, it does not signif-
icantly affect the primary particles size but mainly affects
agglomerates.

Additionally, TEM investigation was applied to further
study the morphology of Li;VO,4-E in detail. As shown in a
low-magnification TEM image in Fig. 3a, the Li;VO,4-E com-
pounds are composed of sphere-like microparticles which size
ranges from 0.9 to 1.5 um. As seen, these particles show
uneven surfaces with cavities. The high-resolution TEM
(HRTEM) image of Li;VO4-E in Fig. 3b exhibits lattice
fringes with spacing of 0.35 nm, which corresponds well with
the (011) plane of the orthorhombic LizVOy,.

Our data highlight the crucial role of solvent in the synthe-
sis process. The morphology of samples prepared using a
mixture of water and ethanol as solvents significantly differs
from that of Li; VO, synthesized in H,O only. It is known that
the polarity and the saturated vapor pressure of the solvents
during the hydrothermal (solvothermal) treatment are relevant
solvent parameters which determine the morphology and size
of'the final product [32]. The polarity of the solvent is propor-
tional to the dielectric constant, which for water and alcohol is
80.1 and 25.3 at 25 °C, respectively [33]. Chen et al. have
determined the correlation between particle size and dielectric
constant of alcohol/water solution [34]. There is a linear rela-
tionship between the reciprocal of particle size and the recip-
rocal of the dielectric constant for various kinds of alcohols
which implies that the polarity of the solvents affects the nu-
cleation rate and particle size of the prepared nanoparticles. In
general, more polar solvents facilitate nucleation and tend to
result in bigger particles according to the Ostwald ripening
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process [35]. The saturated vapor pressure influences not only
the nucleation of the crystals but also the morphology of the
materials since it is inversely proportional to the boiling point
of the solvents [36]. For water and ethanol at ambient pres-
sure, the boiling points of water and ethanol amount to 100
and 78.29 °C, respectively [33]. Accordingly, larger Li; VO,
crystals with faceted morphologies were obtained in water
which possesses lower vapor pressure. This implies that the

Fig. 3 (a) TEM and (b) HRTEM
images of Li3VO4-E

lower saturated vapor pressures assist more rapid growth of
the Li; VO, nuclei, resulting in larger particles. In contrast, the
saturated vapor pressure of ethanol is high, so that growth of
the Li3VO, nuclei is limited, leading to the predominant nu-
cleation of nanosized particles. Aggregation of these nanopar-
ticles to the observed clusters and assemblies of various mor-
phology takes place to reduce the overall surface area and thus
to lower the surface energy of the compound.
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In addition to size of primary and secondary particles, elec-
trochemical activity of a material is influenced by surface
properties such as specific surface area and pore size distribu-
tion. Both properties have been investigated on the LisVO,
samples at hand by physisorption of nitrogen using the
Brunauer—-Emmett—Teller (BET) method. The specific surface
area, average pore size, and total pore volumes for the samples
are summarized in Table S1, indicating that the use of different
solvents has substantial effects on the textural properties of the
materials. The nitrogen adsorption—desorption isotherms of
Li;VO4-W (data not shown) imply a very low surface area
of roughly 0.02 m* g ' as expected for a typical bulk material
with a non-porous structure. The similar value of the specific
surface was obtained by G. Yang et al. [22]. In contrast, ap-
plication of ethanol as solvent during the hydrothermal treat-
ment increases the specific surface area of the sample to
236 m* g '. Additionally, grinding of Li;VO4-E further in-
creases the BET surface area by nearly four times
(8.91 m* g'). According to the classification of I[UPAC
[37], sorption isotherms (Fig. 4a) obtained on Li;VO,4-E pre-
pared with ethanol as solvent feature a type IV behavior with a
type H3 hysteresis, which is a characteristic for particles with
rather uniform particle size distribution and a slit-shaped
mesoporous structure. Analysis of the pore size distribution
(Fig. 4b) shows that both Li3VO4-E and Li;VO4-E(G) sam-
ples exhibit a wide pore size distribution from 2 to more than
120 nm. Li3;VOy4-E mainly features mesopores which sizes are
centered at around 11 and 17 nm. Grinding, which yields the
abovementioned partial breaking of agglomerates, also affects
the porosity: the pore-size distribution of Li; VO4-E(G) is rath-
er broad and has two distinct maxima. One of which is asso-
ciated with mesopores of about 5 nm. According to the liter-
ature, these pores may be attributed to the presence of

interstices between the primary particles [38]. The larger pores
(concentrated around ~ 36 nm) of Li;VO,4-E(G) are supposed
to result from aggregation of the nanosized crystals. To sum-
marize, the obtained textural parameters show that use of eth-
anol as solvent and grinding of the final product yields in-
crease of surface area and porosity which both may enhance
applicability of the materials for electrodes in LIB.

In order to assess the effects of modified materials param-
eters on the electrochemical performance, Li; VOy4-based elec-
trodes have been investigated by means of cyclic voltammetry
and galvanostatic cycling with potential limitation (GCPL) in
the range 0.2-3.0 V. Figure 5 a shows the first, second, and
tenth cycle of the cyclic voltammogram (CV) of LizVO4-E
recorded at a scan rate of 0.1 mV/s. The first reductive sweep
shows a weak peak R; at 1.19 V and three pronounced ones at
0.67 V (Ry), 0.37 V (R3), and at the lower limit 0.2 V (Ry).
The peaks R, and R; can be assigned to intercalation of Li*
into Li; VO, [39]. During the first cycle, formation of the SEI
contributes to the electrochemical activity in the same voltage
range [23]. As of the second cycle, a shift of the peaks R, and
Rj; to slightly higher potentials 0.82 V or rather 0.56 V is
observable which is attributed to structural changes caused
by an irreversible phase transformation during initial cycling
[39, 40]. The first oxidative scan shows the main peak O,
around 1.18 V, which corresponds to the delithiation of
Li3VO, [39], and a weak peak O around 2.5 V. Upon further
cycling, O, gets broader and the oxidation peak O, around
0.3 V shows up. The redox pair O,/R4 corresponds to the de
—/lithiation processes related to carbon [41]. However, the
underlying processes of the weak peaks R; and Oj that are
observed also by Ni et al. [23] remain unclear.

In order to investigate the cycling performance and rate
capability of Li;VO, with different morphologies, GCPL
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Fig. 4 (a) Nitrogen sorption isotherms and (b) corresponding pore size distribution curve of Li;VO,4-E and LizVO,4-E(G) samples
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Fig. 5 (a) CVof Li3VO,4-E studied at a scan rate of 0.1 mV st Specific
charge/discharge capacities (b) and (c) potential profiles of the first and
hundred cycles of LizsVO4-W, Li3VO4-E, and Liz;VO4-E(G) for

measurements have been performed. Figure 5 b shows the
evolution of charge/discharge capacities during long-term
measurements at a current density of 100 mA g~ for 100 cy-
cles. The belonging potential profiles in Fig. Sc exhibit pla-
teaus corresponding to the peaks that are visible in the CV
(Fig. 5a). For each sample, there is a large irreversible contri-
bution in the first half cycle due to the SEI formation and
structural changes [21, 39]. It is noticeable that the
nanocrystals (LizVO4-E(G)) reach the highest capacity over
all cycles. In the first and the hundredth cycle, a charge capac-
ity of 163 and 104 mAh g™ is measured, respectively, while
for the porous hierarchical microspheres (Li;VO4-E) just 69/
68 mAh g ! and for the bulk material with non-porous struc-
ture (LisVO,-W) 39/44 mAh g ! are reached. Comparing the
samples that have been synthesized with and without ethanol
shows that Li;VO,4-E, which features more than 100 times
larger surface, achieves about 60% higher capacity than
Li3VO4-W. Grinding of sample Li;VOy4-E results in a more
than three times larger surface area and yields an increase of
the capacity of around two times for Li;VO4-E(G). As expect-
ed, larger reaction surface leads to a higher electrochemical
activity of Li3VO, as on the one hand electrolyte diffusion is
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facilitated, and on the other hand, a large contact area with the
conductive additive enables good electron transport pathway
[22]. However, regarding the relative cycling stability, the
grinded sample Li;VO,4-E(G) delivers the least results with a
discharge capacity loss of 36% between the first and hun-
dredth cycle. In contrast, the other materials exhibit a more
stable behavior. In case of Li;VOy4-E, a small capacity loss of
1% and for Li;VO4-W even an increase of 13% is observable.
The lower cycling stability of Li; VO4-E(G) may be attributed
to huge charge depth yielding to structure damage caused by
distortion and expansion upon cycling [21].

Furthermore, the rate capability of the different samples
was studied at cycling rates between 100 and 1000 mA g .
The specific charge/discharge capacities are shown in Fig. 5d
and the potential profiles in Fig. S1-S3. Again, the
nanocrystals Li3sVO4-E(G) show enhanced rate performance.
Even at a high current density of 1000 mA g ', a discharge
capacity of 67 mAh g™ is still achieved, which is more than
twice of that of the other materials. Moreover, it is observable
that the capacity of Li;VO4-E(G), LizVO4-E, and Li;VO4-W
can regain to about 96%, 97%, and 95% when the current
density returns to the initial value of 100 mA g~'. Notably,
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Table 1 Summary of the

electrochemical performance of Method Current density 1 C~394 Discharge capacity Ref.

Li3VOy, electrodes prepared via mA g ' (mA g 'rate (mAh g ')/cycle no.

different synthesis methods
Solid-state reaction 20 283/25 [14]
Precipitation 1C 190/100 [20]
Solid-state reaction 20 116/50 [21]
Hydrothermal 100 200/100 [22]
Aerosol-assisted 400 150/5 [25]
Hydrothermal 100 350/100 [31]
Solid-state reaction 20 143/50 [42]
Sol-gel 4000 52/1000 [43]
Sol-gel 30C 160/60 [44]

in case of a constant current density of 100 mA g ' (Fig. 5b),
the capacity loss between cycle 41 and 10 is even larger (e.g.,
Li3VO4-E(G) 10%). This observation can be also traced back
to higher degradation effects of a more comprehensive de
—/lithiation process as it is in the case of lower cycling rates
[21]. Table 1 illustrates the electrochemical performance of
Li3VO, prepared via different synthesis methods. It is obvious
that the electrochemical performance of Li;VO,4 mainly de-
pends on morphological features as particle size and surface
texture. These parameters determine the specific surface of the
material which is related to the transport path lengths.

Conclusions

In conclusion, a facile and low-cost approach was developed
for the synthesis of Li;VO, with different morphology by
means of the hydrothermal microwave-assisted method. In
particular, using a mixture of water and ethanol used as sol-
vent yields hierarchically structured Li; VO,4 microspheres as-
sembled from stacked nanoflakes, while without ethanol, the
procedure yields a rather bulk-like material with micro-sized
primary particles. The electrochemical performance of the
produced materials highlights the relevance of hierarchical
structure and morphology for application in LIB. In compar-
ison with the Li;sVO, bulk material, the hierarchical sphere-
like particles show enhanced cycling performance which is
associated with porous structure and large reaction area for
the de—/insertion of Li-ions. The electrochemical activity is
further boosted by grinding of the microspheres which signif-
icantly breaks the hierarchical structure while in general main-
taining the size of the primary nanoparticles. The grinded
material features a significantly improved specific capacity
of 163 mAh g ' which is straightforwardly explained by short
Li-ion diffusion length and large surface area enabling good
electronically conductive network by additives. Boosted ca-
pacity is however associated with lower cycling stability of
the grinded nanocrystals which most presumingly is caused
by the huge charge depth that leads to more pronounced

degradation effects. In view of further optimization, a prom-
ising approach to suppress the pulverization upon cycling may
be coating of the surface with carbon.
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Table S1. Rietveld refinement and results of BET analysis for Li; VO, synthesized at

lack and presence of ethanol

Sample Lattice parameters SBET Total pore Main pore
a(A) b(A) c(A) (m?g!)  wvolume (cm® g diameter (nm)
LizVO4-W 6.326(1) 5.449(1) 4.954(1) 0.02 - -
LisVO4-E 6.322(2) 5.452(2) 4.965(1) 2.36 0.03 11 and 17
Li;VO4-E(G) 6.317(3) 5.448(2) 4.961(1) 8.91 0.05 5and 36
LizVOy 6.3259 5.446 4.9469

[COD-1528868]
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Fig. S1. Potential profile of Li;VO4-W at different current densities.
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LizVO4/C composites have been synthesized by a sol-gel method and post-annealing at 650 °C for 1 h in
N flow using either tartaric acid, malic acid, or glucose as both chelating agents and carbon source. The
presence of these organic additives crucially affects morphology and crystallite size of the final product. It
is found that the electrochemical properties of LizVO4/C as anode material for Li-ion batteries (LIBs) are
influenced by the morphology, texture and carbon content of the material. When using carboxylic acids

as carbon source composites with mesoporous structure and a high surface area are obtained that display
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an enhanced electrochemical activity. Initially, reversible capacity of about 400 mAh g~! is obtained. In
contrast, LizVO4/C synthesized with glucose outperforms in terms of cycling stability. It exhibits a
discharge capacity of 299 mAh g~! after 100 cycles corresponding to an excellent capacity retention of
96%. The favorable effect of carbon composites on the electrochemical performance of Li3VO4 is shown.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

An ideal Li-ion battery for commercial application has to meet a
variety of requirements such as high energy density, high safety
performance, a long lifetime and a good rate capability. One
approach to achieve these goals is the development of advanced
anode materials. The common commercial anode materials for Li-
ion batteries, i.e., graphite, suffers from a low insertion potential
coming along with security risks due to the formation of lithium
dendrites and its moderate rate capability caused by its low Li™
diffusion coefficient [1]. In general, three types of Li" storage
mechanism may be distinguished: intercalation, conversion and
alloying [2]. The key advantages of intercalation materials for
commercial use are superior reversibility and good stability due to
small volume changes during the insertion and extraction of Li-ions
into a host lattice. Despite the development of successful strategies
for improving the cycle stability of conversion and alloy-based

* Corresponding author.
** Corresponding author. Kirchhoff Institute of Physics, Heidelberg University,
Heidelberg, Germany.
E-mail addresses: elisa.thauer@kip.uni-heidelberg.de (E. Thauer), klingeler@kip.
uni-heidelberg.de (R. Klingeler).

https://doi.org/10.1016/j.jallcom.2020.157364
0925-8388/© 2020 Elsevier B.V. All rights reserved.

anode materials made in recent years, they cannot compete with
intercalation anodes [3]. Among these, especially the zero-strain
material LigTisOq, has attracted much attention due to its excel-
lent cycle stability and its high Li" insertion potential of 1.55 V [4].
Although beneficial in terms of safety the high operating voltage
along with a low specific capacity of only 175 mAh g~ ! result in a
low energy density. Thus, Li4Ti5012 finds proper use as anode ma-
terial only in niche applications [5]. Li3VO4 is another promising
intercalation material which was first studied by Li et al. as anode
material for Li-ion batteries [6]. In contrast to Li4TisO1> it exhibits a
higher theoretical capacity of 397 mAh g~! corresponding to x = 2
in Li3, xVOg4, which, that is comparable to that of graphite (372 mAh
g1, and the insertion of Li-ions occurs at a safe but still low-
potential window between 0.2 and 1 V [7]. Another advantage of
LizVOy is its high mobility of Li-ions [8]. However, to become a high-
performance anode material one has to overcome its low electronic
conductivity resulting in large resistance polarization and poor rate
capability. Composites of LisVO4 with carbon-based materials has
been demonstrated as an effective strategy to solve this problem
[7,9—16]. A number of different carbon materials, such as carbon
nanotubes [17,18], graphite [19,20], graphene [11,12,21,22] and
graphene oxide [23,24], as well as various synthesis methods have
been utilized to prepare LizVO4/C composites. Besides promoting
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fast electron transfer, the carbon network can act as buffer of the
volume changes and provides the structural stability of the elec-
trode during cycling. Moreover, attributed to its stable chemical
characteristics [25], carbon as surface layer can protect the material
from side reactions at the electrode/electrolyte interface [26—28].
Surface coating is a promising approach to boost the structural
stability of electrode materials and a hotspot research field for
cathodes [29—32]. The electrochemical properties of LizVO4/C are
significantly influenced by the carbon component and the prepa-
ration method. For example, Li3VO4/C composite with a capacity of
245 mAh g~ ! after 50 cycles at 20 mA g~ ! were prepared via solid-
state synthesis combined with chemical vapor deposition (CVD)
coating by Shao et al. [28]. The in-situ carbon-encapsulated Li3VOg4
nanoparticles synthesized via solid-state method by Zhang et al.
[15] show a reversible capacity of 340 mAh g~! at a current density
of 4 A g~ and a capacity retention of 80% after 2000 cycles. Ni et al.
report the hydrothermal synthesis of LizVO4/C composite using
citric acid as carbon source which delivers after 1000 cycles at 2
A g~! a specific discharge capacity of 422 mAh g~' [33]. Qin et al.
[26] used electrospinning to prepare Li3VO4/C nanofibers which
exhibits a capacity of 405 mAh g~! at 40 mA g~ . Among different
fabrication techniques, the sol—gel method provides a molecular
level mixing of the starting materials which enhances chemical
homogeneity of the final products. Additionally, low temperature of
the preparation facilitates the formation of mesopores on the ma-
terial surface, thereby improving the electrochemical properties.
For example, carbon-coated LisVO4 nanoparticles fabricated by
citric acid-assisted sol-gel route achieved a high reversible capacity
of 480 mAh g~! at 01 A g ! [34]. In the sol-gel process, the
chelating agent takes part in hydrolysis and condensation reactions
of metal-oxide precursor, forming M-0-M bridging bonds by the
chelation between metal ions and polar functional groups of the
chelating agent.

In the present study, three different organic additives, i.e.,
glucose, malic acid and tartaric acid, are used to synthesize Li3VO,/
C composites through a facile sol-gel thermolysis method. Malic
acid and tartaric acid, having carboxyl COOH-functional groups,
belong to the acid chelating agents and tend to diminish the pH of
the metal-oxide precursor solution to lower values. The use of
tartaric and malic acid as a chelating agent for the synthesis of
Li3VO4/C composites has not been reported so far. On the contrary,
glucose has a ring structure with hydroxyl OH-groups and can be a
chelating agent only in acidic ambient, turning into gluconic acid. In
this work, in base medium, glucose serves as a capping agent to
prevent the cations from agglomerating generating a highly viscous
and stable sol [35]. Additionally, all these additives are carbon-rich
materials which can be used as carbon sources to produce com-
posite materials and enhance the crystallization process during the
calcination as well. Here, we report the influence of different type
of organic additives on the phase composition, morphology and
electrochemical properties of the Li3VO4/C composites.

2. Experimental
2.1. Materials preparation

Ammonium metavanadate NH4VOs3, lithium hydroxide mono-
hydrate LiOH-H,0, glucose CgH120s, malic acid C4HgOs, tartaric
acid C4HgOg purchased from Sigma—Aldrich were used for the
synthesis. First, 0.585 g NH4VO3; and 0.630 g LiOH-H,0 (with the
molar ratio of NH4VO3 to LiOH-H,O being 1:3) were dissolved
under stirring in 50 ml distilled water to form a clear solution.
Afterwards, glucose (with the molar ratio of glucose to vanadium
metal of 1:1) was employed as carbon source and was added to the
solution. To get a gel, the solution was heated at 60 °C under

Journal of Alloys and Compounds 853 (2021) 157364

continuous stirring. The resulting gel was dried at 60 °C in air to get
precursor, and later, calcined at 650 °C for 1 h in N, flow to yield the
LizVO4/C composite. The as-prepared product is labeled as LizVO4/
C-G. For comparison, Li3VO4/C was produced with malic acid and
tartaric acid at the same molar ratio of V: carboxylic acid =1 : 1.
These samples are denoted as Li3VO4/C-M and Li3VOg4/C-T, respec-
tively. The bare Li3VO4 sample was prepared by annealing of the
LizVO4/C-M composite at 650 °C for 1 h in air flow.

2.2. Materials characterization

X-ray powder diffraction (XRD) patterns were taken with a
Bruker AXS D8 Advance Eco using Cu Ka radiation (A = 1.540 A). The
morphology of the samples was investigated by a ZEISS Leo 1530
scanning electron microscope (SEM) and a JEOL JEM 2100 trans-
mission electron microscope (TEM). Thermogravimetric analysis
(TG-DSC-MS) with a heating rate of 10 K min~' under flowing air
was carried out using STA 449 F; Jupiter thermoanalyzer (Netzsch)
coupled with a QMS 403 mass spectrometer. The examination of
the carbon content was carried out by chemical analysis (CA) using
Vario MICRO Cubes (Elementar). Raman spectra were measured
with a Renishaw in Via Reflex spectrometer at a laser wavelength of
532 nm. Nitrogen sorption isotherms were determined on a
Micromeritics Gemini VII 2390 Surface Area Analyzer. The specific
surface area, pore size distribution and pore volumes were ob-
tained by means of the Brunauer-Emmett-Teller (BET) method and
the Barrett-Joyner-Halenda model from the desorption branches of
the isotherms.

2.3. Electrochemical measurements

The electrochemical measurements were carried out with a
VMP3 potentiostat (Bio-Logic SAS) at 25 °C using Swagelok-type
cells (see Ref. [36]). For the preparation of the working electrodes
80 wt% Li3VOy4/C, 15 wt% carbon black (Super C65, Timcal) and 5 wt
% polyvinylidene fluoride binder (PVDF, Solvay Plastics) dissolved in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) were mixed and
stirred for at least 12 h. The spreadable slurry obtained by evapo-
rating most of the NMP was applied on circular Cu meshes with a
diameter of 10 mm. Afterwards, the electrodes were dried at 80 °C
under vacuum, mechanically pressed with 8 MPa and dried again.
The loading density was about 4 mg cm 2. A lithium metal foil (Alfa
Aesar) pressed on a nickel disk served as counter electrode. Two
layers of glass fiber (Whatman GF/D) that was soaked with 200 ul
electrolyte (Merck Electrolyte LP30), a 1 M LiPFg salt solution in 1:1
ethylene carbonate and dimethyl carbonate were used as separator.
The cells were assembled in a glove box under argon atmosphere
(02/H20 < 5 ppm). For ex-situ XRD measurements the cells were
disassembled in a glovebox and the electrodes were washed in
DMC. The XRD measurements were performed using an airtight
sample carrier. The calculation of the specific capacity is based on
the total mass weight of the composites Li3VO4/C or of bare Li3VOy,
respectively.

3. Results and discussion

The XRD patterns of the Li3VO4/C composites shown in Fig. 1a
confirm that by heating the precursors up to 650 °C composites
based on Li3VO4 are formed. All diffraction peaks can be assigned to
LizVO4 with an orthorhombic structure according to the reference
COD-1528868 [37]. As shown in Table 1, the lattice parameters of
LizVO4 in the composites are in a good agreement with reference
data. The estimated average crystallite size of Li3VO4 calculated by
Scherrer’s formula based on the (110), (101) and (111) crystal planes
indicates diameters of 30—50 nm.
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Fig. 1. (a) XRD patterns of the Li3VO,4/C composites synthesized with glucose (G), malic acid (M), and tartaric acid (T) as carbon source as well as of bare Li3VO,. Black bars mark the
Bragg peak position of LisVO,4 according to COD #1528868 [37]. (b) Raman spectra of the Li3VO4/C composites.

Table 1

Lattice parameters from Rietveld refinement, average crystallite size from analyzing the XRD peak width of the (110), (101) and (111) reflections, carbon content, and BET
surface area for LizVO,4/C composites. The last two lines show parameters of Li3VO,4 studied here and from the literature [37].

Sample Lattice parameters Dxgp (nm) Carbon content (wt%) Sger (m? g~ 1)
a(A) b (A) c(A) TGA CA

Li3VOy4/C-G 6.350(1) 5.460(2) 4.959(4) 25(9) 25.6 18.0(5) 12

Li3VO4/C-M 6.346(3) 5.462(4) 4.964(2) 41(7) 13.7 10.7(5) 42

Li3VOy4/C-T 6.341(8) 5.461(9) 4.973(8) 34(8) 14.1 9.6(5) 32

Bare Li3VO4 6.329(1) 5.448(1) 4.949(1) 61(5) 0

LisVO4 [COD-1528868] 6.3259 5.446 4.9469

To confirm and to quantify the presence of carbon in the Li3VOy,/
C composites, Raman spectra and DSC-TG-MS curves were
measured. The Raman spectra of all samples show two broad peaks
at about 1340 and 1593 cm~! (Fig. 1b). The Raman-active E»g mode
at 1593 cm~! (G-band) is characteristic of sp?-hybridized carbon
atoms resulting from in-plane vibrations, whereas the D-band at
around 1340 cm™! can be attributed to the presence of structural
defects or disorder [38]. The ratio of the maximal intensities of the
D- and G-band (Ip/Ig) was calculated as 0.87, 0.82, 0.82 for Li3VOy4/
C-G, Li3VO4/C-T, and Li3VO4/C-M composites, respectively, indi-
cating a small fraction of sp>-hybridized carbon atoms [39]. A high
graphitization degree is supposed to enhance the electron trans-
port and thus the electrochemical cycling performance [22]. The
peaks located around 788 and 819 cm™! are attributed to the
asymmetric and symmetric stretching vibrations of VO4-tetrahedra
in LizVOy, respectively [17,40]. These results confirm the successful
preparation of Li3VO4/C composites.

In order to determine the carbon content of Li3VO4/C compos-
ites, TG-DSC-MS measurements of as-prepared materials were
carried out under air flow. It can be observed that several steps
emerge from the TG-curves of the LizVO4/C composites (Fig. 2). In
all samples, the first step starts from about 70 °C and ends at 200 °C.
It can be mainly attributed to the loss of water absorbed on the
material’s surface. The process is accompanied by a weak and broad
endothermic peak centered at about 104 °C. Additionally, the MS-
curve of the Li3VO4/C-T composite (ion current versus tempera-
ture) also implies a weight loss in the range of 70—170 °C ascribed
to evaporation of surface-adsorbed gaseous carbon dioxide (m/

z = 44 a.m.u.). The next weight loss from 250 °C to 700 °C is caused
by oxidation of the carbon component of LizVO,4/C composites and
the emission of CO, gases as also corroborated by analysis of the MS
curves. This process is accompanied by a broad and complex
exothermal peak. The MS curves exhibit maxima at the same
temperatures where exothermic peaks appear. For Li3VO4/C-G and
LizVO4/C -T composites, the stepped combustion of carbonaceous
material can be attributed to the realization of different reactions
(e.g., carbonization of glucose and tartaric acid, burning of amor-
phous carbon and the rest of carbon component, graphitization). In
contrast, for Li3VO4/C-M composite the data imply only one
intensive peak around 405 °C which is associated with removal of
CO, gases upon heating without visible satellite peaks attributed to
multistage carbon oxidation. Based on the assumptions made
above, the calculated carbon contents in LizVO4/C-G, Li3VO4/C-M
and LizVO4/C-T composites are 25.6, 13.7, and 14.1 wt%, respectively
(see Table 1). According to the CA, the bare Li3VO4 sample contains
no carbon.

As can be seen from the SEM images (Fig. 3 and Fig. S1), the
carbon source added during synthesis has a pronounced influence
on the morphology of the resulting product. There are clear dif-
ferences between Li3VO4/C-G, synthesized with glucose, and both
samples which have been synthesized with carboxylic acids, i.e.,
Li3VO4/C-M and Li3VOg4/C-T. LizVO4/C-G composite consists of
irregularly shaped particles of several tens of micrometers deco-
rated with smaller particles which sizes are below 1 pm (Fig. 3a). In
contrast, the powders Li3VO4/C-M and Li3VO4/C-T are composed of
large sponge-like particles with partly smooth and partly
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Fig. 2. Thermogravimetric (red), DSC (blue), and mass spectroscopy (green) curves of (a) Li3VO4/C-G, (b) LisVO4/C-M, and (c) Li3VO4/C-T composites. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. SEM images of (a) Li3VO4/C-G, (b) LizVO4/C-M, and (c) Li3VO4/C-T composites; HRTEM images of (d) Li;VO4/C-G and (e) LizVO4/C-T composites with the corresponding (f)

SAED pattern.

mesoporous surface (Fig. 3b—c). In addition, micrometer sized
round hollows are visible. The bare Li3VO4 sample consists of pri-
mary particles with sizes between 100 nm and few micrometers
that are arranged to secondary particles of several tens of micro-
meters (Fig. S1).

A high resolution TEM (HRTEM) was used for further study the
microstructure of the Li3VO4/C composites. Fig. 3d—e shows lattice
fringes with interplanar spacing of 0.36, 0.42, and 0.55 nm,
assigning to the (011), (110), and (010) planes of orthorhombic
LizVOy, respectively. Amorphous carbon layers with thickness of
about 10 and 1 nm are observed on the surface of Li3VO4/C-G and
LizVO4/C-T. The results show that the thickness of the carbon layer
covering the Li3VOg4 particles is greater when glucose is used as
carbon source as compared to tartaric acid. This observation com-
plies with the results of thermogravimetric analysis. The selected-

area electron diffraction (SAED) pattern of LizVO4/C-T (Fig. 3f)
indicate the polycrystalline nature of Li3VO4 with diffraction rings
associated with the (010), (101), (111), (020), (211), and (113) crystal
planes from inner to exterior, respectively.

Nitrogen sorption isotherms were generated to investigate the
BET surface area and the porous structure of the LizVO4/C com-
posites (Fig. 4). All samples display a type-IV isotherm, based on the
IUPAC classification, with an H3 hysteresis loop [41]. The BET spe-
cific surface area of the LizVO4/C composites are displayed in Table 1
and are in the range of several 10 m? g~ . In comparison with pure
Li3VO4 [42], the BET surface area of the LizVO4/C composites is
rather high due to the presence of mesopores. Among the here
reported composites, Liz3VO4/C-M and LizVO4/C-T show distinctly
higher BET surfaces than the one produced by virtue of glucose.
This is attributed to a highly porous structure and the presence of
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Fig. 4. Nitrogen sorption isotherms and corresponding pore-size distributions of (a) Li3VO4/C-G, (b) LizVO4/C-M, and (c) Li3VO4/C-T composites.

smaller particles as seen in the SEM images (Fig. 3b—c). The pore-
size distribution curves demonstrate that the Li3VO4/C compos-
ites exhibit mesopores with a narrow pore size distribution of
about 4 nm.

In order to study the effects of various material parameters on
the electrochemical properties of LizVO4/C, cyclic voltammetry (CV)
and galvanostatic cycling with potential limitation in the range
0.2—3 V are used. In addition, studies on bare LizVO4 provide
additional information about the effect of the carbon composite. In
Fig. 5 the cyclic voltammograms of the Li3VO4/C composites
recorded at a scan rate of 0.1 mV s~ ! are shown. Exemplarily, Fig. 5a
shows the first, second, fifth and twentieth cycle of the CV curves of
LizVO4/C-T. In the first reductive half-cycle two peaks at 0.64 V (R1)
and 0.50 V (R2) occur that can be ascribed to the intercalation of Li™
into Li3VOy4 [43]. Additionally, in the first cycle the formation of the
solid electrolyte interface (SEI) contributes in the same voltage
range [6]. The lithiation and delithiation of the contained carbon
gives rise to the redox peaks Rc and Oc at the lower cycling limit
0.2 V [44]. In the first oxidative scan two peaks at 1.36 V (0O1) and
1.6 V (02) are observable that correspond to the delithiation pro-
cesses in Li3VOy4 [43]. Upon further cycling the reduction peaks R2
and R3 are notably enlarged and shifted to higher potentials up to
the 5th cycle. In oxidative sweep, besides a shift of the peaks O1 and
02 to lower potentials up to the 5th cycle, a third broad peak ap-
pears around 0.8 V (03). Similar observations in the literature were
associated with structural changes [33]. Iwama et al. [45] and Zhou
et al. [43] showed that during the first lithiation there is an

irreversible structure transformation. For comparison of the various
Li3zVO4/C composites reported at hand, the first and tenth cycle of
the CV curves are shown in Fig. 5b. Despite differences in electro-
chemical activity between LizVO4/C-G synthesized with glucose as
carbon source as compared to LizVO4/C-M and Li3VO4/C-T, syn-
thesized with carboxylic acids, the courses of the cyclic voltam-
mograms are almost similar. The electrochemical activity of LizVO4/
C-G is overall lower but extends over a wider potential range. For
the reductive scan it ranges to lower potentials and for oxidative
scans to higher potentials. However, specifically, all CV curves of the
various composites exhibit the same general redox features
described above for Li3VO4/C-T (Fig. 5a). The same applies to bare
Li3sVO4 which, however, features the lowest electrochemical
activity.

In Fig. 6 the long-term cycling performances of the three
different composites during galvanostatic cycling at 100 mA g~ are
shown. The potential profiles (Fig. 6a) are consistent with the re-
sults obtained from cyclic voltammetry (Fig. 5) and all redox fea-
tures discussed above can be observed. In the first cycle the dis-/
charge capacities are 430/289 mAh g~!, 537/405 mAh g, and 531/
396 mAh g’1 for LizVO4/C-G, Li3VO4/C-M, and Li3VO4/C-T, respec-
tively (Fig. 6b). The huge irreversible contribution in the first half
cycle is caused by the SEI formation and structural changes
[9,27,43]. Except for the first cycles, all samples display high
coulombic efficiencies. As of the fifth cycle, the coulombic efficiency
of LizVO4/C-G is over 99%. By comparison, the composites Li3VO,4/C-
M and LizVO4/C-T show lower values in the initial 20 cycles and
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Fig. 5. CV curves recorded at a scan rate of 0.1 mV s~! of LizVO4/C-T (a) and for comparison the first and tenth cycle of the different composites LisVO,4/C-G, LizVO4/C-M, and bare

Li3VOy.
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exceed 99% in cycle 17 and cycle 13, respectively. There are clear
differences in the cycle performance between the sample Li3VO4/C-
G synthesized with glucose and the two composites synthesized
with carboxylic acids, LizVO4/C-M and Li3VO4/C-T. In the initial 50
cycles, the latter two reach significant higher capacities than
LisVO4/C-G. It is noticeable, that with measured values of about
400 mAh g~ the full theoretical capacity for an insertion of 2 Li*/
f.u. is gained. Up to the hundredth cycles the discharge capacities
continuously decrease to 281 mAh g~ ! (Li3VO4/C-M) or rather
295 mAh g~ ! (Li3VO4/C-T) corresponding to 67% and 71% relative to
the second cycle. In contrast, LizVO4/C-G reaches indeed only a
maximal discharge capacity of 333 mAh g~ ! in cycle 21 but it ex-
hibits an excellent cycle stability. After 100 cycles a discharge ca-
pacity of 299 mAh g~! is measured, which corresponds to a
retention of 96% relative to the second cycle. The initial superior
electrochemical activity of the samples LizVO4/C-M and Li3VO4/C-T
can be explained by their larger surface area compared to Li3VO4/C-
G (Table 1). It provides an enhanced Li-ion diffusion and a high
contact area with the carbon, which offers favorable electron
transfer [28,40,42]. However, on the other side, the larger exposed
electrode surfaces yield enhanced degradation due to corrosion and
electrolyte dissolution, thus resulting in worse cycling stability
[27,28]. Moreover, the cycle life is strongly influenced by the depth
of discharge. The storage of a larger amount of Li-ions is accom-
panied with more serious structural damages. Crystal distortion
and volume expansion by Li-ion insertion generate stress, which
can lead to particle cracking. Such cracking in the electrode mate-
rial has been considered to be one of the major mechanism for
performance degradation [27,46]. This is in accordance with the
observations made for the composite Li3VO4/C-G. It has the
smallest surface area (Table 1), reaches initially the lowest capacity
but is least affected by the degradation mechanisms discussed
above. In addition, the high carbon content of LizVO4/C-G is
possibly another important factor that explains the enhanced
cycling stability. The carbon plays an important role in inhibiting
the degradation processes. On the one hand it protects the surface
of the Li3VOy4 particles for side reactions at the electrode-electrolyte
interface [9,26—28]. Secondly, the carbon matrix can serve as a
buffer for the volume changes during electrochemical cycling and
prevents the electrode material from pulverization and aggregation
[7,26]. A high and uniform distribution of the carbon in the elec-
trode reduces the possibility of electrical contact loss and the for-
mation of inactive regions in the material leading to performance
degradation. The comparison of the Li3VO4/C composites with bare
Li3VOg4 clearly demonstrates the beneficial effect of the carbon
composite. The specific capacity of bare LizVOy is far below those of

the composite materials. In the first cycle the dis-/charge capacities
are only 124/57 mAh g~ exhibiting low first columbic efficiency of
46% due to side reactions at the unprotected Li3VOg/electrolyte
interface [9]. The low specific capacity of bare Li3VO4 can be
explained by limited access and inactive regions of the material due
to its low electronic conductivity. Ex-situ XRD studies (Fig. S2)
indeed suggest that a large part of LizVO4 is not involved in the
lithiation process. While after discharging to 0.2 V at 20 mA g~ ! the
XRD pattern of Li3VO4/C-T electrode exhibits no more Bragg peaks
associated with Li3VOy, for the discharged bare Li3VO4 electrode
just a slight decrease in the intensity of the Li3VO4 Bragg peaks can
be observed.

To test the rate capability the samples were cycled with rates
between 100 and 1000 mA g~ L. The specific dis-/charge capacities
are shown in Fig. 7a and the potential profiles of cycle 10 at
100 mA g, cycle 40 at 1000 mA g~ ! and cycle 50 again at
100 mA g~ in Fig. 7b. The composite LizVO4/C-T reaches even at a
high current density of 1000 mA g~ an excellent capacity of about
325 mAh g~ 1. Furthermore, for all samples the charge capacity can
regain to about 97% when the current density returns to
100 mA g~ . Obviously, high cycling rates do not cause irreversible
damage detrimental for the electrochemical processes. In fact, the
cycle stability is even worse for a constant low current density of
100 mA g~ (Fig. 6a). During the long-term cyclability test the ca-
pacity loss between cycle 10 and 41 of LizVO4/C-M is 8% and 6% for
LizVO4/C-T. We attribute this to higher degradation effects of a huge
discharge depth in case of low cycling rates. As demonstrated by the
potential profiles, the worse rate capability of the sample LizVO4/C-
G and Li3VO4/C-M compared to LisVO4/C-T can be explained by a
larger resistance polarization. The potential gap between charge
and discharge is significantly enlarged at a rate of 1000 mA g~ ! due
to kinetic effects.

In Table 2 the electrochemical performances of various Li3VO4-
based anodes reported in literature are collected. In comparison to
bare Li3VO,4 the carbon composites exhibit enhanced Li*™ storage
properties, especially in terms of electrochemical activity. The dif-
ferences of the various composites can be traced back to differences
in the carbon component on the one hand and morphological
features on the other hand. In addition, the mere content of carbon
and its structure plays an important role.

4. Conclusion

In summary, various LizVO4/C composites with differences in
morphology were prepared by a sol-gel method and subsequent
annealing using different carbon sources. It is demonstrated that
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Table 2

Summary of the electrochemical performance of Li;VO,4-based electrodes prepared via different synthesis methods.

Synthesis Composite Current 1st charge capacity (mAh g~!) Specific capacity (mAh g~!) Ref
Method 1C=394mAg ' (mAg!) Jcycle

Microwave-assisted hydrothermal Li3VO,4/C nanoparticles 100 163 104/100 [42]
Hydrothermal* Li3VO,4/C nanoparticles 150 594 542/300 [33]
Solid-state combining with CVD*  Li3VO,4/C nanospheres 20 295%* 245/50 [28]
Spray-drying* Li3VO,4/C hollow spheres 80 429 400*/100 [16]
Electrospinning* Li3VO,4/C nanofibers 40 451 394/100 [26]
Sol-gel* Li3VO4/C nanoparticles 100 491 408/100 [19]

Citric acid-assisted sol-gel* Li3VO4/C nanoparticles 0.8C 400%* 363/40 [34]
Glucose-assisted sol-gel* Li3VO4/C microparticles 100 289 299/100 This work
Malic acid-assisted sol-gel* Li3VO4/C mesoporous particles 100 405 281/100 This work

Synthesis methods marked with an asterisk include post-synthesis heat treatment.

Values marked with a double asterisk (**) are estimated from the graphs.

the electrochemical properties of LizVO,4/C as anode material for Li-
ion batteries depend on morphology, surface texture and carbon
content. In the initial 50 cycles, the mesoporous composites Li3VO4/
C-M and Li3VO4/C-T synthesized with carboxylic acids excels in
enhanced reversible electrochemical capacity which we attribute
to their high surface area. However, both materials display slightly
stronger fading effects which can be as well ascribed to adverse
effects of the high surface area as a to huge charge depth upon the
beginning cycles. While displaying slightly smaller initial reversible
capacity, Li3VO4/C-G synthesized with glucose exhibits an excellent
cycling stability. It is much less affected by the degradation mech-
anisms due to the smaller surface area and higher carbon content.
Comparison with bare Li3VOg4 clearly demonstrates the beneficial
effect of carbon composites on the electrochemical performance.
The data show that it significantly enhances specific capacity and
improves first coulombic efficiency. A promising approach for
further optimization may be the complete encapsulation of single
LizVO4 particles with carbon to protect the surface for side re-
actions at the electrode-electrolyte interface and suppress the
pulverization upon cycling.
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Fig. S1. SEM images of (a) LizsVO4/C-G, (b) LisVO4/C-M, and (c¢) Li3VO4/C-T

composites as well as of (d) bare Li3VOas.
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Fig. S2. Ex-situ XRD patterns (a) of a bare LizVO4 electrode and (b) of a
Li3VO4/C-T electrode (b) in uncycled and discharged state, respectively. The peaks

marked with * originate from the Cu current collector.
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MoO,/C-composites have been fabricated for the first time by a tartaric acid/glucose-assisted sol-gel
method with post-annealing at 500 °C for 1 h in N, flow. The synthesized materials were fully characterized
with respect to structure, morphology, and electrochemical properties. Compared with tartaric acid-as-
sisted products, the adoption of glucose as carbon source effectively increases the carbon content in the
composites. Irrespective of the organic component, the composites exhibit low crystallinity and small grain
size. This results in good electrochemical performance of the anode materials as confirmed for the glucose-
assisted materials which after additional post treatment delivers a competitive electrochemical capacity.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Molybdenum dioxide (Mo0O,), as an important semiconductor,
has great potential applications in the production of chemical sen-
sors [ 1], catalysts [2], field emission devices [3,4], and solar cells [5].
Additionally, MoO, has attracted considerable attention as electrode
material for lithium ion batteries (LIB) because of its relatively large
theoretical capacity (838 mA h g7!) [6] and its high metallic con-
ductivity (6.0410°> S cm™ for the individual rods) [7]. However,
several of its intrinsic material properties limit the practical appli-
cation of bulk MoO,, namely strong capacity fading and poor cycling
stability originated by the huge volume changes during the charge/
discharge processes as well as poor rate performance caused by the
slow kinetics [8,11]. A variety of strategies have been employed to
overcome this issue such as preparation of nanosized materials with
different morphologies [9], doping with nitrogen [10], copper [11],
and design of 3D hierarchically structures nanomaterials providing

* Corresponding author at: Kirchhoff Institute of Physics, Heidelberg University,
Heidelberg, Germany.
E-mail address: r.klingeler@kip.uni-heidelberg.de (R. Klingeler).
1 Both authors contributed equally.

https://doi.org/10.1016/j.jallcom.2020.158353
0925-8388/© 2021 Elsevier B.V. All rights reserved.

shorter lithium ion/electron diffusion distances and accommodating
strain associated with strong volume changes upon cycling [12,13].
Additionally, incorporating MoO, with functional conductive car-
bonaceous materials like hollow carbon spheres [14], graphene [15],
graphite oxide [16], is regarded as an effective strategy. A further
way which advantageously yields homogeneous distribution of the
carbon component, thereby increasing cycling stability of the ma-
terials is to introduce the carbonaceous phase during calcination of
many different organic precursors such as aniline [17], dopamine
[18,19], polyethylene glycol [20], alginate [21], ascorbic acid [22],
glucose [23], or sucrose [24]. All functionalized materials display
enhanced Li-retention performance in comparison with bulk MoO,,
based on their higher surface areas, more actives sites, shorter ion
diffusion paths, and functioning carbon buffer which accommodate
the strain.

Various techniques, such as a hydrothermal method [25,26],
thermolysis [27], and electrospinning [28], have been developed to
prepare composites based on MoO,. Herein, we present a new sol-
gel synthesis approach to obtain MoO,/C composites. This method
provides a molecular level-mixing of the starting materials and leads
to better chemical homogeneity of the final products. Carbon coated
MoO, particles have been produced by using glucose or tartaric acid
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as both reducing agents and carbon sources and the electrochemical
performance of the resulting MoO,/C composites as electrodes for
Li-ion batteries was investigated.

2. Experimental

Molybdenum powder Mo (99.95% metal, Alfa Aesar), hydrogen
peroxide H,0, (30%, Merck), tartaric acid C4HgOg (AppliChem), and
glucose CgH,06 (Sigma-Aldrich) were utilized for the synthesis.
Firstly, 1.0 g of Mo powder was dissolved in 35 ml H,0; at 10-15 °C
to form a clear yellow solution of peroxomolybdic acid. Secondly,
tartaric acid was dissolved in distilled water and stirred for 10 min.
The molar ratio of tartaric acid to molybdenum metal was 1: 1. Then,
the solution of tartaric acid was slowly added into the solution of
peroxomolybdic acid. To get a gel, the solution was heated at 60 °C
under continuous stirring. The resulting gel was dried at 60 °C in air
and calcinated at 500 °C for 1 h in N, flow to yield the MoO,/C
composite. At lower annealing temperatures, the materials were
amorphous while annealing at 500 °C yields crystalline samples. The
as-prepared product is labeled as MoO,/C-T. For comparison, MoO,/C
was produced in a glucose-assisted process at a molar ratio of Mo:
glucose = 1: 1 and denoted as MoO,/C-G. To study the effect of
pounding on the electrochemical activity, MoO,/C-G powder was
colloidally grinded (300 Us™") in ethanol using @ 1 mm ZrO, balls in
a PM 100 planetary mill (Retsch) for 6 h, later annealed at 500 °C for
1 h in N, and afterwards hand grinded in a mortar for 15 min; this
sample is labeled as MoQ,/C-G(M).

X-ray diffraction (XRD) patterns were obtained on a Bruker AXS
D8 Advance Eco using Cu Ka radiation with a step size of A20 = 0.02°.
The morphology of the powder was determined by a ZEISS Leo 1530
and a JEOL JSM-7610F scanning electron microscope (SEM), a JEOL
JEM 2100 and a JEMe200 CX transmission electron microscope
(TEM), respectively. In order to monitor the microstructural changes
of MoO, upon cycling, ex-situ SEM studies were performed using a
JEOL JSM-7610F scanning electron microscope. The cycled electrodes
were disassembled in an Argon glove box, washed with ethylene
carbonate and then dried overnight.

Fourier transform infrared (FT-IR) spectra were recorded using
Spectrum One B (Perkin-Elmer) with an automatic diffuse re-
flectance accessory. A thoroughly ground sample was applied as a
thin layer to a purpose-designed holder plate. Thermogravimetric
analysis (TG-DSC-MS) with a heating rate of 10 K min™! starting from
room temperature up to 750 °C under flowing air was carried out
using STA 449 F; Jupiter thermoanalyzer (Netzsch) coupled with a
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QMS 403 mass spectrometer. Raman spectra were measured with a
Renishaw U1000 spectrometer at a laser wavelength of 532 nm.

Electrochemical measurements were carried out in Swagelok-
type cells (see [29]). Working electrodes were prepared by mixing
the active material, carbon black and polyvinylidene fluoride (PVDF)
in N-methyl-2-pyrrolidinone (NMP) and stirred for 24 h before the
resulting slurry was pasted on copper net current collectors. The as-
prepared electrodes were dried in a vacuum oven (80 °C, 10 mbar)
overnight, pressed and dried again. Fiberglass (Whatman GF/D) was
used as separator and pure lithium metal foil (Aldrich) as counter
electrode. The electrolyte was 1 M LiPFg in a mixture of ethylene
carbonate and diethyl carbonate (1: 1 by weight). Cell assembly was
carried out in an Ar-filled glovebox with controlled moisture and
oxygen concentration. Cyclic voltammetry (CV) at a scan rate of
0.1 mV s™! and galvanostatic cycling with potential limitation (GCPL)
at specific currents of 100 mA g!, both in the voltage range of
0.01-3.0 V vs. Li/Li*, were carried out on a VMP3 potentiostat (Bio-
Logic) at 25 °C.

3. Results and discussion

Fig. 1 shows X-ray diffractograms of the synthesized materials,
i.e.,, MoO,/C-G, MoO,/C-G(M), and MoO,/C-T. All observed peaks
correspond to monoclinic MoO, and are accordingly indexed in a
monoclinic lattice system with space group P2,/c. The post treat-
ment of the as-prepared composite does not change its structure.
The experimentally determined lattice parameters of MoO; in the
composite MoO,/C materials are in a good agreement with theore-
tical values from JCSD no. 72-4534 (cf. Table 1).

The XRD data exhibit broad diffraction peaks with rather weak
intensity which suggests that MoO, formed in the composites dis-
plays poor crystallinity and small crystal size. The mean primary
crystallite size of the as-synthesized samples can be estimated using
Scherrer’s equation [30]:

D = K&/A(26)cos 6, (1)

where D is the average grain size based on the particular reflecting
crystal face (hkl) direction, K is a shape factor which can be ap-
proximated to 0.9, 1 is the wavelength of the applied Cu Ka radiation,
A(20) is the full width at half-maximum of the diffraction peak, and ¢
is the Bragg angle. Analysis® of the (011), (200), and (022) peaks yield
to a mean primary crystallite size of around 6 nm for MoO,/C-G,
Mo0,/C-G(M), and MoO,/C-T composites under study. The crystal
structure of monoclinic MoO, is depicted in Fig. 1. It consists of

Fig. 1. XRD patterns of the MoO,/C-G and the MoO,/C-T composites (left), and a schematic of the corresponding crystal structure of MoO, (right).

2



G.S. Zakharova, L. Singer, ZA. Fattakhova et al.

Table 1
Experimentally determined lattice parameters of MoO, in Mo0O,/C-G, MoO,/C-G(M),
and MoO,/C-T as well as values from JCSD no. 72-4534.

a(A) b (A) c(A) $ (deg.) V(A%
Mo0,/C-G 5.652(6) 4.832(5) 5594(7) 12039(6)  131.7(3)
Mo0,/C-G(M)  5.679(5)  4.808(9) 5619(8)  12048(2) 132.2(3)
Mo0,/C-T 5648(3)  4912(6)  5.609(1)  11924(7)  135.8(2)
MoO, 5.6109 48562 56285 120.95 13153

MoOg octahedrons which form channels along the a-axis which are
supposed to facilitate Li* transport during electrochemical cycling.

Scanning electron microscopy images in Fig. 2 show the mor-
phology of the as-prepared composites. Both as-prepared composite
materials MoO,/C-T and -G consist of irregular micro-sized ag-
glomerates (Fig. 2a, c). The underlying primary particles, which are
well visible in the high-magnification SEM images in Fig. 2b and d, in
both composites consist of round grains with an average particle size
of less than 20 nm. A further post treatment of the sample results in
a visible size reduction of the agglomerates (Fig. 2e-f).

Additional detailed information on MoO,/C-G is obtained from
the TEM images in Fig. 3a. The images show the presence of MoO,/C-
G nanocrystallites forming large agglomerates that are dispersed in
an amorphous carbon matrix. Lattice fringes visible in the high-re-
solution TEM (HR-TEM) image (Fig. 3b) indicate lattice display spa-
cings of approximately 0.35 nm. This value corresponds well with
the (011) plane of MoO, which according to our XRD analysis has a
plane distance of 0.3417(3) nm in MoO,/C-G. Fig. 3b also shows
carbon layers of around 10 nm in thickness around the crystallites.
Selected area electron diffraction (SAED) confirms the crystalline
structure of MoO, in the MoO,/C-G nanocomposite (Fig. 3c). Debye
rings from the SAED pattern demonstrate the ultrafine structure of
crystalline MoO, without any preferred orientation of the individual
crystallites. The Debye rings can be attributed to the monoclinic
phase of MoO, with P24/c space group symmetry, which agrees with
the XRD results.

Raman spectra of the MoO,/C composites shown in Fig. 4a pro-
vide information on both the MoO, and the carbon components of
the nanocomposite as the observed Raman peaks refer to Mo-0O as
well as carbon modes. The prominent carbon modes are the G-band
which corresponds to the sp2-bonded carbon atoms and the D-band
associated with defects or disorder mainly due to sp>-hybridization
of carbon atoms [31]. The D- and G-bands of MoO,/C-G composite
arise at 1372 cm™! and 1586 cm ™!, respectively. In comparison, the G-
and D-bands of MoO,/C-T are at slightly lower wavenumbers of 1365
and 1575 cm™!. The ratio of the maximum intensities of these peaks,
Ip/lg, was calculated as 0.78 and 0.71 for MoO,/C-G and MoO,/C-T
composites, respectively. This indicates that in comparison with
tartaric acid, glucose promotes the formation of defects and disorder
in the carbon component of the composite. In comparison with the
pure MoO, phase [32], a richer Raman spectrum of MoO,/C com-
posites with intensive bands below 1000 cm™ resulting from dif-
ferent vibration modes of Mo-O is observed. The presence of the
peaks located at 819 and 993 cm™! corresponding to the stretching
vibrations of Mo=0 bonds indicates the formation of the layered
structure of the compounds similar to MoOs [33]. This phenomenon
has been reported by Camacho-Lopez et al. [34] who associated it
with the oxidation of MoO, to M00O,. by laser irradiation.

FT-IR spectra of the MoO,/C composites are shown in Fig. 4b.
There are two typical vibration modes belonging to the MoO, phase
[35]. The stretching vibrations of Mo=0 bonds are demonstrated by
the characteristic bands at 957 and 955cm™ for MoO,/C-T and
Mo0,/C-G composites, respectively. The bridge stretching vibration

2 Additional contributions to peak broadening are neglected.
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of Mo-0-Mo bonds are displayed by the bands at 718 and 693 cm™
for MoO,/C-T and Mo00,/C-G composites, respectively. The peaks at
1598 cm™! (Mo0,/C-T) and 1600 cm™ (MoO,/C-G) are assigned to
the C-O stretching vibration in the carboxylic group which may re-
sult from incomplete decomposition of the organic groups in the
carbon component. The weak bands located at around 3400 cm™
and 1640 cm™! are associated with the stretching and bending vi-
brations of O-H, respectively, originating from trace amounts of
adsorbed water in the powder. It is worth noting that the peaks
which are attributed to pure glucose [36] and tartaric acid [37] are
not part of the respective spectra.

In order to determine the thermal stability of MoO,/C composites
in air and to quantify the amount of carbon within the materials, TG-
DSC-MS studies of as-prepared materials were carried out (Fig. 5).
The TG curve of the MoO,/C-G composite evidences two steps of
weight loss (Fig. 5a). We attribute the first weight loss of 5.7 wt% in
the temperature regime from 70 °C to 300 °C mainly to evaporation
of water. It appears as a weak and broad endothermic process cen-
tered at 115 °C. The second weight loss of 23.7 wt% from 300 °C to
690 °C is caused by oxidation of carbon components and the release
of CO, gases. The mass spectrometry curve (ion current versus
temperature) indicates that the main gaseous product of MoO,/C-G
decomposition is CO, (m/z=44 a.m.u.). However, the carbon com-
ponent of MoO,/C-G was not completely oxidized to CO, at 690 °C.
Despite the appearance of a two-step process somehow similar to
what is observed in MoO,/C-G, the TG curve of MoO,/C-T shown in
Fig. 5b shows several differences. Again, a first stage from 25 to
300 °C with corresponding weight loss of 3.6 wt% can be assigned to
evaporation of surface-adsorbed water. The second region of mass
loss (2.4 wt%) from 300 to 514 °C is accompanied by a broad exo-
thermal peak. It is attributed to the decomposition and full oxidation
of organics. From the mass spectrometry curve, it can be revealed
that the main gaseous product of MoO,/C-T decomposition is CO,
(m/z=44 am.u.). Additionally, the three steps observed in TGA
suggest that the carbon component in the MoO,/C-T composite has
three states differently bound to the main phase (MoO,). At around
550 °C, the TG data indicate an increase of sample weight by 2.9 wt%.
This process is attributed to the oxidation of Mo** to Mo®" and re-
sults in the formation of MoOs as a final thermolysis product. Based
on the assumptions made above, the calculated carbon contents in
Mo0O,/C-T and Mo0O,/C-G composites are 2.4 and more than 23.7 wt
%, respectively.

The electrochemical properties of the composite materials ob-
tained as described are investigated with respect to their applic-
ability as electrode materials in LIB by means of CV and GCPL. Fig. 6
displays the first, second, fifth CV curve of Mo0O,/C-G and MoO-/C-T.
The reversible reactions of MoO, with lithium are described by the
following electrochemical reactions [16,38]:

MoO, + XLi* + xe~ « LiyMo0O,, (0 <x <0.98) (2)

LixMoO, + (4 — X)Li* + (4 — x)e~ < Mo + 2Li;0. (3)

Due to the deliberate low crystallinity of the samples, mainly
extended areas of electrochemical activity instead of well-defined
peaks are visible in the CV. In the first reductive sweep of MoO,/C-G,
four different cathodic features are observed. The elevation at
around 1.25 V (R1) can be attributed to the phase transition between
the orthorhombic and the monoclinic phase upon lithium insertion
(Eq. (2)) as suggested by Dahn et al. [39]. Due to the absence of the
peak R2 at around 0.6 V in further cycles, it is most likely assigned to
the solid electrolyte interface (SEI) formation which is consistent
with reports by Luo et al. [40] and Xu et al. [41]. The reversible
conversion reaction (Eq. (3)) can be assigned to the reduction peak
R3, parts of R4 and the elevation O3 [38]. The two overlapping oxi-
dation peaks 02 and O1 can be ascribed to the phase transitions
(monoclinic-orthorhombic-monoclinic) in  partially lithiated
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Fig. 3. (a) TEM image, (b) HRTEM image, and (c) SAED pattern of MoO,/C-G composite.
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LixM0O, [42]. The main difference between the CV of MoO,/C-G
(Fig. 6a) and MoO,/C-T (Fig. 6b) is the presence of the feature Rc at
around 2.5V in the first reductive sweep of the latter. In the litera-
ture, Rc is sometimes observed [27,43]| and sometimes not [42,44]
and its origin is yet unclear.

The cycling performance of as-prepared MoO,/C-G- and MoO,/C-
T- as well as of MoO,/C-G(M)-based electrodes is presented in
Fig. 7a. The corresponding potential profiles are shown in Figs. S1-S3.
The electrochemical performance of the MoO,/C composites show
strong differences. The highest discharge capacity in the first and
twentieth cycle of 928 mAhg™! and 610 mAhg! is reached by the
post treated sample MoO,/C-G(M). In contrast, the as-prepared
material MoO,/C-G achieves 516/195mAhg™!, respectively. Cou-
lombic efficiencies also shown in Fig. 7a confirm significant irre-
versible effects not only for MoO,/C-T but also for MoO,-/C-G. All
materials display reduced Coulombic efficiency in the first cycles
which is attributed to common irreversible processes as electrolyte
decomposition and formation of the SEI [22,40,41]. Similarly to what
is concluded from the evolution of capacity upon cycling, Coulombic
efficiencies for MoO,/C-G(M) are highest and amount to about 98%.
MoO,/C-T has in comparison to MoO,/C-G a high initial discharge
capacity of 617 mAh ¢! but shows a much severe drop in capacity
already in the second cycle. We attribute this to the much lower (i.e.,
by more than 20%) carbon content. Such a low carbon content may
result in an increased contact loss between the active material and
the current collector during cycling. This degeneration process is
well known for conversion-type materials and occurs due to the
volume expansion and the associated induced pulverization during
the conversion reaction [45-47]. Comparison of the treated and
untreated MoO,/C-G samples shows that the post treated sample
Mo0,/C-G(M), which features a reduced size of the agglomerates
(Fig. 2e-f), achieves nearly 2 times the capacity of MoO,/C-G over all
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cycles. As expected, the size reduction of the agglomerates by the
post treatment and the associated surface enlargement leads to an
increased electrochemical activity of MoO,/C-G as electrolyte diffu-
sion is facilitated [48]. The initial increase in capacity of the MoO,/C-
G samples may be attributed to a gradual decomposition of LiyMoO,
in the conversion reaction during cycling, the formation of crystal-
line defects which is a common phenomenon in oxide anodes re-
sulting in increasing capacity, and/or a reaction including the SEI
[43,49,50]. The rate capability of MoO,/C-G(M) at cycle rates be-
tween 100 and 1000 mA g™! displayed in Fig. 7b implies a reversible
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capacity of 740, 580, 400, and 210 mAh g™}, at a current density of
100, 250, 50 and 1000 mA g™}, respectively. The reversible capaci-
tance reaches 650 mA h g~! when the current density is set again to
100mAg~', which proves good reversibility of the electrode. To
characterize the microstructure details of the MoO,/C-G(M) based
electrode before and after galvanostatic cycling, ex-situ SEM mea-
surements were performed (Fig. S4). The comparison of the SEM
images before (Fig. S4a) and after (Fig. S4b) cycling reveals that the
individual particles change their surface texture, which is likely due
to the known degeneration mechanisms such as SEI formation [51]
and/or agglomeration. Pulverization as a possible degeneration
phenomenon for MoO,/C-G(M) seems to be less critical as the high-
resolution SEM images show that even after 60 cycles the binder
network is intact and no clear cracks are visible.

To relate the electrochemical performance of the here presented
Mo0,/C-G(M) composite to the literature, Table 2 lists the discharge
capacities of various MoO,/C composite anodes. The MoO,/C-G(M)-
based electrode studied at hand exhibits a superior electrochemical
capacity compared to the materials obtained by Che et al. [21], Yoon
etal [52] and Luo et al. [40] and is slightly better than the materials
reported by Sun et al. [53] and Hu et al. [54]. However, MoO,/gra-
phene oxide composite materials generally show higher capacities
[16,41,55]. In contrast to these materials, the MoO,/C-G(M) compo-
site reported here benefits from a straightforward, environment-
friendly, and well-controllable synthesis process, which is based on
cost-effective starting materials. Evidently, the electrochemical
performance of MoO,/C composites mainly depends on morpholo-
gical features as carbon coating, particle size and surface texture
which are directly affecting the transport path length of electrons as
well as Li-ions.

4. Conclusions

In summary, a tartaric acid and glucose based sol-gel method
combined with thermal reduction has been utilized to synthesize
hybrid MoO,/C nanocomposites. This synthetic strategy is simple,
cost-effective, and promising for large-scale industrial production of
Mo0O,/C composites. In the as-prepared composites, MoO, nano-
particles with a size of about 20 nm are embedded into a ~10 nm
thick amorphous carbon matrix, which serves as a buffer layer
preventing the degradation of MoO, nanoparticles during charge/
discharge processes.

The observed electrochemical performances of the prepared
materials underline the relevance of the used carbon source and the
received morphology for the application in LIB. Compared to un-
treated MoO,/C-G, post treated MoO,/C-G(M) shows a clearly im-
proved capacity. The post treated MoO,/C-G(M) features a
remarkably enhanced, competitive specific capacity of 660 mAhg™!
at 100 mA ¢! in the tenth cycle. Therefore, the results show that this
simple and cost-effective synthesis approach may also be success-
fully applied to other metal oxides.

Table 2

Comparison of the electrochemical cycling performance of MoO, -based composites obtained by various synthesis methods.
Material Synthesis method Current (mAg™!) Discharge capacity (mAh g™")/cycle no® Ref.
Mo0,/C-G(M) nanoparticles Glucose-assisted sol-gel 100 660/10 this work
MoO,/C nanoparticles Alginate-assisted sol-gel 200 300/10 [21]
Nitrided MoO, hydrothermal 120 310/10 [52]
MoO,/C nanofibers Electrospinning 100 500/10 [40]
MoO,/C nanoparticles Impregnation of carbon matrix 100 600/10 [53]
MoO,/graphite oxide nanoparticles Solvothermal 100 620/10 [54]
MoO,/graphite oxide nanoparticles Solvothermal 100 800/10 [16]
MoO,/C cage-like particle Hydrothermal reduction 200 800/10 [22]
MoO,/exfoliated graphene oxide Solid-state graphenothermal reduction 100 850/10 [55]
MoO,/graphene oxide Decomposition 100 1200/10 [41]

2 For better comparison, data from the same cycle number are shown as read-off from reported figures.
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Highlights

e V,05/C composites were synthesized by a facile sol-gel thermolysis method.
¢ Citric acid, malic acid, and tartaric acid have been applied as both the chelating agents and as carbon source to produce

V,05/C composites for the first time.

e DFT calculations confirmed preference of phase separation in C-doped V,Os5.
e V,05/C composites as anode material exhibit an excellent cycle stability.

1 Introduction

Vanadium trioxide V,0; has been widely studied in
fundamental research since the first reports on its metal-
to-insulator transition [1]. Regarding application, due to
its high theoretical capacity (1070 mAhg™"), low cost,
and non-toxicity V,0j; is well recognized as a promising
anode material for rechargeable lithium-ion batteries
(LIBs) [2-4]. However, the practical use of the bulk V,03
as anode materials in LIBs is greatly hindered due to huge
volume changes appearing upon electrochemical cycling
[5]. A variety of functionalization options has been
explored to overcome this issues: incorporation of carbon
containing compounds yielding composite materials
including the preparation of nanosized materials with the
different morphology [6, 7], doping with nitrogen and
sulfur [8—10], as well as a design of three-dimensional
nanostructures providing shorter lithium-ion/electron
diffusion distances as well as more stable structures
preventing deterioration of electrodes during the dis-
charge/charge processes [11-16].

Both the preparation process and the post-treatment con-
ditions have a significant influence on the electrochemical
performances of V,03/C hybrid materials as an anode mate-
rial. For example, V,0;/C composites prepared by a NaCl
template-assisted freeze-drying strategy deliver a capacity of
706 mAh g ! at 5A g}, after 2000 cycles [17], while elec-
trospun materials show 100 mAh g~ ! at 5000 A g™ ! after 5000
cycles [18]. Among different kinds of carbon materials, there
is a variety of reports using graphene oxide (rGO) as the
carbon source [5, 19, 20], among them a polymer-pyrolysis
made material with ~780 mAh g~! over 100 cycles at 200 mA
g ' [21] and V,05/rGO with 823 mAhg~!, at 0.1 Ag~! [22].
Other V,05/C composites have been fabricated by solvother-
mal synthesis using ethylene glycol as the carbon source
(474mAhg™" at 0.5A g™ ! after 400 cycles) [23], a hydro-
thermal route and subsequent calcinations (283 mAhg™! at
25A ¢ [24].

Here we report for the first time a sol-gel process with
post-annealing treatment to synthesize a V,03/C composite
material using citric acid, tartaric acid, and malic acid as
both the chelating agents and the carbon sources. In general,
the sol-gel method has been extensively used to synthesize
electrode materials due to their unique advantages such as
low synthesis temperature, high purity and high
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homogeneous structure, and good electrochemical property
of the synthesized product [25-28]. Our work shows that it
can be exploited as facile method to synthesize hier-
archically structured V,03/C nanocomposite and we
investigate in detail the influence of different carboxylic
acids on the phase composition, morphology, and electro-
chemical properties of the products.

2 Experimental
2.1 Materials

Vanadyl sulfate hydrate VOSO4nH,O (97% VOSOy),
ammonium hydroxide solution (28% NHj in H,0), tartaric
acid (C4H¢O¢), malic acid (C4HgOs), and citric acid
(C¢HgO7) with analytical grade were purchased from
Sigma-Aldrich and used without any further purification.

2.2 Synthesis of V,03/C composites

V,05/C composites were prepared using the sol-gel ther-
molysis process. The typical synthesis process is briefly
described as follows. First, vanadyl hydroxide VO(OH),
precursor was prepared. According to the synthetic proce-
dure, 7.95g VOSO,nH,O was dissolved in 400 mL of
deionized H,O using the magnetic stirring at room tem-
perature, then ammonium hydroxide solution was added
dropwise to adjust the pH value of the mixture so that it
equals to 4. The brown precipitate was collected by cen-
trifugation and washed several times with water, ethanol,
and dried in air to obtain the VO(OH), powder products.
Second, VO(OH), and carboxylic acid (citric acid, malic
acid or tartaric acid) were weighed according to the molar
ration of 1:1 and mixed well with each other in deionized
60 mL water under constantly stirring. The mixture then
came to be a blue solution. The blue solution was evapo-
rated at 80 °C for ~4 h, with a magnetic stirrer sequentially
stirring to obtain a clear viscous sol and was subsequently
dried to form a gel. The gel was further dried in a vacuum
oven at 50 °C for 16 h, which led to a blue powder. Finally,
the powder was sintered under a flow of N, gas at
400-700°C for 1h to obtain the V,05/C composites.
Depending on the type of the carboxylic acids, the resulting
materials are denoted henceforth as V,03/C-C, V,05/C-M,
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and V,05/C-T, where carboxylic acid is citric acid, malic
acid, and tartaric acid, respectively.

2.3 Characterization

X-ray diffraction (XRD) patterns were obtained using a
Bruker AXS D8 Advance Eco diffractometer using CuKa
radiation and applying the step size of A260=0.02°. The
morphology of the powder was determined by a ZEISS Leo
1530 scanning electron microscope (SEM) as well as JEOL
JEM 2100 and JEMe200 CX high-resolution transmission
electron microscopes (HRTEM). The thermogravimetric
analysis with the heating rate of 10 K min~' under flowing
air was carried out using a STA 449 F; Jupiter thermo-
analyzer (Netzsch) coupled with a QMS 403 mass spec-
trometer (TG-DSC-MS). The specific surface area and pore
volume of the samples were measured by a surface area and
porosity analyzer (Gemine VII, Micromeritics). The content
of carbon was examined by elemental chemical analysis
(CA) using Vario MICRO Cubes (Elementar). Prior to N,
physisorption data collection, the samples were degassed at
100 °C under vacuum for 1.5 h. The specific surface area,
pore size distribution, and pore volumes were obtained by
means of the Brunauer—-Emmett-Teller (BET) method and
the Barrett—Joyner—Halenda model from the adsorption
branches of the isotherms. Raman spectra were measured
with a Renishaw U1000 spectroscope at a laser wavelength
of 532 nm.

2.4 Computational details

All quantum-chemical calculations of the V,03/C composite
systems were performed within the framework of the self-
consistent-charge density-functional tight-binding method
(SCC-DFTB) [29, 30]. Atomic positions in both the supercells
of the bulk V,05 doped by carbon and the supercells of a slab
V,03(0001) contacting with graphene were optimized using
the conjugate gradient algorithm within periodic boundary
conditions in I'-point approximation. Self-consistent calcula-
tions were performed until the maximal residual components
for the total energy of 10~ eV atom ™! and for the interatomic
force component of 1072eV A~!. The lattice parameters
optimized within these conditions for the bulk V,0; are in a
fair agreement with the experimental values, being over-
estimated by 3% (a =5.07 A, c=14.25 A).

As the progenitor of all the model V,03/C composites
the pre-optimized supercell 2a x 2a x 1¢ of bulk V,0; was
selected. Several possible variants for distribution of carbon
impurities within V,0; lattice have been accounted: sub-
stitutional single C atoms within V or O sublattices; sub-
stitutional C, dimers at neighbor sites within V or/and O
sublattices; interstitial single C atoms or C, dimers; gra-
phene sheet on a V,03 surface. The relative stability of

these V,05/C composites with relaxed internal geometry
was analyzed using the energy of formation AF relative to
corresponding mechanistic mixture of the bulk V,03, gra-
phite and molecular CO. Positive and negative AE values
point to endo- and exothermic formation reaction,
respectively.

2.5 Electrochemical measurements

The electrochemical measurements of the samples were
performed with a VMP3 potentiostat (Bio-Logic SAS) at
25 °C using Swagelok-type half cells with lithium metal foil
(Alfa Aesar) as counter electrode [31]. The electrodes were
separated by two layers of glass fiber separator (Whatman
GF/D) that was soaked with 200 uL of a 1M LiPFg salt
solution in 1:1 ethylene carbonate and dimethyl carbonate
(Merck Electrolyte LP30). The working electrode consists
of active material, carbon black (Super C65, Timcal) and
polyvinylidene fluoride binder (Solvay Plastics) in a weight
ratio of 75:15:10. The powders were mixed in N-methyl-2-
pyrrolidone (NMP, Sigma-Aldrich) and stirred for at least
12 h. After evaporating most of the NMP under vacuum the
spreadable slurry was deposited on circular Cu meshes
(diameter 10 mm) with a mass loading of about 0.4-0.5 mg
cm 2. Afterward, the electrodes were dried under vacuum,
pressed with a spindle press by hand and then dried again.
The preparation of the electrodes and the cell assembly were
done in a glovebox filled with argon (O,/H,O <5 ppm). The
calculation of the specific capacity is based on the total
mass weight of the composites V,05/C.

3 Results and discussion

XRD patterns of the V,05/C composites prepared using
different carboxylic acids at different temperatures are
depicted in Fig. 1a. All samples obtained after annealing at
temperatures below 700 °C are amorphous according to the
XRD patterns as demonstrated by the example of the V,05/
C-C composite. Annealing at 700 °C leads to the appear-
ance of distinguished XRD patterns, which can be
undoubtedly attributed to V,03 without any impurities. The
lattice of V,03 within the as-prepared V,03/C composites
has rhombohedral crystalline structure and belongs to the
R-3c space group. For all crystalline V,03/C materials
reported here, the lattice parameters derived from the XRD
data are listed in Table 1. The results are found close to the
reported values for V,05; [ICSD No. 94768]. The XRD
patterns however display rather broad and low-intense dif-
fraction peaks, which may be attributed to both a poor
crystallinity or/and to a small crystal size of primary V,03
particles present in the composites. Using Scherrer’s equa-
tion enables estimating the average crystallite sizes of V,03
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Fig. 1 a XRD patterns and Raman spectra in the range of b 50-1100 em™! and ¢ 1000-2000 cm™" of the V,04/C composites fabricated using
different carboxylic acids: citric acid (V,05/C-C), tartaric acid (V,03/C-T), and malic acid (V,03/C-M)

Table 1 Lattice parameters, crystallite sizes from XRD, results of BET
analysis, and carbon content of the V,03/C composites synthesized at
700 °C. The last row shows lattice parameters from the literature

Samples Lattice Crystallite  Sggr Carbon
parameters size (nm) (m? g") content (Wt%)
ad)  c@A TG CA

V,03/C-C  4.9907 13.8858 34 (10) 1.8 27.0 26.3 (5)

V,05/C-M  4.9659 13.9956 28 (5) 5.8 20.6 20.3 (5)

V,03/C-T  4.9533 14.0280 31 (8) 6.7 16.8 19.6 (5)

V,04 4.95254 14.0038 — - - -

(ICSD

No. 94768)

particles:

thl = Kﬂ./A(Zeth) COoS 29th, (1)

where Dy, is the extent of the crystal perpendicular to the
reflecting hkl-crystal plane, K is a constant depending on
the crystal shape which can be approximated to 0.9, 4 is the
wavelength of the applied CuKa radiation, A(20y,) is the full
width at half-maximum of the diffraction peak, and 6y is the
Bragg angle. The average crystallite sizes of V,0; particles
obtained from the analysis of the (012), (104), (110), and (116)
reflexes are presented in Table 1. All materials exhibit
nanosized primary particles with similar size. Obviously, the
crystallite size does not seem to be affected by the chelating
agent, which was also observed for other oxide systems, for
example, Y3;FesO;; and Y,0; synthesized by sol-gel
technique with citric, malic, or tartaric acid [32, 33]. This
phenomenon is attributed to the space steric effect of the
organic acids playing the role of the chelating agent [34]. The
chelating ability of carboxylic acids depends on the presence
of the carboxylic -COOH groups. Citric acid in comparison
with both malic acid and tartaric acid has three —-COOH
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groups, which promote the formation of vanadium-ligand
bonds, the formation of a chelate complex, and the growth of
crystallites. However, the intermolecular steric hindrances are
formed between the citric acid molecules and metal oxide due
to the large molecular weight of the citric acid. A large space
steric effect hinders close contact between the chelating agent
and vanadium oxide that does not favor the growth of V,03
particles. The main difference in the XRD patterns of the three
composites is the relative intensity of the V,0; reflexes. For
the composite prepared using malic acid the ratio of the area of
all crystalline peaks to the total area of the diffractogram is
slightly higher than those for V,05/C-C and V,05/C-T
indicating higher crystallinity of V,03. This shows that malic
acid is an eminent chelating agent to synthesize V,05/C
composite with higher crystallinity. Similar results were also
observed in the synthesis of LiV3;Og prepared by sol-gel
method and post-annealing treatment with citric, malic, and
tartaric acid as chelating agents [35].

Raman spectroscopy provides further information about the
structure of V,0s and also on the carbon in the V,05/C
composites. All peaks shown in Fig. 1b located below
1000 cm™! can be attributed to V-O vibrations of V,0s in
agreement with the literature values [36]. Evidently, V,0;3 is
partially oxidized to V,05 under the laser irradiation during the
Raman measurement in air [37] and therefore, the spectra also
show characteristic Raman modes of the V,0s; phase. In
addition, two broad peaks at ~1350 cm ! and ~1600 cm ™! are
clearly observed in the spectra of V,05/C composites (Fig. 1c).
The band at ~1600 cm ™' labeled as the G-band is related to the
in-plane vibration of sp? hybridized carbon atoms [38-40],
while the one at about 1350 cm™' labeled as the D-band is
associated to the breathing mode of sp? atoms in rings and
only becomes active in the presence of defects [38—40]. The
peaks of D- and G-bands are broad implying that carbon
possesses high structural disorder [39, 41, 42]. The ratio of the
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Fig. 2 Thermogravimetric (red), DSC (blue), and mass-spectroscopy (green, brown) curves of V,0;/C composites prepared using a citric acid,

b malic acid, and c tartaric acid

maximum intensity of both peaks (Ip/Ig) of the V,05/C
composites, obtained by using citric acid, malic acid, and
tartaric acid, are calculated to be 0.82, 0.83, and 0.87,
respectively. In comparison with citric acid and malic acid as
the chelating agent, this ratio is for V,03/C-T composite
slightly higher indicating less defects and disorder in the car-
bon component [38].

Thermogravimetric analyses coupled with mass-
spectroscopy confirm the presence of carbon and allow to
derive the carbon content in the V,05/C composites under
study (Fig. 2). The TG-DSC-MS curves of the composites
prepared by citric acid (Fig. 2a), malic acid (Fig. 2b), and
tartaric acid (Fig. 2c) are very similar. For all three com-
posites, the weight loss proceeds stepwise. In the first step
ranged from room temperature to about 180 °C, there is a
weak endothermic peak signaling the vaporization of
adsorption water. The corresponding weight loss is about
3.1-4.8 wt%. A second step ranging from 200 to 560 °C
implies two strong exothermic peaks, which are associated
with the vigorous combustion reactions of the carbon
component in the composites and the completion of the
crystallization reaction. The release of carbon dioxide CO,
is confirmed by two intense peaks from molecular ion CO,*
with m/z =44 a.m.u. in the mass spectra. Seemingly, the
existence of this double exotherm with well-resolvable
temperature maxima is due to the different states of carbon
in the composites. A last feature is observed from ~500 to
730 °C. Here, there is a weight gain of 1.6, 1.7 and 2.8 wt%
for V,03/C-C, V,03/C-M, V,03/C-T samples, respectively,
upon heating. This process is attributed to the oxidation of
V3* jons to V>* and results in the formation of V,Os as a
final thermolysis product. The mass-spectroscopy curves
reveal that the main gaseous product in this temperature
regime is the molecular ion O," with m/z =32 a.m.u. The
endothermic peak at 681 °C is attributed to the melting of
V,05. According to the thermogravimetric analysis, the

content of carbon in the samples amounts to 27.0, 20.6,
16.8 wt% for V,0;/C-C, V,03/C-M, V,0;/C-T, respec-
tively. The results of the TG analyses fully agree with
carbon content determined by CA (Table 1).

The morphologies of the V,03/C powders synthesized
from citric acid, malic acid, and tartaric acid as carbon source
are similar. All of them show micrometer sized chunks
(Fig. S1) that are decorated with flake-like particles with the
average flake size of 100-300 nm and 30—40 nm in thickness
(Fig. 3a—c). In addition, the detailed microstructure of the
V,03/C-C composite studied by TEM (Fig. 3d) displays a
block-like architecture of particles on the nanometer scale.
The TEM images also show an amorphous carbon layer of
up to 100 nm in thickness. Nanoparticles with the shape of
edge-shared polyhedra are uniformly and tightly anchored to
an amorphous carbon matrix (Fig. 3e). The lattice fringes
with spacing of 0.37 nm corresponds to the (012) plane of the
rhombohedral V,0; phase. The corresponding ring-like
selected-area electron diffraction (SAED) pattern (Fig. 3f)
indicates that the as-synthesized composite is a polycrystal-
line phase indexed to V,05, which is consistent with the
XRD results presented above. Textural properties of the
differently prepared V,03/C composites as obtained from
nitrogen adsorption and desorption studies and their analysis
are shown in Fig. S2 and in Table 1. According to the
IUPAC classification, the nitrogen adsorption/desorption
isotherms display a type IV behavior [43].

In summary, analysis of XRD, SEM, TEM, and BET data
provides solid evidence that the materials exhibit tightly bound,
yet, separated V,053 and carbon phases. However, doping of
carbon into the V,0; lattice cannot be completely excluded,
since it remains undetectable by these methods. Therefore,
quantum-chemical DFTB calculations have been employed to
estimate tendency of the V,05 lattice to host substitutional and/
or interstitial carbon impurities. Several model variants of
single and paired carbon atoms hosted at O- or V sites or as
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Fig. 3 SEM images of V,03/C composites prepared with the different carboxylic acids: a citric acid, b malic acid, and ¢ tartaric acid. d TEM,
e HRTEM images, and f corresponding SAED pattern of V,05/C-C composite

interstitials have been accounted (Table S1). An essential dif-
ference in their relative thermodynamic stabilities is established
after comparison of their formation energies AE. There are a
few important inferences. Namely, substitution of single O
atoms by C atoms within V,03, accompanied by emergence of
carbide-like V-C bonding, is endothermic. Moreover, cluster-
ization of such C atoms is even less favorite. Implantation of
interstitial C atoms is also characterized by endothermic ener-
gies irrespective of the carbons' mutual distribution.

The energetically most beneficial and even exothermic
carbon distribution has been found for the variants of
cooperative substitution of either two neighboring V atoms
or an VO unit (see Table S1). Optimized structures including
these defects undergo a considerable evolution, compared to
their initial geometries, which is accompanied by a con-
traction in the neighborhood of the defect, i.e., by the
appearance of a nanoscopic cavity within the bulk of V,0;.
Particularly, substitution of neighboring V and O atoms
leads to the formation of acetylide-like dimers bound via an
atom to two V atoms (Table S1, defect type 8). Though, the
energetically most beneficial cooperative substitution is
found to be on two neighboring V sites, which results in the
formation of CO molecules within nanoscopic cavity.
Depending on the initial positions of substituting C atoms,
the final structure contains either two CO molecules (Table
S1, defect type 10) or a single CO molecule and a carbonate-
like group (Table S1, defect type 11, and Fig. S3).
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Beside the formation of molecular-like carbon species or
carbon oxides, the release of free carbon in bulk quantities
like a graphene sheet on the V,05(0001) surface should be
also an exothermic reaction (Table S1, defect type 14, and
Fig. S3). Noteworthy, the in-plane lattice parameters of a
V,05(0001) surface and graphene commensurate very well
with a ratio close to ayyo3 = 2ac. According to our calcu-
lations, the only stable type of V,03(0001) surface appears
as stoichiometric surface with the V atoms moved inward to
the surface layer. The graphene sheet can stay 3.1 A away
from this reconstructed surface.

Despite the exclusively thermodynamic characterization,
the calculations are capable to explain the origin of several
morphological features established in the experimentally
fabricated V,03/C composites. Irrespective of the mechan-
ism for reduction of V>* from metal-organic precursors, the
formation of any vanadium carbides, vanadium oxycarbides
or stable (V,C),05 solid solutions within the V,05/C system
should be not expected. Any possible (V,C),0;3 inter-
mediate should decompose into a thermodynamically more
stable state, namely, the nanocavernous bulk V,03 with CO
or C, species residing in the caverns. Such structural faults
do not promote the mechanical stability of the lattice and
can serve as the origins of cracks with degassing of fugitive
components. The higher the content of the faults, the
smaller domains of forming V,03 should be observed. After
all, the most likely forms of carbon in the V,05/C
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composites are represented at the particles' surface either as
carbonate groups or as elemental carbon like graphene or
carbyne assembled from acetylide species.

In addition, the calculations give a preliminary estimate
of the electronic structure of V,03/C composites. The
electronic densities-of-states (DOS) are typical for the
metal-like compounds, and the origin of the DOS near
the Fermi level remains similar irrespective of the carbon
type in a composite. It is contributed mostly from the V3d-
states of the V,0; part. The examples for the most ther-
modynamically stable V,03/C composites—with either
chemically integrated or elemental carbon—are depicted in
Fig. 4. Similarly to the pristine V,03, the Fermi level is
hosted in a local DOS minimum of the wide V3d-band,
hence, all composites should have a metal-like conductivity.
Valence O2p states form the wide band at —8...—4eV
below the Fermi level. Chemically integrated carbon (like
molecular-like CO or C,) donates also occupied C2p states
to both the top and the bottom of the main valence band
(Fig. 4a). In the case of physisorbed carbon like graphene in
contact to the V,03(0001) surface, the valence C2p states
demonstrate an essential dispersion, though, they are
missing at the Fermi level (Fig. 4b). Here, V3d states near
the Fermi level are presented by both the bulk and the
surface V atoms. Thus, all V,03/C composites should pre-
serve a metal-like type of conductivity like parent V,0;.

Electrochemical properties of the V,03/C composites
synthesized with different carbon sources are investigated
by cyclic voltammetry (CV) and galvanostatic cycling with
potential limitation (GCPL) in the voltage range between
0.01 V and 3.2 V. Exemplary for all samples, Fig. 5a shows
the first, second, and fifth cycle of the cyclic voltammogram
of V,05/C-M recorded at a scan rate of 0.05mVs~!. As
shown in Fig. S4, the CV curves of the other two compo-
sites, V,03/C-C and V,03/C-T, exhibit the same features.

Starting with a reductive scan in the first cycle a peak Rgg; at
around 0.75V occurs mainly due to the irreversible for-
mation of a solid electrolyte interface (SEI) [21]. The redox
peak pair Rc/O¢ around the lower limit 0.01 V corresponds
to the lithiation and delithiation of the carbon [44]. All other
features, the reduction peaks R; and R, as well as the oxi-
dation peaks O1 and O2, can be assigned to the electro-
chemical reactions of V,03;. The Lit storage of V,0;3
initially runs via intercalation (Eq. 2) and, subsequently,
conversion of Li,V,03 to metallic V and Li,O (Eq. 3) as
follows [2, 45]:

V,05 + xLiT 4+ xe” — Li, V,0s3, (2)

Li,V,03 + (6 — x)Li" + (6 —x)e” < 2V +3Li,0. (3)

In the CV curve, there are two broad reduction peaks at
0.9 and 1.75V and two oxidation peaks at 1.25 and 2.5 V.
The absence of much more pronounced peaks implies that
the de-/lithiation process smoothly proceeds with several
transition species originating from the multivalence of
vanadium [21, 46].

The cycling performances of the different samples are
studied by GCPL measurements. In Fig. 5b, the dis-/charge
capacities at 100mA g~ are shown. The first dis-/charge
capacities of V,05/C-C, V,05/C-M, and V,03/C-T are 769/
302, 763/358, and 612/257mAhg™!, respectively. The
huge discrepancy between the first discharge and charge
capacity is caused by the irreversible SEI formation and
structural changes during the first lithiation [2, 7, 24]. Upon
further cycling, the capacity initially rises slightly, which
can be attributed to an activation process as a result of
electrochemical grinding. This phenomenon has been
observed in literature for V,0s3-based electrodes [7, 21] as
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200, and SOOmAg’1 of the composites fabricated using citric acid
(V,05/C-C), malic acid (V,03/C-M), and tartaric acid (V,05/C-T)

well as other anode materials [47, 48]. During the whole
measurement the samples exhibit a high cycle stability,
whereas especially V,03/C-C stands out. It convinces with
a capacity retention of 98% in cycle 95 relative to cycle 33,
where the maximal charge capacity of 342mAhg~! is
obtained. By comparing the composites among each other
no clear differences of the electrochemical performance can
be observed. As expected, due to the quite similar physical
properties of the different composites, the used carbon
source (citric acid, malic acid or tartaric acid) does not
strongly affect the electrochemical properties. In Fig. Sc,
the specific dis-/charge capacities are shown at different
current rates between 100 and 500 mA g~'. The composite

@ Springer

V,05/C-M is superior and exhibits specific charge capa-
cities of 337, 269, and 183 mAh g_1 at current densities of
100, 200, and 500 mA g*1 after 15 cycles each. When the
current density is returned to 100 mA g~ ' a charge capacity
of 327mAhg ! is regained, demonstrating excellent
capacity retention. The other two samples also exhibit high
rate performance. The dis-/charge profiles (Fig. S5b) reveal
no significant differences of the overpotential due to
polarization effects for the different composites. The
slightly better rate capacity of V,03/C-M compared to
V,05/C-T may be due to an improved electronic con-
ductivity of the material. The percolation threshold for
forming a conductive network in a randomly packed three-
dimensional body consisting of conductive and insulating
particles is exceeded by the higher carbon content, which
ensures higher conductivity in the V,05/C-M composite,
and thus achieves superior performance [49, 50]. The fact
that the composite V,03/C-C with the highest carbon
content shows lower rate capacity as V,03/C-M might be
due the less amount of the active material, V,0s3, in the
anode material that comes along with it [49].

For a comparison, the electrochemical performances of
V,03/C composites prepared via different synthesis meth-
ods are collected in Table 2. It can be concluded that the
composites presented in this work lie in the midfield. The
outstanding performance of V,03/C nanocomposites pre-
pared through the thermolysis of a polymer matrix-based
metal precursor can possibly be explained by the good
distribution of both components.

4 Conclusions

In summary, we demonstrate a facile, low cost, and scalable
two-step route to fabricate pure vanadium-based V,0;/C
composites of polynanocrystalline V,0; microparticles
encapsulated in an amorphous carbon matrix. The absence
of foreign phases is confirmed by means of several physical
and analytical methods, while the existence of the few-atom
impurities has been criticized using quantum-chemical cal-
culations. Based on theoretical analysis, the formation
mechanism of such structured composites might include
formation of molecular CO, carbonate ions and progressive
growth of C—C chains all upon carbonization of precursors.
Diffusion out of decomposing precursor and outgassing of
these species leads to extensive fracturing of emerging
V,05 lattice and to the elemental carbon remained at surface
of V203.

A slight regulation of the carbon content, the typical size
of V,03 nanocrystallites and, consequently, the accessible
physical surface of the product can be attained using dif-
ferent precursors—vanadyl complexes with citric, tartaric,
or malic acids. However, electrochemical performance of



Journal of Sol-Gel Science and Technology

Table 2 Comparison of the electrochemical performance of V,03/C electrodes prepared via different synthesis methods as reported in the literature

Material Method of synthesis® Current density Ist charge capacity Specific capacity Ref.
(mA g™ (mAh-g™") (mAh g~ Y/cycle no.
V,03/C particles Polymer-pyrolysis 200 800 780/100 [21]
V,0; nanoplatelets/C with core-  Hydrothermal 100 360° 260/100 [4]
shell structure
Yolk-shell V,03/C microspheres  Solvothermal 100 470° 437.5/100 [13]
3D V,05/C networks Freeze-drying 1000 450P 580/500 [17]
V,05/C nanoparticles Solvothermal 200 380 525/200 [7]
Dandelion-like V,03/C spheres Solvothermal 500 280° 474/400 [23]
Peapod-like V,03/C nanowires Hydrothermal 100 230 186/125 [11]
V;,05/C microparticles Sol-gel thermolysis 100 302 335/95 This work

2All mentioned synthesis methods include a post heat treatment

Values are estimated from the graphs

the final products as anode materials for LIBs are not
strongly affected by the type of carbon source. Slight dif-
ferences in the rate capacity may be due to different carbon
contents. All our V,03/C composites exhibit an excellent
cycle stability at a medium-range reversible capacity in-line
with formerly known V,03/C composites.
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Fig. S1. SEM images of V,03/C composites prepared using (a) citric acid, (b) malic

acid, and (c) tartaric acid.
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Fig. S2. Nitrogen adsorption/desorption isotherms of V,03/C composites prepared

using (a) citric acid, (b) malic acid, and (c) tartaric acid.



Table S1. Formation energies (AE) for different V,O3/C composites depending on
carbon content and its distribution in the V,0; lattice obtained from DFTB
calculations. The energies are given relative to the energy of a mechanistic mixture
of V703, graphite and molecular CO. Negative values of AE correspond to

exothermic reaction.

Type Compositio AE
n of the cell (eV/C-

Description

atom)

| V45071C, +1.78 substitution of single O atom by C atom

2 V4707,C, +1.30 substitution of single V atom by C atom

3 V4307,C, +1.99 interstitial C atom

4 V43070C> +3.46 substitution of two neighboring O atoms by two C
atoms (aslant to c-axis, as common edge of two
neighboring VO octahedra)

5 V45070C> +2.58 substitution of two neighboring O atoms by two C
atoms (across c-axis)

6 V45070Ca +3.37 substitution of two neighboring O atoms by two C
atoms (aslant to c-axis)

7 V45070C> +2.81 substitution of two neighboring O atoms by two C
atoms (across c-axis, as common edge of two
neighboring VO octahedra)

8 V47071C; -1.11 substitution of neighboring V and O atoms by two
C atoms

9 V460720 +1.90 substitution of two neighboring V atoms by two C
atoms (along c-axis)

10 Vi46072C; -2.26 substitution of two neighboring V atoms by two C
atoms (across c-axis)

11 V46072C2 -1.82 substitution of two neighboring V atoms by two C

atoms (aslant to c-axis)
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The V,03/C composites have been successfully synthesized by a facile hydrothermal thermolysis method,
employing vanadyl hydroxide as precursor and different carboxylic acids as both a carbon source and
reducing agents. The morphology, structure, and composition of the obtained V,03/C composites were
investigated by X-ray diffraction, Raman spectroscopy, scanning and transmission electron microscopies,
physical sorption, thermogravimetric analysis coupled with mass-spectrometry, and elemental analysis.

Keywords: The as-prepared V,03/C composites consist of hierarchically structured microspheres, either with core-
Anode material shell or solid architecture depending on the used carboxylic acid. When used as anode for lithium-ion
Composite batteries, the V,03/C spheres deliver very good electrochemical performance with high specific capacity,

Hydrothermal synthesis
Lithium-ion battery
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great cyclic stability, and high rate capability. The large capacitive current contribution favors superior
lithium storage kinetics compared to more compact chunk-shaped V,03/C materials. In particular, the
composite prepared with tartaric acid exhibits a high reversible capacity of 454 mAh g-! after 100 cycles

at 100 mA g1,

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, rechargeable lithium-ion batteries (LIB) are the most
promising energy storage systems for mobile applications, includ-
ing electric vehicles, due to their high energy density, high en-
ergy efficiency and long cycle life [1-5]. It is well-known that
the electrode materials play a decisive role in determining the
LIBs performance. Graphite, the predominant commercial anode
material, has a rather low theoretical capacity of 372 mA h
g~1, that cannot meet the ever-growing demand for next gen-
eration high energy LIBs [6,7]. Thus, in recent years, many en-
deavours have been placed on exploring alternative anode ma-
terials for LIBs, especially transition metal oxides have attracted
intense research in view of their high theoretical capacities [8—
13]. Among them, vanadium trioxide (V,03) is favoured for its
high theoretical capacity (1070 mA h g-1), low working potential,
low cost, natural abundance, and environment friendliness [14-
17]. Particularly, it undergoes a first order metal-to-insulator tran-
sition at 150-160 K accompanied by a change from a paramag-
netic rhombohedral phase into an antiferromagnetic monoclinic

* Corresponding author.
E-mail address: elisa.thauer@kip.uni-heidelberg.de (E. Thauer).

https://doi.org/10.1016/j.electacta.2021.138881
0013-4686/© 2021 Elsevier Ltd. All rights reserved.

phase [18,19]. So, V,03 exhibits moderate electronic conductivity
at room temperature, which is much higher than that of other
transition metal oxides, such as MnO,, Fe;03, Co304 [20]. How-
ever, its poor cycling stability seriously hinders its practical appli-
cation. Vanadium trioxide suffers from large volume change during
Li-ion insertion/extraction resulting in cracking and pulverization.
To overcome this issue, rational structure design and the prepa-
ration of composites with carbonaceous materials have proven to
be promising strategies in recent years [21]. Building hierarchical
nano-/micro-architectures can combine both the advantageous of
nanosized primary particles and micro-sized arrangements [22-
24]. Nanomaterials can accommodate large mechanical strain of
Li-ion insertion/extraction improving the cycle life and, in addi-
tion, possessing high specific surface area and short Li* diffusion
path leading to high energy and power density [25,26]. Hierarchi-
cal structures guarantee structural stability by preventing agglom-
eration of the nanoparticles, which occurs due to low thermody-
namic stability [24,27]. When using carbonaceous materials for the
stabilising matrix, carbon can serve, on the one hand, as a buffer
to accommodate changes in volume and as a physical barrier to
prevent the agglomeration and restacking of V,03 particles on the
other [28,29]. Moreover, the carbon can effectively improve the
electronic conductivity by forming a conductive network [14,30].
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Table 1
The molecular structure and acid dissociation constant of the selected
carboxylic acids.

Carboxylic acid ~ Chemical formula  Structure  Acidity (pKap)
Citric acid CgHgO7 fx 3.13
Malic acid C4HgOs fx 3.46
Tartaric acid C4HgOg fx 3.04

For example, dandelion-like V,03/C composite with bicontinuous
3D hierarchical structures, which was synthesized by a template-
free solvothermal method, shows high reversible capacity, out-
standing cycling performance and excellent rate capability [31]. Yu
et al. [32] reported that urchin-like V,03/C hybrid composed of
nanofibers and hollow nanospheres delivered a discharge capacity
of 737 mA h g1 after 100 cycles at a current density of 0.1 A g=1.
Jiang et al. [33] prepared via a template-free polyol solvothermal
method carbon-coated V,03 yolk—shell microspheres. The hierar-
chically structured V,03/C composite shows superior electrochem-
ical performance compared to bulk V,03. Liu et al. [34] fabricated
3D hierarchical porous V,03@C micro/nanostructures consisting of
crumpled nanosheets through self-reduction under annealing from
the structurally similar VO,(B)@C precursor exhibiting a large re-
versible capacity up to 732 mA h ¢! at 100 mA g-! even after
136 cycles.

Herein, we report for the first time the hydrothermal method
with the post-annealing treatment to synthesize a V,03/C compos-
ite material with a unique hierarchical structure using citric acid,
tartaric acid, and malic acid as both the carbon sources and re-
ducing agents. The chosen organic acids possess different molecu-
lar structure, acidity affecting the hydrolysis reaction, and different
numbers of hydroxyl groups as well as carboxyl groups which can
serve as organic ligands in the coordination reaction with vana-
dium ion. The chemical formula of used carboxylic acids and their
molecular structure are summarized in Table 1. The influence of
the synthesis conditions on the chemical composition, morphol-
ogy, texture, and electrochemical properties of V,03/C composites
is particularly investigated.

2. Experimental
2.1. Materials

Vanadyl sulfate hydrate VOSO4enH,0 (97% VOSO4), ammonium
hydroxide solution (28% NHs3 in H,0), tartaric acid (C4HgOg), malic
acid (C4HgOs), and citric acid (CgHgO-) with analytical grade were
purchased from Sigma-Aldrich and used without any further pu-
rification.

2.2. Synthesis of V,03/C composites

V;,03/C composites were prepared using the hydrothermal ther-
molysis process. The typical synthesis route is briefly described
as follows. Firstly, vanadyl hydroxide VO(OH), precursor was pre-
pared. According to the synthetic procedure, 7.95 g VOSO4enH;0
was dissolved in 400 mL of deionized H,O using magnetic stir-
ring at room temperature, then ammonium hydroxide solution was
added dropwise (one drop every ~1 min) to adjust the pH value
of the mixture equal to 4 The brown precipitate was collected by
centrifugation, washed several times with water and ethanol, and
dried at 25 °C in air to obtain the VO(OH), powder products. Sec-
ondly, VO(OH), and the carboxylic acid (citric acid, malic acid or
tartaric acid) were weighed in at a molar ratio of 1: 1 and mixed
well together in deionized 60 mL water under constant stirring.
The mixture became a clear-blue solution, which was then trans-
ferred to a 45 mlL stainless steel autoclave lined with PTFE. The
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autoclave was heated at 180 °C for 24 h and then cooled to room
temperature naturally. The obtained product was filtered, washed
with deionized water, and dried in air under ambient conditions.
Finally, the powder was sintered under a flow of N, gas at 400-
650 °C for 1 h to obtain the V,03/C composites. Depending on the
type of the carboxylic acids, the resulting materials are termed be-
low as V,053/C-C (citric acid), V,03/C-M (malic acid), and V,03/C-T
(tartaric acid).

2.3. Characterization

Powder X-ray diffraction (XRD) in the 10-70 ° 20 range with
a step size of 0.2 ° was performed on a Bruker AXS D8 Ad-
vance Eco diffractometer using CuKe: radiation. The morphology of
the samples was investigated by a ZEISS Leo 1530 scanning elec-
tron microscope (SEM) and a JEOL JEM 2100 transmission elec-
tron microscope (TEM). The energy dispersive X-ray analysis was
performed on JEOL JSM 6390 LA scanning electron microscopy
equipped with an EX-23010BU energy-dispersive X-ray analyzer.
Raman spectra were measured with an inVia Reflex spectrome-
ter (Renishaw) using a 100 mW RL532-08 solid state laser with a
532 nm wavelength. To avoid damages of the samples, the emitted
power was decreased up to 1%. Thermogravimetric analysis (TG-
DSC-MS) with a heating rate of 10 Kemin~! starting from room
temperature up to 750 °C under flowing air was carried out using
STA 449 F3 Jupiter thermoanalyzer (Netzsch) coupled with a QMS
403 mass spectrometer. The textural characteristics (specific sur-
face area, porosity) of the samples were determined with a Gemini
VII (Micromeritics) analyzer on the basis of low-temperature ni-
trogen adsorption. The samples were prepared by evacuation at
100 °C for 3 h. The specific surface area was calculated by the
Brunauer-Emmett-Teller (BET) method using nitrogen adsorption
isotherms. The pore-size distribution curves were calculated by the
Barrett-Joyner-Halenda method. The content of carbon was deter-
mined by CHN elemental analysis (EA) using Vario MICRO Cube
(Elementar).

2.4. Electrochemical measurements

Electrochemical studies were performed with a VMP3 potentio-
stat (Bio-Logic SAS) at 25 °C using Swagelok-type half cells with
lithium metal foil (Alfa Aesar) pressed on a nickel current collec-
tor as counter electrode (see [35]). The working electrode consists
of 75 wt% active material, 15 wt% carbon black (Super C65, Tim-
cal) and 5% polyvinylidene fluoride binder (Solvay Plastics) and
were prepared as follows. First, the powders were mixed in N-
methyl-2-pyrrolidone (NMP, Sigma-Aldrich) and stirred for at least
12 h. To obtain a spreadable slurry most of the NMP was evapo-
rated under vacuum. Afterwards, the electrode slurry was applied
on circular Cu meshes (wire diameter: 0.115 mm, nominal aper-
ture: 0.14 mm, wires/inch: 100 x 100, open area: 30.3%, thickness:
0.25 mm,) with 10 mm diameter and the resulting electrodes were
dried under vacuum, pressed with a spindle press by hand and
then dried again. The electrodes were separated by two glass fiber
layers (Whatman GF/D). As electrolyte 200 wl of a 1 M LiPFg salt
solution in 1:1 ethylene carbonate and dimethyl carbonate (Merck
Electrolyte LP30) was used. The preparation of the electrodes and
the cell assembly were done in a glovebox filled under argon
atmosphere (O,/H,0 < 5 ppm). For ex-situ SEM measurement,
the cells were galvanostatically cycled at 100 mA g~! and disas-
sembled in the glove box. The electrodes were washed in DMC
and dried under vacuum conditions. The calculation of the spe-
cific capacity is based on the total mass weight of the composites
V,03/C.
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Fig. 1. (a) XRD patterns and (b) Raman spectra of the V,03/C composites fabricated using different carboxylic acids: citric acid (V,03/C-C), tartaric acid (V,03/C-T), and malic
acid (V,03/C-M). In addition, the ICSD #94,768 [36] reference pattern of rhombohedral V,03 is shown in (a).

Table 2
Crystallite sizes from XRD, results of the BET analysis, and carbon content of
the V,03/C composites.

Crystallite

. SBET Carbon content (wt%)
Samples f‘ze\ (m2eg-1) TG EA
\r\rr\/
V,05/C-C 17(2) 27.2 6.0 6.5(5)
V,05/C-M 14(2) 345 13.0 12.5(5)
V,05/C-T 16(2) 90.0 126 12.6(5)

3. Results and discussion

Fig. 1a shows the XRD patterns of the V,03/C composites syn-
thesized using different carboxylic acids. The samples obtained us-
ing malic acid and tartaric acid after hydrothermal treatment but
before annealing in inert atmosphere are XRD amorphous samples
(Fig. S1). On contrary, XRD pattern of the citric acid-assisted sam-
ple after hydrothermal treatment shows a low crystallinity of the
compound. It can be explained by the stronger redox activity of
citric acid. Annealing at 650 °C leads to the appearance of distin-
guished XRD patterns, which can be assigned to the rhombohedral
V,03 phase according to ICSD #94,768 [36]. No impurity peak can
be observed, which demonstrates the successful synthesis of phase
pure V,05. The average crystallite sizes of V,03 in the V,03/C-
composites can be estimated using the Scherrer equation:

Dpii = KA/ A (20p1q) cOSOh, (1)

where Dy, is the average grain size based on the particular reflect-
ing crystal face (hkl) direction, K is a shape factor which can be
approximated to 0.9, X is the wavelength of the applied Cu Ko ra-
diation, A(260y) is the full width at half-maximum of the diffrac-
tion peak, and Oy, is the Bragg angle. The averaged crystallite sizes
of V,03 in the composites V,03/C-C, V,03/C-M and V,03/C-T ob-
tained from the analysis of the (012), (104), (110), and (116) re-
flexes are listed in Table 2. We conclude that the composites ex-
hibit V,03 nanoparticles which crystallite size does not distinctly
depend on the choice of carbon source. In addition, the different
Bragg peaks yield very similar results which suggests rather regu-
larly shaped particles.

To confirm the composite formation between V,03 and carbon
component, Raman analysis was carried out (Fig. 1b). It can be ob-
served that two typical broad peaks, corresponding to the D- and
G-bands, are located at about 1361 and 1595 cm~!. The D-band is

associated to the breathing mode of sp? hybridized carbon atoms
in rings and only becomes active in the presence of defects and
disordering atomic arrangements in the hexagonal graphitic layers.
The G-bands corresponds to the in-plane vibration of sp%-bonded
carbon atoms [37]. Additionally, the pointed peaks are broad, indi-
cating the presence of amorphous carbon with a low crystallinity.
The ratio of the maximum intensities of these peaks, Ip/Ig, was cal-
culated as 0.73, 0.77 and 0.88 for V,03/C-M, V,03/C-T and V,03/C-
C composites, respectively. As for the peaks below 1100 cm~!, they
are attributed to V-0 vibrations as described in previous V,03-
based reports [38]. It should be noted that the Raman spectra for
samples obtained after hydrothermal treatment but before anneal-
ing in inert atmosphere (Fig. S1) do not contain carbon typical vi-
brational modes.

The elemental chemical analyses of the composites yield a car-
bon content of 12.5(5)% and 12.6(5)% for V,03/C-M and V,03/C-T,
respectively, and thus about twice as much as for the composite
prepared with citric acid with 6.5(5)% carbon (see Table 2).

The morphology and topography of the V,03/C composites syn-
thesized using citric acid, malic acid, and tartaric acid as both car-
bon source and reducing agent were investigated by SEM (Fig. 2)
and TEM measurements (Fig. S2). It is observed that all of them
show hierarchically structured spheres with diameters about 1-
4 pm. Some microspheres are connected to each other. The SEM
images of citric acid and malic acid assisted V,03/C composites
display core-shell structures filled with a solid core. The thickness
of the shells is about 200-300 nm. Obviously, the topography of
the samples is affected by the carboxylic acid. The shells of the
V,03/C-C composite prepared using citric acid consist of nanopar-
ticles with a size of only a few 10 nm, resulting in a rough surface
texture with very fine granulation (Fig. 2 a and b). In the com-
posite V,03/C-M prepared using malic acid the shell has a coarse-
grained surface to which particles with varying size up to 300 nm
are attached (Fig. 2 c and d). In contrast to V,03/C-C and V,03/C-M
composites, the SEM images of the broken microspheres of tartaric
acid assisted V,03/C-T composite reveal the solid interior struc-
ture (Fig. 2 e and f). It can be seen that the solid microspheres
are composed of closely packed nanoparticles with the average
size of about 25-40 nm, while the surface is decorated with flake-
like nanoparticles. The core-shell structure of the V,03/C com-
posites prepared using citric acid and malic acid is confirmed by
TEM measurements (Fig. S2 a-c). In the high resolution TEM im-
age of V,03/C-M composite a lattice spacing of 0.362 nm is mea-
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Fig. 2. SEM images of V,03/C composites prepared using the different carboxylic
acids: (a,b) citric acid, (c,d) malic acid, and (e,f) tartaric acid.

sured corresponding to the (012) crystal plane of rhombohedral-
phase crystalline V,05 (Fig. S2 d). Selected area electron diffraction
(SAED) confirms the crystalline structure of V,03 in the V,03/C
composite (Fig. S2 e). The observed Debye-rings in the SAED pat-
tern can be indexed to the rhombohedral phase of V,0s3, with
diffraction rings corresponding to the (012), (104), (110), (020),
(113), (116), and (300) crystal planes from inner to outer. Our data
reveal the crucial role of the carboxylic acids on the morphology
and internal microstructure of the resultant V,03/C composites.
The morphological structure of the composites prepared using cit-
ric acid and malic acid significantly differs from that of V,03/C
synthesized using tartaric acid. It is found that the formation the
core-shell structure is a time-dependent process [33,39]. In the ini-
tial state of the process, the nanoparticles are assembled to spher-
ical solid aggregates by the coordination reaction of the vanadium
ion with organic ligand caused by the hydrogen bond and van der
Waals interaction [31]. With increasing reaction time, spherical ag-
gregates grow by the deposition of sheet-like particles on the sur-
face of these aggregates. On prolonging the hydrothermal time, the
solid microspheres evolve to microspheres with core-shell struc-
ture due to an inside-out Ostwald-ripening process that involves
the dissolution of the unstable inner core and subsequent recrys-
tallisation at the outer surface to form shells with a more stable
phase [40]. The formation mechanism of core-shell structures es-
tablishes that the primary seed concentrations play a key role in
the crystal nucleation and growth. It is known that the fast hydrol-
ysis rate, which is inversely proportional to the dissociation con-
stant of the compound, produces more primary particles [41]. In
the case of V,03/C composites, the primary particles are formed
by hydrolysis of VO%*-carboxylic acid complex using the water
molecules as solvent. For citric acid, malic acid, and tartaric acid,
the negative logarithm of the acid dissociation constant (pK;;) is
3.13, 3.46, and 3.04, respectively. Accordingly, the stronger tartaric
acid provides a lower degree of hydrolysis and fewer primary par-
ticles obtained. The low density of primary particles requires more
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time for them to assemble into spherical aggregates with a core-
shell structure. In the case of V,03/C-T composite (Fig. 2e), the hy-
drothermal treatment for 24 h only results in the deposition of the
outer shell on the surface of cores which is the second stage of the
formation of the core-shell microspheres. The elemental mapping
analysis of V,03/C-C composite, selected as an example, confirms
the coexistence and homogeneous dispersion of V, O, and C ele-
ments (Fig. S3).

In order to determine the carbon content of V,03/C compos-
ites, TG-DSC-MS measurements of the as-prepared samples were
carried out under air flow. It can be observed that several steps
emerge from the TG-curves of the V,05/C composites (Fig. 3). In
all samples, the first step starts from about 70 °C and ends at
200 °C. It can be mainly attributed to the loss of water absorbed
on the material’s surface. The process is accompanied by a very
weak and broad endothermic peak centered at about 90 °C. The
next weight loss from 200 °C up to ~400 °C is caused by the ox-
idation of the carbon component of the V,03/C composites and
the emission of CO, gases (m/z = 44 a.m.u.) as corroborated by
the analysis of the MS-curves (ion current versus temperature). For
the V,05/C-C composite, this process is described by two distinct
steps of weight loss which can be attributed to a successive oxida-
tion of the carbon component, first of the carbon shell and then of
the carbon core of the sphere-like particles (Fig. 3a). Additionally,
the TG-curve for V,03/C-C composite shows a small mass increase
(0.3 wt%) from 357 to 384 °C originating from the oxidation of the
outer V,03. While the carbon shell is oxidized, the outer V,03 be-
comes exposed to air and oxidizes to V,05. The combustion re-
actions of the carbon component in V,03/C-C composite are ac-
companied by two broad exothermic peaks in the DSC-curves cen-
tered at 354 and 408 °C. A large exothermic peak width indicates
that the reactions occur at a low rate. For V,03/C-M composite,
the results imply removal of carbon within two distinct steps as
indicated by one pronounced peak at around 396 °C and the vis-
ible satellite peak at about 360 °C in the MS-curve (Fig. 3b). This
process is accompanied by one broad exothermal peak in the DSC-
curve at 392 °C. The thermal behavior of the V,03/C-M composite
is similar to the one of the acid-assisted composite as it also re-
flects the particular core-shell morphology (Fig. 2¢ and d). In con-
trast, in the case of V,03/C-T composite exhibiting a solid interior
structure, the decomposition of the carbon component by oxida-
tion and the release of CO, gases occurs within only one stage
(Fig. 3c). A strong and sharp exothermal peak with its maximum
at 384 °C is observed indicating the vigorous combustion reaction
of the carbon. According to the TG-curves, the calculated carbon
contents in V,03/C-C, V,03/C-M and V,03/C-T composites amount
to 6.0 wt%, 13.0 wt%, and 12.6 wt%, respectively. These results are
in a good agreement with the results of the carbon content deter-
mination by the EA (Table 2). The last step in the TG curves rang-
ing from ~400 to 750 °C shows a weight gain of about 0.2 wt%,
1.3 wt% and 3.1 wt% for V,05/C-C, V,03/C-M, and V,03/C-T, respec-
tively. This process is attributed to the full oxidation of V3* ions to
V5+ resulting in the formation of V,05 as a final thermolysis prod-
uct. From the mass spectroscopy curves it is evident that the main
gaseous product is the molecular ion O,* with m/z = 32 am.u,
whose content changes during this process. A sharp endothermic
peak at ~677 °C in the DSC-curves can be ascribed to the melting
of V,0s.

The texture properties of the composites were investigated by
nitrogen sorption isotherms (Fig. 4). All measured curves can be
classified as a type-IV isotherm which is typical for mesoporous
materials [42]. Unlike V,03/C-M and V,03/C-T, an H3 hysteresis
loop occurs in V,03/C-C at high relative pressures (P/Py = 0.7-0.9),
indicating the presence of macropores (Fig. 4a). Specifically, the H3
hysteresis loop testifies about the presence of the aggregated plate-
like particles with slit-shaped pores structure [42]. Both V,03/C-M
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Fig. 4. Nitrogen sorption isotherms and corresponding pore-size distributions (inset) of V,03/C composites prepared using (a) citric acid, (b) malic acid, and (c) tartaric acid.

and V,03/C-T samples exhibit type H4 loops associated with nar-
row slit-like pores (Fig. 4b and c). The BET specific surface areas
of the V,03/C composites are displayed in Table 1. In comparison
with V,03/C-C and V,03/C-M, the BET surface area of the V,03/C-T
composite is rather high which may be due to the particular mor-
phology of this material (see Fig. 2). For V,03/C-M and V,03/C-T
composites, the pore-size distribution is monomodal with the pre-
dominant size of about 4 nm (Fig. 4b and c, inset) while, in con-
trast, V,03/C-C composite exhibits an inhomogeneous pore struc-
ture. The pore-size distribution for V,03/C-C composite is observed
in a wide range, demonstrating the co-existence of both meso-
pores and macropores (Fig. 4a, inset). These differences in the tex-
tural properties are caused by using of various carboxylic acids as
the carbon source. The inhomogeneous pore structure of V,03/C-
C might arise from the microcracking of the sample by a large
amount of gases generated in the heating of the V-O precursor
with citric acid leading to a wide size distribution. Compared to
malic acid and tartaric acid, citric acid has the highest molecular
mass favoring the release of a large amount of gases during the
post-annealing treatment (H,0, CO,, O,, CO).

The electrochemical properties of the V,03/C composites are
investigated by cyclic voltammetry (CV) and galvanostatic cycling
with potential limitation (GCPL) within the potential window be-
tween 0.01 and 3.2 V. Fig. 5a displays the first, second, and fifth cy-
cle of the cyclic voltammogram of V,03/C-C recorded at a scan rate
of 0.05 mV s~1. As the comparison of the CV curves of the other
two composites V,03/C-M and V,03/C-T (Fig. S4) shows, there are
no pronounced differences between the composites prepared with
different carboxylic acids. During the first reductive scan, there is
a peak at around 0.75 V which disappears in the subsequent cy-
cles, corresponding to the irreversible formation of a solid elec-
trolyte interface (SEI) from the decomposition of electrolyte [14].
The storage of Li-ions in the carbonaceous structures is reflected by

the redox activity around the lower voltage limit 0.01 V [43]. The
remaining redox activity can be assigned to the electrochemical
lithiathion/delithiation mechanism of V,03, that can be described
as follows [44,45]:

V,05 + xLit + xe” < LixV203, (2)

(3)

During discharge, Lit are firstly intercalated into V,03 to form
LixV,03 (Eq. (2)). While more Li-ions are inserted, Li,O is formed
by a conversion reaction accompanied by the total reduction of
the vanadium (Eq. (3)). The charge process follows the reverse re-
actions. Due to the multivalency of vanadium, several transition
states can coexist during the dis-/charge process leading to the ob-
served smooth course of the CV curves without pronounced peaks
[14,46]. The second and fifth CV cycles are mostly overlapped, im-
plying high reversibility of the Li* storage in the hierarchically
structured V,03/C sphere electrode.

GCPL measurements enable to investigate the cycling behavior
of the V,03/C composites as an anode material for lithium-ion bat-
teries. Fig. 5b shows the dis-/charge capacities at 100 mA g~! for
the first 100 cycles. For comparison, the data of V,03/C microparti-
cles with chunk-shaped morphology (V,03/C-C-SG) synthesized by
a sol-gel process, which were reported in detail elsewhere [47], are
also shown. The potential profiles exemplarily shown for V,03/C-C
in Fig. 5¢ are fully consistent with the CV measurements. During
galvanostatic cycling the potential gently decreases and no obvi-
ous plateaus appear, indicating that V,03 reacts smoothly with Li-
ions. While there are no major differences to the other two com-
posites V,03/C-M and V,03/C-T in the potential profiles (Fig. S5),
clear differences can be observed in the reached capacities. In the
first cycle, specific dis-/charge capacities of 680/380 mAh g-! and

LixV205 + (6-X)Li* + (6-x)e~ <> 2 V + 3Li,0.
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Fig. 5. (a) CV curves of V,03/C-C recorded at a scan rate of 0.05 mV s~!. (b) Specific
dis-/charge capacities for the composites fabricated by hydrothermal thermolysis
method using citric acid (V,03/C-C), malic acid (V,03/C-M), tartaric acid (V,03/C-
T), and by citric acid-assisted sol-gel method (V,03/C-C-SG) during galvanostatic
cycling at 100 mA g' and (c) corresponding potential profiles of the first, second
and hundredth cycle for the V,05/C-C composite.

738/381 mAh g-! are measured for V,05/C-M and V,03/C-T, re-
spectively, and only 549/302 mAh g~! for the composite V,03/C-
C. The irreversible capacity in the initial cycle originates from the
SEI formation and structural changes during the first lithiation as
observed in the CV curves [15,16,44]. In comparison to the com-
posites V,03/C-M and V,03/C-T, the composite V,03/C-C has only
about half the carbon content and the smallest surface area which
might explain the lower capacity. All three composites exhibit ex-
cellent capacity retention. After 100 cycles the composites V,03/C-
M and V,03/C-T reach discharge capacities of 399 and 454 mAh
g~1. The composite V,03/C-C still achieves 284 mAh g~!. Even an
increase of the capacity with cycling can be observed for V,03/C-M
and V,05/C-T and for the composite V,03/C-C at least in the first
twenty cycles. This is also reported in the literature and can be at-
tributed to an activation process resulting from the electrochemical
grinding effect [14,16,34,51]. The progressive particle pulverization
leads to the exposure of inner inactive regions and thus generates
new active sites for electrochemical reactions. The results of the
galvanostatic dis-/charge measurements suggest that the morpho-
logical structure, core-shell microspheres as for V,03/C-M or solid
microspheres as for V,03/C-T, does not seem to affect the elec-
trochemical performance. In addition, it is clearly observed that in
comparison to the chunk-shaped composite V,03/C-C-SG (specific
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Fig. 6. (a) Specific charge/discharge capacities of rate capability test with different
cycling rates between 100 and 500 Ma g~! and (b) corresponding potential profiles
of the composites prepared by hydrothermal synthesis using citric acid (V,03/C-C),
and the composite V,03/C-C-SG fabricated by citric acid-assisted sol-gel method.

surface area of 1.8 m2? g~! [47]) fabricated by citric acid-assisted
sol-gel method the composites prepared by hydrothermal synthesis
exhibit superior electrochemical performance. The composites with
sphere-like morphology achieve higher specific capacities with en-
hanced cycling stability which might be attributed to their special
architecture and larger specific surface area. SEM images (Fig. S6)
of V,03/C-C electrodes, selected as an example, after 1 cycle and
after 200 cycles confirm the structural stability of the hierarchically
structured V,03/C microspheres during cycling. The chunk-shaped
V,03 may suffer from structural degradation and self-aggregation
during cycling, which results in poor cycling stability.

The results of the rate capability studies at current densities
from 100 to 500 mA g~! are shown in Fig. 6. Among all samples,
the composite V,03/C-M prepared using malic acid, exhibits the
best performance with specific discharge capacities of 351 mAh
g1, 316 mAh g~! and 263 mAh g-! at rates of 100 mA g1,
200 mA g1, and 500 mA g-! after 15 cycles each, corresponding
to a capacity retention of 75% when increasing the current by five
times. Moreover, when the current density is returned to 100 mA
g~! the original capacity is fully recovered, demonstrating a re-
markably high rate capability. The other two samples also show
high rate performance while, the composite V,03/C-C-SG exhibits
much lower capacities, at all measured current rates in compari-
son, further confirming the beneficial properties of the sphere-like
structure of the samples V,03/C prepared via citric acid, malic acid,
or rather tartaric acid-assisted hydrothermal thermolysis method.
The potential profiles in Fig. 6b show for the composite V,03/C-C-
SG the higher overpotential in terms of lower discharge and higher
charge potential with increasing rate which results from kinetic ef-
fects.

To explain the superior rate performance of the porous sphere-
like composites compared to chunk-shaped V,03/C, the surface-
induced capacitive and diffusion-controlled processes were quan-
tified by studying the lithium storage kinetics. Fig. 7a and b show
the CV curves of V,03/C-C and V,05/C-C-SG at scan rates ranging
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Fig. 7. Kinetic analysis: CV curves at different scan rates of (a) V,03/C-C and (b) V,03/C-C-SG. (c) Power law dependence of current response on scan rate at various
potentials for reductive sweep. Capacitive contribution (shaded area) to the total current at a scan rate of 1 mV s~! of (d) V,03/C-C and (e) V,03/C-C-SG. (f) Normalized
contribution ratio of capacitive and diffusion-controlled charge storage at different scan rates.

Table 3

Comparison of the electrochemical performance of V,03/C electrodes prepared via solvo- and hydrothermal synthesis as reported in the literature.
Material Current density (mAeg=')  1st charge capacity (mAheg~')  Specific capacity (mAheg~')/cycle no.  Refs.
Core-shell V,03/C nanoplatelets 100 360 260/100 [29]
Yolk-shell V,03/C microspheres 100 470° 437.5/100 [33]
V,05/C nanoparticles 200 380 525/200 [16]
Dandelion-like V,03/C spheres 500 2807 474/400 [31]
Peapod-like V,03/C nanowires 100 230 186/125 [54]
Core-shell V,03/C microspheres 100 380 399/100 This work
Solid-structured V,03/C microspheres 100 381 454/100 This work

2 Values are estimated from the graphs.

from 0.01to 5 mV s~! for one cycle each starting with the second
cycle. The relationship of current (i) and scan rate (v) obeys the
power law formula

i=ar, (4)

where both a and b are adjustable values [48,49]. A b value of 0.5
indicates a totally diffusion-controlled process, while for an ideal
capacitive process the b value is 1 [49,50]. By plotting log(i) vs.
log (v), the b value can be obtained from the slope. Fig. 7c shows
the b values of V,03/C-C and V,03/C-C-SG at various potentials for
reductive sweep. The higher b values calculated for V,03/C-C com-
pared to V,03/C-C-SG suggest a higher capacitive contribution in
the V,03/C-C composite. Quantitatively, the capacity contribution
of the current response can be determined by using the following
equation [51,52]:

i(V) = kv + kov'/2. (5)

The current at a fixed potential V can be divided into two
parts, one originating from the capacitive effects (k;v) and one
from diffusion-controlled processes (k, v/2). By plotting i(V)/v
112 ys, v122) k; and k, at a certain potential can be determined
by the slope and the y-axis intercept (Fig. S7). The kinetic anal-
ysis at 1 mV s~! reveals that the Li* storage for V,03/C-C is
more determined by capacitive effects than for V,03/C-C-SG. As
shown in Fig. 7d, 72% of the total charge of V,03/C-C results from
capacitive processes (highlighted by the shaded area), while for
V,05/C-C-SG it is only 39% (Fig. 7e). A high fraction of capac-
itive charge storage is very advantageous since surface-induced
processes are much faster than diffusion-controlled processes, and

thus explains the excellent rate capability of V,03/C-C. Further-
more, it causes smaller volume changes during de-/lithiation com-
pared to diffusion-controlled processes resulting in an improved
cycling stability [53]. We attributed these high capacitive contribu-
tions to the large surface area of V,03/C-C spheres. As expected,
with an increasing scan rate, increasing capacitive contributions
were obtained (Fig. 7f). This can be explained by the slower Li*
diffusion compared to the faster and less rate-depended contribu-
tion of the surface-induced capacitive processes.

The results of this study clearly indicate that the V,05/C com-
posites with sphere-like structure exhibit an enhanced electro-
chemical performance as compared to chunk-like V,03/C. More-
over, as demonstrated by Table 3, the composite V,03/C spheres
also compete well with other V,03/C materials prepared via solvo-
or hydrothermal synthesis reported in literature. The excellent
charge storage performance of the hierarchically structured V,03/C
microspheres can be attributed to their special architecture in
several aspects. As above mentioned, the hierarchical assembly
of nanoparticles may offer many advantages, including improved
structural stability of the electrode material. Compared to V,03/C
chunks, the porous V,03/C microspheres have a larger specific sur-
face area, which shortens the diffusion path of Li-ions and in-
creases the number of electrochemical active reaction sites. More-
over, it promotes surface-induced capacitive charge storage which,
on one hand, provides a fast charge transfer improving the rate
performance and causes less volume changes during de-/lithiation
leading to an improved cycling stability on the other. Besides the
above factors, also the carbon in V,03/C has a beneficial impact
on the electrochemical properties. It improves the electronic con-
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ductivity and structural stability of the electrode material by pro-
viding a conductive backbone, which enhances the charge transfer,
buffers the large volume changes during de-/lithiation, and hinders
the self-aggregation of V,03 nanostructures. This results in a high
rate capacity and good cycling stability.

4. Conclusion

In summary, we demonstrate a facile hydrothermal thermolysis
synthesis route to produce hierarchically structured porous V,03/C
microspheres. In this synthesis method, vanadyl hydroxide acts as
precursor and different carboxylic acids as both the carbon source
and reducing agents. The carbon content and specific surface area
of the resulting V,03/C nanocomposites can be controlled by vary-
ing the used carboxylic acid. In addition, the as-prepared products
possess either core-shell or solid structure depending on the used
carboxylic acid. Due to their special architecture, the V,05/C com-
posites exhibit very good electrochemical performance as anodes
for LIBs, including high capacities and excellent cycling stabilities
and rate capabilities. The high specific surface area facilitates a fast
and less destructive capacitive charge storage contributing to su-
perior electrochemical properties compared to chunk-like V,05/C.
Moreover, the carbon as conductive framework can effectively en-
hance the materials conductivity as well as the structural stability
of the electrode material.
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Fig. S1. (a) XRD patterns and (b) Raman spectra of the samples fabricated via the
hydrothermal treatment but before annealing in inert atmosphere using citric acid,

malic acid, and tartaric acid.



Fig. S2. TEM images of V>03/C composites prepared using the different carboxylic
acids: (a) citric acid, (b) malic acid, and (c) tartaric acid. (d) High resolution TEM
image and (e) corresponding SAED pattern of V,03/C composite synthesized using

malic acid as carbon source.
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Fig. S3. SEM and corresponding elemental mapping images of V.0;/C-C
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Introduction

ZnO has attracted attention of a large community of
researchers as an electrode material for lithium-ion
batteries (LIBs) due to its low cost, environmental
friendliness and high theoretical capacity in particu-
lar [1-4]. Assuming a two-step reaction mechanism
that involves a conversion Eq. (1) and alloying pro-
cess Eq. (2), as proposed by previous studies [5-7],
up to 3 Li*/fu. can be reversibly stored corre-
sponding to a theoretical capacity of 978 mAh/g:

ZnO + 2Li* + 2e~ « Zn + Li,O, (1)
Zn+Li" + e < LiZn. (2)

However, there are some challenges to overcome.
One issue is the large volume change of ZnO during
the dis-/charge process resulting in pulverization of
the electrode material [8]. Furthermore, the studies of
Pelliccione et al. [6] and Park et al. [9] revealed the
limited reversibility of the conversion reaction
Eq. (1), which depends on the size of the electro-
chemically formed zinc particles, as additional reason
behind the rapid capacity fading. Li;O can only be
partially decomposed due to its poor reactivity and
low lithium ion conductivity [10]. Another factor that
limits the practical application of ZnO for electro-
chemical energy storage is its poor electrical con-
ductivity [11]. To overcome these difficulties and to
enhance the electrochemical performance of ZnO-
based anodes, hybridizing ZnO with varieties of
conductive carbon materials is frequently employed.
Carbonaceous materials can prevent the aggregation
of ZnO nanoparticles and maintain the structural
stability of the anode during charge/discharge pro-
cesses. ZnO nanoparticles anchored on the surface of
carbon nanotubes (CNT) have been shown to deliver
a reversible capacity of 602 mAh g~' at 100 mA g~
for up to 50 cycles, i.e., superior cycling and rate
performances [12]. Similarly, a ZnO/graphene anode
exhibits an initial specific capacity of 850 mAh g~ at
0.1 C and good cycling stability (capacity decay ~8%
after 50 cycles) [13]. Also, films of ZnO nanosheets
coated with 350 A thick graphite layers showed
specific capacity values of ~ 600 mAhg 'at1 A g™
after 100 cycles [14].

Various synthesis methods and approaches have
been used in the literature to fabricate ZnO/C com-
posites. Yang et al. [15] reported the synthesis of

@ Springer

porous carbon coated ZnO quantum dots by the
carbonization of metal-organic frameworks. As-ob-
tained composites exhibit a reversible capacity of 919
mAh g~' over 100 cycles at 100 mA g~ '. The porous
ZnO/C microboxes prepared by annealing of the
analogous metal-organic framework carboxylate
groups deliver an initial discharge capacity of 1290
mAh ¢! and reach a high reversible capacity of 716
mAh g after 100 cycles at a current density of
100 mA g~' [16]. Bai et al. [17] have synthesized
ZnO/C nanospheres by a one-step co-pyrolysis
method using Zn powder and acetylacetone as
starting materials. As-prepared ZnO/C nanospheres
show a reversible capacity of 440 mAh g~' at a cur-
rent density of 100 mA g~ ' after 50 cycles. Electro-
spinning and subsequent thermal treatment by Zhao
et al. yielded a ZnO/carbon nanofiber composite,
which delivers a reversible capacity of 702 mAh g™
at a current density of 200 mA g~ [18]. Hydrother-
mally fabricated core-shell ZnO/C nanospheres by
Liu et al. [19] obtained from Zn-resorcinol-
formaldehyde polymer followed by carbonization at
650 °C under inert atmosphere show a capacity of 496
mAh g~ ' after 200 cycles at a current density of
82.5 mA g '. Microwave-assisted solvothermal syn-
thesis permitting to reduce the time of reaction was
performed to produce ZnO/C composites using
sucrose as carbon source [20]. However, these meth-
ods always need multi-step or strict experimental
conditions which increase the costs and limit large-
scale production.

There are, however, one-step methods as well, with
calcination under a nitrogen atmosphere for the
synthesis of ZnO/C composites being probably the
most efficient, easily implementable, and low-cost
approach. In this case, organometallic complexes
suggested for thermal treatment such as zinc citrate
dihydrate (C¢sHs0;)2Zn3-2H,0 [21-24] and zinc tar-
trate C4H4ZnOg [25] can serve as precursors for both,
ZnO and carbon.

Summarizing, although a significant progress has
already been achieved, developing a facile route to
synthesize carbon coated nanosized materials
remains an important task to further improve the
performance of ZnO-based anode materials. In the
present paper, based on the results of our previous
work [26], a synthetic route involving a thermal
treatment of organometallic compounds was devel-
oped to prepare carbon-composited metal oxide. The
formation of ZnO/C composites has been



successfully realized by heat treatment of zinc glyc-
erolate (ZnGly) under inert atmosphere. The organic
component of ZnGly partially transformed into car-
bon resulting in the formation of ZnO/C composites.
Additionally, potential applications of the ZnO/C
composites as anode materials for lithium-ion bat-
teries were investigated.

Experimental
Materials preparation

Zinc acetate dihydrate (CH3;COO),Zn-2H,O and
freshly distilled glycerol (analytical grade) were used
as the starting materials for the synthesis of zinc
glycerolate ZnC3H¢O;. The ZnGly precursor was
prepared via a polyol-mediated synthesis based on
Dong’s work [27]. Typically, 2.0 g (CH;COO),.
Zn-2H,0 and 1 ml of distilled water were added to
50 mL of glycerol in a 100-mL round-bottom flask.
This solution was heated to 160 °C and refluxed
under Ar flow for 1 h. After cooling to room tem-
perature, the resulting colorless precipitate, zinc
glycerolate, was collected using centrifugation,
washed with ethanol, and dried at 80 °C for 60 min.
Finally, ZnO/C composites were prepared by
annealing of the as-obtained ZnGly in a tube furnace
at different temperatures between 400 and 800 °C for
2h under N, flow at an initial heating rate of
5 °C min~". The carbonized products are termed as
ZnO/C-X, where X is the annealing temperature. For
the purpose of comparison, a bare ZnO sample was
prepared by annealing of the ZnO/C-800 composite
at 600 °C for 1 h in air.

Materials characterization

The synthesized ZnO/C-X composites were charac-
terized by a variety of complementary experimental
techniques, as described in detail below. X-ray
diffraction (XRD) patterns were obtained with a
Bruker AXS D8 Advance Eco diffractometer using Cu
K, radiation and a step size of A(20) = 0.02° at the
angular scan. The morphology of the samples was
investigated using a ZEISS Leo 1530 scanning elec-
tron microscope (SEM) and a JEOL JEM 2100 trans-
mission electron microscope (TEM). Raman spectra
of the samples were recorded on a Bruker Senterra
spectrometer equipped with Olympus BX-51 optical

microscope using a 532 nm laser. To avoid damage to
the samples, the emitted power was limited to 2 mW.
All spectra were obtained at room temperature at a
wavelength range from 100 to 4000 cm ™' using a 400
lines mm ™' grid and 25 x 1000 pm aperture. X-ray
photoelectron (XP) spectra of the samples were
measured with MAX200 (Leybold-Heraeus) spec-
trometer equipped with a non-monochromatized Mg
Ko X-ray source (200 W) and a hemispherical ana-
lyzer. The powder materials were pressed into clean
indium foil and thinned by a brush to suppress
charging effects, following the established method-
ology [28]. Thermogravimetric analysis (TG/DTA)
was performed on a Mettler Toledo TGA/DSC1
analyzer with a heating rate of 5 °C min~' in air and
Ar. The content of carbon was examined by elemental
analysis using Vario MICRO Cubes (Elementar).
Nitrogen sorption isotherms were determined on a
Micromeritics Gemini VII 2390 Surface Area Ana-
lyzer. Prior to N, physisorption data collection, the
samples were degassed at 150 °C under vacuum for
4 h. The specific surface area, pore size distribution,
and pore volumes were obtained by means of the
Brunauer-Emmett-Teller (BET) method and the
Barrett-Joyner-Halenda model from the adsorption
branches of the isotherms.

Electrochemical measurements

Electrochemical studies were performed in Swage-
lok-type two electrode cells at 25 °C by using a VMP3
potentiostat (Bio-Logic SAS) (see [26]). The prepara-
tion procedure of the working electrodes is as fol-
lows. A mixture of 80% ZnO/C, 15% carbon black
(Super C65, Timcal), and 5% polyvinylidene fluoride
binder (PVDF, Solvay Plastics) dissolved in
N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) was
stirred for at least 12 h. In order to obtain a spread-
able slurry most of the NMP was evaporated in a
vacuum oven (10 mbar, 65 °C). The resulting elec-
trode slurry was applied on circular Cu meshes (di-
ameter 10 mm) with a mass loading of about
2 mg cm 2. Afterward, the electrodes were dried at
80 °C under vacuum, mechanically pressed at
10 MPa, and then dried again. The working electrode
and the counter electrode, consisting of a lithium
metal foil disk (Alfa Aesar) pressed on a nickel cur-
rent collector, were separated by two layers of glass
fiber separator (Whatman GF/D). As electrolyte 200
pL of a 1 M LiPFg salt solution in 1:1 ethylene
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carbonate (EC) and dimethyl carbonate (DMC)
(Merck Electrolyte LP30) was used. The cells were
assembled in a glove box under argon atmosphere
(O2/H0 < 5 ppm). For ex-situ XRD measurements
the cells were galvanostatically cycled at 10 mA g~
and disassembled at various dis-/charged states in
the glove box. The electrodes were washed in DMC
and dried under vacuum conditions overnight. The
XRD measurement of the post-cycled electrode
material was performed using an airtight sample
carrier.

Results and discussion

The structure of the ZnO/C-X composites was ana-
lyzed by XRD (Fig. 1a). For comparison, the XRD
pattern of ZnO obtained by annealing the ZnO/C-800
composite in air at 600 °C is also included. All
diffraction peaks can be assigned to a hexagonal
phase of wurtzite-type ZnO according to JCPDS # 36—
1451, space group P63mc. Lattice parameters deter-
mined by means of full-profile analyses with the
FullProf Suite (see Table 1) are in good agreement
with the literature. The intensities of the characteristic
peaks of ZnO increase with rising annealing tem-
peratures. For ZnO/C composites prepared by heat
treatment below 600 °C, the diffraction peaks are
rather broad which is attributed to nanosized ZnO
crystallites. The crystallite sizes of ZnO in the ZnO/
C-X (X = 400, 500, 600) samples are calculated using
the Scherrer equation:

Dy = KA/ A(204q) cos Op, (3)

where Dy is the average grain size based on the
particular reflecting crystal face (hkl) direction, K is a
shape factor which can be approximated to 0.9, 4 is
the wavelength of the applied Cu Ka radiation,
AQROu) is the full width at half-maximum of the
diffraction peak and 0y is the Bragg angle. The
analysis of the peaks below 20y, = 65° yields the
averaged crystallite size for the ZnO/C-X samples.
Both, ZnO/C-400 and ZnO/C-500 composites, exhi-
bit similar particle size of around 12 nm. By contrast,
the ZnO/C-600 composite is characterized by a larger
size of 19 £ 3 nm.

Raman spectra collected from the ZnO/C-X
(X =400 — 700) samples display two prominent
peaks which are attributed to the carbon D- and
G-bands (see Fig. 1b). The G-band corresponds to
sp>-bonded carbon atoms, while the D-band is asso-
clated with defects or disorders mainly due to sp’
hybridization [29]. The D- and G-bands of the ZnO/
C-400 composite are located at 1359 cm™' and
1591 cm ™', respectively. In comparison, the D-and
G-peaks of the ZnO/C-700 sample are slightly red-
shifted by 23 and 20 cm™' toward 1314 and
1571 cm™!, respectively. The same shift toward
higher binding energy indicating the strong chemical
interaction between the surface carbon and Zn atoms
was observed by XPS on ZnO/C composite [23].
Similar shifts have been reported for TiO,/C com-
posites [30, 31]. These shifts are attributed to the
stress induced by the chemical anchoring of ZnO
atoms on the carbon surface. Obviously, such an
interaction can change the Raman shifts describing
the carbon bond energy. The ratio of the maximum
intensities, Ip/Ig, was calculated as 0.73 and 0.91 for
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Figure 1 a XRD patterns and b Raman spectra of the ZnO/C-X composites and bare ZnO sample as well as (¢) TG curves for the ZnGly
precursor heated in an inert atmosphere and ZnO/C-400(700) composites heated in air.
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Table 1 Lattice parameters obtained from Rietveld refinement, results of BET analysis, and carbon content for the ZnO/C-X composites

and bare ZnO

Sample Lattice parameters Sger (m g™ h) Total pore volume (cm® g 1) Carbon content (wt%)

a (A) c(A) TG Chemical analysis
ZnO/C-400 34.80 52.05 54.8 0.18 8.0 8.7(5)
ZnO/C-500 32.49 52.06 59.8 0.16 7.1 8.2(5)
ZnO/C-700 32.55 52.16 100.9 0.36 5.7 6.0(5)
Zn0O/C-800 32.53 52.11 93.1 0.29 - 5.8(5)
Zn0O 32.49 52.05 6.6 0.02 - -

the ZnO/C-400 and ZnO/C-700 composite, respec-
tively. According to the model proposed by Ferrari
and Robertson, the ratio Ip/Ig is proportional to the
crystallite size, when it is less than 2 nm for amor-
phous carbon [32]. The increasing intensity of the
D-band with rising annealing temperature is charac-
teristic of the carbonization process and implies less
disorder and a lower number of defects in the carbon
component due to a growing crystallite size [33, 34].
The peaks associated with ZnO were not observed by
Raman spectroscopy using a laser wavelength of
532 nm.

TG/TGA analysis (Fig. 1c) of the ZnGly precursor
illustrates its conversion into carbon containing zinc
oxide upon annealing in a nitrogen atmosphere. A
significant weight loss of ca. 40% at heating from 400
to 1000 °C can be explained by the total decomposi-
tion of the ZnGy precursor with simultaneous for-
mation of zinc oxide, volatile products with low
molecular weight and products of condensation of
organic compounds, similar to titanium glycerolate
[26]. Furthermore, the products of the condensation
also undergo a disproportionation with the formation
of volatile low molecular weight substances and the
carbonaceous part of the ZnO composite. Therefore,
400 °C was selected as the start reaction temperature
to calcine the ZnGly precursor under nitrogen envi-
ronment to produce the ZnO/C composites. The
carbon content in the as-prepared ZnO/C-X com-
posites was determined by the TG/TGA measure-
ments in air, performed in the temperature range up
to 1000 °C to ensure the complete oxidation of carbon
into carbon dioxide (cf. Table 1). As a result, the
carbon contents in the ZnO/C-400 and ZnO/C-700
composites were estimated at 8.0 and 5.7 wt%,
respectively. These values were additionally verified

by the chemical analysis, with good agreement of the
results (Table 1).

To confirm the formation of the ZnO/C composites
and to exclude other oxidation states of Zn, XPS
analyses were carried out on ZnO/C-400 and ZnO/
C-700. The XPS survey spectrum and core level
spectra of the Zn 2p, O 1 s and C 1 s peaks for both
samples are shown in Fig. 2. The survey spectrum in
Fig. 2a displays the presence of Zn, O, C without any
detectable impurities. The Zn 2p spectra of both
samples in Fig. 2b exhibit a single Zn 2p3,5 /> dou-
blet, with the positions of the Zn 2p;,, and Zn 2p;,
components, 1021.6 eV and 1044.7 eV, respectively,
corresponding to Zn>* [11, 23]. This assignment is
additionally supported by the kinetic energy position
of the most intense Zn LMM Auger peak at 988 eV
(Fig. S1), which corresponds to ZnO. The O 1s
spectrum, as shown in Fig. 2¢, was resolved and the
lower binding energy component at 530.7 for the
ZnO/C-400 sample and 530.6 eV for the 700 sample
can be attributed to the hexagonal close packing of O,
in the wurtzite-ZnO structure. The peak at 532.3 eV
for both samples is associated with surface hydroxyl
groups (OH) and/or C=0. The peak at 533.9 and
534.2 eV corresponds to single bonds between oxy-
gen and carbon (C-O) and/or absorbed water [35].
The C 1 s spectra, which are shown in Fig. 2d, can be
fitted by four sub-peaks, the aliphatic C-C, the C-O,
C=0, and O-C=0 peak [35]. For ZnO/C-400 the
positions of these peaks are at 284.8, 286.2, 287.9, and
289.9 eV and for ZnO/C-700 the peaks are located at
284.4, 286.6, 287.9, and 289.8 eV. The shift of the C-C
peak from ZnO/C-400 to ZnO/C-700 towards lower
binding energies indicates, in accordance with the
Raman data, a more graphitic state for the carbon
component of the ZnO/C-700 composite [36].
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Figure 2 XPS spectra of
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SEM images of the ZnO/C-X composites in Fig. 3
show the drastic effect of the calcination temperature
on the morphology of the samples. The pristine
ZnGly precursor is mainly composed of irregularly
shaped sheets with several micrometers in length
(Fig. 3a). The ZnO/C composites fabricated via
annealing of the precursor at a temperature below
500 °C consist of sheets with an average size of few
micrometers, which are primarily composed of
nanosized grains of ZnO (Fig. 3b, c). Probably, carbon
acts as a cross-linking agent that holds the ZnO
nanoparticles together. The cross-sectional SEM
images of the sheets show that their thickness chan-
ges from 270 to 800 nm for ZnO/C-500 and ZnO/C-
400 composites, respectively (Fig. 3b, c, insert). In
contrast, the ZnO/C-700 and ZnO/C-800 composites
consist of many thin sheets and several large particles
of about 1 — 7 pm in diameters (Fig. 3d, e). As shown
in Fig. 3f, the bare, carbon-free ZnO particles,
obtained by the heat treatment of the ZnO/C-800
composite in air, represent hexagonal ZnO prisms
with an average size of about 1-7 um.

Further information on the morphology and
structural features of the sheets in the ZnO/C-700
composite was obtained by TEM studies. The TEM
images shown in Fig. 4a exhibit well crystallized ZnO
nanoparticles which are dispersed in a carbon matrix.
The corresponding high-resolution TEM (HRTEM)
image in Fig. 4b exhibits lattice fringes with spacings
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of 0.26 and 0.28 nm, which correspond to the dis-
tances between the (002) and (100) planes of ZnO,
respectively. Furthermore, the crystalline structure of
the ZnO/C-700 composite is confirmed through the
selected area electron diffraction (SAED) pattern as
shown in Fig. 4c. Several clear diffraction rings from
the SAED pattern can be assigned to the (100), (002),
(101), (102), (110), (103), and (200) planes of hexagonal
ZnO, suggesting a polycrystalline nature of the ZnO
component in the composite.

The porous nature and the specific surface area of
the as-prepared samples were investigated by nitro-
gen adsorption—-desorption isotherms. Correspond-
ing pore size distribution plots of the samples are
shown in Fig. 5. The ZnO/C-X composites display
isotherms of type IV, according to the IUPAC classi-
fication, with a H3 hysteresis loop (Fig. 5a) [37]. The
isotherms of the bare ZnO powder are close to type II,
which is typical for non-porous or macroporous
materials. The BET specific surface area and the
respective pore volumes of the samples are displayed
in Table 1. The BET surface area of the ZnO/C-X
composites is rather high which is attributed to the
presence of mesopores, in contrast to the bare ZnO
which displays a very low value of this parameter
(6.7 m*g ). In the case of the ZnO/C-X hybrid
materials, the annealing temperature of the ZnGly
precursor affects the specific surface area signifi-
cantly as this parameter increases with the increasing
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Figure 3 SEM images of

(a) ZnGly precursor, b ZnO/C-
400, ¢ ZnO/C-500, d ZnO/C-
700, e ZnO/C-800 composites,
and f bare ZnO sample. Insets
show high-magnification SEM
images of cross sections of
ZnO/C-400(500) composites.

Figure 4 a TEM image, b HRTEM image, and ¢ SAED pattern of ZnO/C-700 composite.
annealing temperature, from 400 to 700 °C. We  N,. The decrease in the specific surface area of the

attribute this behavior to the formation of defects in ~ ZnO/C-800 composite compared to the ZnO/C-700
the composite structure during their annealing under composite is attributed to the appearance of large
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Figure 5 a N2 adsorption—desorption isotherms and b BJH pore size distribution curves of as-prepared ZnO/C composites and bare ZnO

powder.

ZnO particles, as demonstrated by the SEM images
(Fig. 3). Note, the ZnO/C-700 composite shows the
highest BET surface of 100.9 m* g~'. From the pore
size distribution plots (Fig. 5b), it is obvious that
mesoporous structures are predominant in the fab-
ricated ZnO/C-X composite materials.

The fabricated hybrid nanomaterials were studied
with respect to their applicability as electrode mate-
rials in LIBs. Note, that the mesoporous nature of
these materials is supposed to facilitate penetration of
the electrolyte, thereby securing good electrical con-
tact with the electrode and accelerating the diffusion
kinetics. The electrochemical properties were inves-
tigated by cyclic voltammetry (CV) and galvanostatic
cycling with potential limitation (GCPL). Figure 6a
shows the first, second, third and tenth CV cycles for
the ZnO/C-400 composite at a scan rate of
0.1 mV s~! in a voltage range of 0.01-3.0 V. During
the first reductive sweep the irreversible formation of
the solid electrolyte interphase (SEI) occurs at around
0.6 V (R3). The peak R1 at the lower voltage limit of
0.01 V originates in part from the lithiation process
related to carbon [38]. Since no corresponding
oxidative peak is visible, we conclude that the
delithiation process takes place over an extended
voltage range. The reduction peak R2 and the oxi-
dation peaks O1-O4 can be assigned to the Li* stor-
age in ZnO [5, 6]. In the initial scan the reduction
peak R2 at 0.3 V can be ascribed to both electro-
chemical reactions, the conversion and the alloying
process [6]. After the second cycle R2 splits up in R25
(0.4 V) and R2¢ (0.7-0.8 V) which may be explained
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by a reduced overpotential of the conversion reaction
at R2¢ due to structural changes during the initial
cycle as compared to the conversion reaction at R2
while the alloying reaction at R2, is not significantly
affected. Such a behavior is also observed for other
conversion materials, such as Mn3O,4 [38]. The oxi-
dation peaks O1-O3 located between 0.3 and 0.7 V
are assigned to the dealloying of LiZn alloy. The
occurrence of several peaks suggests a multi-step
process with various LiZn intermediate stages, such
as LipZnj, LiZn, and Li,Zns [39, 40]. The peaks O1-
O3 as well as R2, corresponding to the alloying
process show good cycling stability. The oxidation
feature O4 at around 1.3 V finally signals conversion
to ZnO [6, 9]. Upon further cycling, the redox peak
pair R2/04 quickly decreases in intensity indicating
an inactivation of the conversion reaction of ZnO
Eq. (1). In contrast to the CV curve of the ZnO/C-400
composite, in case of the ZnO/C-700 composite
(Fig. 6b) and bare ZnO (Fig. 6¢) the oxidation peaks
01—04 have lower intensity in the first cycle, while
an additional oxidation peak at 2.6 V, labeled as O5,
can be observed. The latter feature was also observed
in several previous studies [3, 6, 7, 41, 42] but its
origin still remains unclear. Huang et al. [3] and
Pelliccione et al. [6] have speculatively assigned it to
the back formation of ZnO Eq. (2) and the oxidation
peak O4 to the dealloying process Eq. (1). In contrast,
Mueller et al. [7] showed by means of in-situ XRD
studies that the dealloying process is completed even
before the oxidation process O4 starts and that ZnO is
formed only afterwards, at O4. However, while these
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Figure 6 Cyclic voltammograms of (a) ZnO/C-400, b ZnO/C-700, and bare ZnO in the range of ¢ 0.01-3 Vand d 0.01-2 V at a scan rate
of 0.1 mV s~'. 01-05 and R1-R4 label oxidation/reduction features as discussed in the text.

results exclude the above-mentioned assignment of
O5, Mueller et al. make no further statements about
this oxidation process. Hence, for understanding of
the latter process we recorded a CV of the bare ZnO
anode in a restricted potential range of 0.01-2.0 V
(Fig. 6d), excluding O5. The comparison of this CV
curve with the full range scans shows that the elec-
trochemical activity steadily and strongly decreases
in case of O5 exclusion, whereas otherwise, i.e., when
the oxidation O5 takes place, the intensities of the
subsequent features are significantly higher. Appar-
ently, the oxidation process O5 plays a decisive role
in the reversibility of Li* storage processes.

Ex-situ XRD measurements were performed in
order to get insight into the structural changes of
ZnO/C composites during electrochemical cycling.
The XRD patterns of the ZnO/C-700 electrode at
different dis-/charge states are shown in Fig. 7. In the
initial state, the hexagonal ZnO phase (JCPDS
#36-1451) is identified. The additional peaks at 44°

and 51° originate from the Cu current collector. After
discharging to 0.6 V the XRD pattern is similar to that
of the as-prepared electrode. As expected, this
implies that the electrode material does not undergo
any structural transformation during the SEI forma-
tion. By further discharging to 0.3 V, the hexagonal
ZnO phase completely transforms into a Zn phase
(COD #9,008,522), which goes along with the con-
version reaction according to Eq. (1). As can be seen
from the expanded view of the 27-41° 26 range in the
inset of Fig. 7, a broad low intensity peak located at
33.7° indicates the presence of Li,O (ICSD #54,368). It
can be observed for all the following charge states as
exemplarily shown by the XRD patterns of the fully
charged and discharged state in the inset of Fig. 7.
The XRD pattern of the completely discharged elec-
trode (i.e., at 0.01 V) exhibits the characteristics of a
single LiZn phase (COD #1,539,519), resulting from
the alloying process described by Eq.(2). The
observed structural changes upon cycling are in good
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Figure 7 Ex-situ XRD patterns of a ZnO/C-700 electrode
recorded at different stages of electrochemical Li* de-/insertion.
The reflexes marked with * originate from the Cu current
collector. In addition, the Bragg peak positions for ZnO (JCPDS #
36-1451), Zn (COD #9,008,522), and LiZn (COD #1,539,519)
are shown. The inset shows the expanded view of XRD patterns of
the samples lithitated up to 0.01 V (fully discharged), 0.9 V, and
3 V (fully charged) in the 27-41° 260 range.

agreement with the reported results for a two-step
mechanism for Li* storage in ZnO including a con-
version and an alloying process [5, 40]. During the
subsequent charging to 0.9 V, the peaks associated
with LiZn vanish and the Zn phase reappears, con-
firming the reversibility of the alloying process. As
charging proceeds to 3 V, the peaks associated with
the Zn phase diminish in intensity, while no other
crystalline phase shows up. Apparently, no structural
changes are associated with the oxidation processes
reflected by O4 and O5. Against expectation, there is
no indication of crystalline ZnO in the completely
charged electrode (i.e, at 3 V). This might be
explained either by the amorphous structure or
nanosize of the electrochemically formed ZnO or by
the irreversibility of the conversion reaction Eq. (1).
The lattice parameters of the Zn and LiZn phases
appearing at various charging stages during the
electrochemical cycling were determined by means of
full-profile analyses with the FullProf Suite
(Table S1). Ex-situ XRD studies on ZnO/C-400 show
similar results (Fig. S2).

GCPL measurements at a current density of
100 mA g~' in the range of 0.01-3.0 V enable
assessing the cycling performance of the composite
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Figure 8 a Specific dis-/charge capacities and coulombic
efficiencies of the ZnO/C-400 and ZnO/C-700 composites and
of bare ZnO for galvanostatic cycling in the potential range
between 0.01 and 3 Vat 100 mA g~ as well as (b) the respective
potential profiles for the first, second, tenth and twentieth cycles.

nanomaterials under study. Figure 8a shows specific
dis-/charge capacities and coulombic efficiencies for
the first 100 cycles of the ZnO/C-400 and ZnO/C-700
composite as well as of the bare ZnO electrode. In the
first cycle specific dis-/charge capacities of 1126/633
mAh g~ (ZnO/C-400), 1061/671 mAh g~ (ZnO/C-
700) and 749/439 mAh g~' (ZnO) were measured.
One reason for the large capacity loss in the first cycle
is the irreversible SEI formation during discharge. As
can be seen from the potential profiles of the first
lithiation (Fig. 8b), for bare ZnO the SEI contribution
is quite small with less than 50 mAh g*l, whereas for
the composites it is larger due to the fact that the
irreversible charge loss is roughly linearly propor-
tional to the specific surface area of carbonaceous
materials [43]. Cracking and fracture of the electrode
material due to large volume changes can lead to an
unstable SEI and irreversible capacity losses beyond
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the first cycle [44], which also might explain the
unexpected high second discharge capacity of ZnO/
C-700 compared to the first charge capacity. Based on
the reaction mechanism of ZnO Egs. (1) and (2), a
maximal theoretical specific capacity of 978 mAh g™
can be reached. Considering the capacity from the SEI
formation, it can be concluded that in the case of the
composites the ZnO almost fully reacts with Li"
according to the expected reaction mechanism, while
this is not the case for the bare ZnO electrode. After
20 cycles 293 mAh g~ can be charged from ZnO/C-
700 and a slightly higher capacity of 374 mAh g™*
from ZnO/C-400, corresponding to a capacity fading
of 44% and 41% relative to the first cycle. The poor
coulombic efficiencies and rapid capacity fading
during the first twenty cycles might be explained by
the limited reversibility of the conversion reaction
Eq. (1). This is supported by the results of ex-situ XRD
studies. Under the assumption that the back forma-
tion to ZnO Eq. (1) is irreversible and the reversible
lithiation reaction is a single alloying process Eq. (2) a
maximal capacity of only 329 mAh g~' can be
expected. Obviously, the charge capacities exceed
this value for about the first twenty cycles indicating
that the reoxidation of Zn to ZnO is at least partly
reversible as also observed by Pelliccione et al. [6]
and Mueller et al. [7]. Interestingly, during further
cycling the coulombic efficiencies are increasingly
converging at 100% and simultaneously the cycling
stabilities get much better. Exemplarily, the ZnO/C-
700 composite delivers a discharge capacity of 212
mAh g after 100 cycles exhibiting excellent cycle
stability with an average capacity loss of only 0.04%
per cycle over the last 80 cycles. The potential profiles
of the first, second, tenth and twentieth cycle in
Fig. 8b provide an insight into the origins of the
capacity fading. Comparing the potential profiles, it
is noticeable that the capacity loss can be mainly
traced back to an inactivation of the conversion
reaction Eq. (1), which can also be observed in the CV
curves (Fig. 6). During the first cycles both processes,
viz. the conversion and the alloying, take place but in
the further course the alloying mainly contributes to
the Li* storage, which might be due to the incom-
plete back formation of ZnO. In addition, the loss of
electrical connectivity to the active material due to
changes in the electrode structure, such as particle
aggregation or pulverization, results in capacity los-
ses. Comparing the two composites, indeed, the
capacities of the ZnO/C-700 composite fade more

rapidly in the first cycles with lower coulombic effi-
ciency than for ZnO/C-400 but stabilize faster in the
further course. It should be noted, that the evolution
of the capacities of the ZnO/C-500 sample is similar
to that of ZnO/C-400 while the evolution of the
capacities of the ZnO/C-800 sample is similar to that
of ZnO/C-700 (Fig. S3), who each have similar crys-
tallographic and morphological properties, respec-
tively. The worse cycling stability of the ZnO/C-700
composite in the first twenty cycles might be attrib-
uted to the presence of microscaled polyhedrons,
whereas the ZnO/C-400 composite consists only of
nanoscaled primary particles. For one thing, the
reversibility of the conversion reaction depends on
the crystallite size of the transition metal particles
formed during electrochemical cycling [45]. Park
et al. [9] have shown that the back formation of ZnO

(a) [ de-/ lithiation
1200 = = / o ZnO/C-400
. ¢ / © ZnO/C-700
1000 . e |/ o bareZnO
2 80| «01Ag"025Ag" 05AgT 1Ag" [01Ag" -
S &
S I
E L o
O 0| © Filey ]
[e) ° QQQO
O
200 | 0388352;858888888
8000000000 W@g
000000000, 000000000
0L ' ' ' '

0 10 20 30 40 50
Cycle number

(b) 30} o ) DV
/
25 ! // ’/ // J /
I II ! // ! // / |
> ) / , ! / /
= 20+ , /’, I’ / /’ 7
S 7! ! // /
R R R ]
> / / /’ _< g
Lj_% 10 F \//// // /// - // - /10!h/4oth/501h cycle .
¢ ‘.7 .7 ——1  ZnOIC-400
0.5 —/—/  ZnOJ/C-700 -

—— bare ZnO

0.0

0 100 200 300 400
Qgpec /MAN g

Figure 9 a Rate capability test of the ZnO/C-400 and ZnO/C-700
composites and of bare ZnO at current rates between 100 and
1000 mA g~! as well as (b) the respective potential profiles of
cycle 10 at 100 mA g, cycle 40 at 1000 mA g~ and cycle 50
again at 100 mA g~ .
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only occurs for extremely small Zn nanocrystallites.
In addition, nanosized particles can better accom-
modate the strain caused by the volume changes
during electrochemical cycling [46]. Looking at the
comparison between the ZnO/C composites and the
bare ZnO sample, it is remarkable that over the whole
measurement the composites reach about twice the
capacities of the bare sample. In cycle 20 and 100, the
bare ZnO compound reaches specific capacities of
131 mAh g' and 97 mAh g !, respectively. The
higher capacities of the composite materials can be
probably traced back to the larger surface area
offering more active sides as well as a better elec-
tronic connection of the ZnO particles due to the
conductive network provided by the carbon. Fur-
thermore, the stabilized coulombic efficiency and the
cycling stability of the bare ZnO electrode is with a
capacity loss of 70% in cycle 20 relative to the first
cycle worse than for the composites. We conclude
that degradation effects such as structural changes of
the electrode material leading to the electrical dis-
connection of the active material as well as an
unstable SEI can be at least partly prevented by the
carbon. The carbon matrix can effectively suppress
the nanoparticle aggregation and pulverization of the
electrode material due to large volume changes
maintaining the structural stability and, moreover,

helping stabilize SEI formation [23, 47-49]. In addi-
tion, the electrochemical properties of bare ZnO and
the ZnO/C-400 and ZnO/C-700 composites were
also investigated by galvanostatic cycling with vari-
ous current densities between 100 and 1000 mA g~ '.
The specific dis-/charge capacities are shown in
Fig. 9a along with the potential profiles of cycle 10 at
100 mA g~ ', cycle 40 at 1000 mA g~ and cycle 50
again at 100 mA g71 in Fig. 9b. The ZnO/C-400
composite reaches a charge capacity of 113 mAh g~*
at a high current rate of 1000 mA g*1 while for ZnO/
C-700 a charge capacity of 125 mAh g™ is measured
and for bare ZnO 67 mAh g~ '. The inferior rate
capability of the sample ZnO/C-400 compared to
ZnO/C-700 is caused by a more severe polarization
resistance due to kinetic effects. As can be seen from
the potential profiles, at a high current rate of
1000 mA g-1, the potential gap between charge and
discharge increases more for ZnO/C-400 than for
ZnO/C-700. The reduced polarization resistance in
case of ZnO/C-700 might be associated with better
conductivity of the less disordered carbon as shown
by Raman spectroscopy and the XPS analysis. When
the current density is reset to 100 mA g~' charge
capacities of ca. 83%, 86% and even 88% relative to
cycle 10 can be regained for the ZnO/C-400, ZnO/C-
700 and bare ZnO samples, respectively.

Table 2 Comparison of the electrochemical performance of ZnO and ZnO/C electrodes prepared via different synthesis methods as

reported in the literature

Sample Method of synthesis Current density (mA Discharge capacity (mAh gfl)/cycle References
g no

ZnO spheres Hydrothermal 100 109/100 [2]

ZnO/C Thermal decomposition of 100 850/200 [22]
nanoparticles Zn3(C¢Hs507),

ZnO/C spheres Thermal decomposition of 100 520/150 [24]

Zn3(CeHs07),

ZnO/C Thermal decomposition of C4H4ZnOg¢ 100 610/300 [25]
nanoparticles

ZnO/C nanocages Pyrolysis 100 750/100 [50]

ZnO/C spheres Pyrolysis 100 750/100 [51]

ZnO/C Ball milling 100 610/500 [52]
nanoparticles

ZnO/C tetrahedron Calcination 110.7 518/300 [53]

ZnO/C Calcination 100 610/50 [54]
nanoparticles

ZnO/C spheres Coprecipitation 500 659/300 [55]

ZnO/C-400 Thermal decomposition of ZnC;HsO3; 100 208/100 This work

ZnO/C-700 100 212/100

ZnO 100 98/100
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Interestingly, the comparison with the measurement
consistently at 100 mA g~ (Fig. 8) reveals that the
capacity fading seems to be more serious for elec-
trochemical cycling at lower rates accompanied with
higher Li* storage capacity. For ZnO/C-400, ZnO/C-
700 and bare ZnO which were continuously cycled at
100 mA g, charge capacities of only 68%, 67% and
54% were obtained in cycle 41 relative to cycle 10.
Higher degradation effects for a more comprehensive
dis-/charge process might be explained as a result of
more serious structural damages of the electrode
material. For comparison purposes, Li storage per-
formance of the as-prepared ZnO/C anodes and
those of ZnO and ZnO/C materials reported in lit-
erature are summarized in Table 2. The results show
that the cycling performance of ZnO/C composites
compared with bare ZnO is much better owing to
positive effects of carbon. The differences of the
specific capacities of ZnO/C composites produced by
various methods can be attributed to the morphol-
ogy, crystal size, specific surface area as well as
porosity which influence the electrochemical prop-
erties of the electrode materials. The lower electro-
chemical activity of the ZnO/C composites in this
work compared to most of ZnO materials in literature
can be explained by their morphological features and
carbon content in the compounds. The as-prepared
composites are composed of ZnO particles with rel-
atively large dimensions. Small-sized particles have a
large surface area, which provides more active sides
resulting in high specific dis-/charge capacities. The
good electrochemical performance of the electrodes
prepared by the thermal decomposition of the dif-
ferent organometallic complexes [22, 24, 25] can be
attributed to the distinctive carbon content in the
products.

Conclusions

In conclusion, a facile method to synthesize ZnO/C
composites, involving a thermal treatment of zinc
glycerolate as a source of both carbon and zinc, was
demonstrated. This one-pot method allows the syn-
thesis of a variety of controllable ZnO/C composites
with distinctive nano/microscaled arrays of ZnO
particles. When used as anode material for lithium-
ion batteries, the ZnO/C composite synthesized at a
calcination temperature of 700 °C achieves high ini-
tial discharge and charge capacities of 1061 and 671

mAh g~' at a current rate of 100 mA g~'. As com-
pared to the bare ZnO, the composites exhibit sig-
nificantly better electrochemical properties, such as
higher specific capacities and superior cycling sta-
bility. The carbon acts as a conductive network that
runs through the material leading to the prevention
of inactive areas and thus to a higher electrochemical
activity. Ex-situ XRD studies confirm a two-step
mechanism for lithiation of ZnO including a con-
version and alloy process.
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Supplementary Materials

Table S1 Rietveld refinement data of Zn and LiZn appearing at various charging stages during

electrochemical cycling.

Phase Charging stage Lattice parameters
V) a(A) c(A)
Zn 0.3 2.66(1) 4.93(1)
LiZn 0.01 6.18(4) 6.18(4)
Zn 0.9 2.664(6) 4.934(8)
Zn 3.0 2.661(4) 4.94(1)

Figure S1: XPS Zn Auger spectra of ZnO/C-400 and ZnO/C-700
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Figure S2 Ex-situ XRD patterns of an uncycled, fully discharged (0.01 V) and charged (3 V)
ZnO/C-400 electrode. The reflexes marked with * originate from the Cu current collector. In
addition, the Bragg peak positions for ZnO (JCPDS # 36-1451), Zn (COD #9008522), LiZn

(COD #1539519) and Li20 (ICSD #54368) are shown.
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ferrite nanoparticles. The data imply that embedding nanoparticles inside the protective and conductive
shells of CNTs opens a way to utilize high theoretical capacities of CoFe,04 for electrochemical energy

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

First row transition metal oxides have been known to be
promising materials for energy storage in lithium ion batteries
(LIBs) [1,2]. This is due to their large theoretical specific capacities
based on conversion mechanisms involving the reduction to their
metallic constituents and Li;O [3]. One of these promising con-
version materials is the here studied spinel-structured cobalt
ferrite CoFe,04 which exhibits a theoretical capacity as large as
914 mA h g ! if full conversion to Co and Fe is assumed, ie.,
insertion of 8 Li*/f.u. However, CoFe,04 suffers from typical
drawbacks of oxide conversion materials such as bad conductivity
[4] and large volumetric changes upon the reaction with lithium
[1,5]. This causes mechanical degradation of the materials including
its electrical insulation and associated poor cycle life. The resulting
capacity losses upon electrochemical cycling are the main reason

* Corresponding author.
** Corresponding author. Kirchhoff Institute of Physics, Heidelberg University, INF
227, 69120, Heidelberg, Germany.
E-mail addresses: elisa.thauer@kip.uni-heidelberg.de (E. Thauer), klingeler@kip.
uni-heidelberg.de (R. Klingeler).

https://doi.org/10.1016/j.jallcom.2020.155018
0925-8388/© 2020 Elsevier B.V. All rights reserved.

that CoFe,;04 cannot be utilized as an electrode material in LIBs, yet.
One approach to overcome the material’s drawbacks has been the
fabrication of nano-porous morphologies, thereby compensating
for volumetric changes as well as improving the ionic conductivity
[6,7]. The impact of porosity on the cycling stability has been
demonstrated, e.g., by Fu et al. [8]. Highly improved reversible ca-
pacities have been reported for thin films [9], nanorods [10], and
nanospheres [11], among others [12—14]. Another approach em-
ploys embedding of the ferrite material inside highly conductive
carbon matrices in order to prevent CoFe;04 from becoming elec-
trically insulated. Successful attempts have been done by using
CoFe;04/C-fibers [15], coated graphene sheets [16], reduced gra-
phene oxide composites [17] and coated carbon nanotubes [18,19].
For this work, a composite of CoFe;04 and multi-walled carbon
nanotubes (CNTs) is created by filling CNTs with iron and cobalt
nitrite and subsequent conversion of the filling to CoFeyOa.
Encapsulation of functional fillings into CNT for improving the
stability is a known strategy to obtain improved materials proper-
ties. It is widely used and finds application in various fields such as
electrocatalysis [20,21], magnetic data storage technologies [22,23],
nanomedicine [24,25], and sensors for magnetic force microscopy
[26]. Here, it is exploited to obtain a CoFe,04 nanoparticle-based
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material where the active nanomaterial is wrapped by the protec-
tive carbon-shells of CNT which form a conducting network
[27—29]. The electrochemical performance of cobalt ferrite incor-
porated in CNTs (CoFe,04@CNT) is investigated and compared to
that of bare CoFe;04 nanoparticles.

2. Experimental
2.1. Synthesis of filled CNTs

Multi-walled carbon nanotubes of the type PR-24-XT-HHT
(Pyrograf products) have been used as template for filling them
with cobalt ferrite. The filling procedure is an extension of a re-
ported solution based filling approach for CNTs with ZnFe;04 [30].1
M standard aqueous solutions of the following nitrates have been
prepared: Fe(NO3);-9H,0 (grade: ACS 99.0—100.2%) and Co(N-
03),-6H,0 (grade: ACS 98.0—102.0% metal basis) supplied by VWR
Chemicals and Alfa Aesar GmbH & Co KG. The nitrate salts were
used as provided and no further purifications have been performed.
The nitrate solutions were combined in a stoichiometric ratio with
respect to the metal ions (i.e., Fe:Co = 2:1), about 50 mg of CNTs
were added, and the mixture was treated in an ultrasonication bath
for 60 min at room temperature. The mixture was then vacuum-
filtered and washed with about 20 ml washing agent of acetone
and distilled water with a volumetric ratio of 1:1. Subsequently, the
solid residue was dried for 24 h at a temperature of 108 °C and
afterwards calcinated under argon flow atmosphere (100 sccm) at a
temperature of 500 °C for 4 h to convert the nitrates into the cor-
responding cobalt ferrite according to the following equation:

Co(NO3)a(s) + 2Fe(NO3)s(s) CoFez04(s) + 8NO»(g) + 202(g)

Commercial CoFe;04 nanopowder with a particle size of 30 nm
have been obtained by Sigma Aldrich.

2.2. Characterization

The resulting CoFe;04@CNT nanocomposite was investigated by
scanning electron microscopy (SEM) with a Nova 200 NanoSEM
(FEI Company, Hilsboro, Oregon, U.S.) operating at 15 kV, combined
with an energy dispersive X-ray (EDX) analyzer (AMETEK, Berwyn,
Pennsylvania, U.S.). The SEM sample was prepared by placing a tiny
amount of powder sample on carbon tape. Crystal structure ana-
lyses were carried out by means of an X'Pert Pro MPD PW3040/60
X-ray diffractometer (XRD, PANalytical, Almelo, Niederlande) with
Co Ko, radiation (A = 1.79278 A) in reflection geometry at a scanning
rate of 0.05° s~ in the 20 range of 10°—80°. Thermogravimetric
analysis (TGA) was performed with an SDT-Q600 (TA instruments,
Waters Corporation, Milford, Massachusetts, U.S.). In detail,
approximately 5 mg of the material were heated to a temperature
0f 900 °C with a heating rate of 5 K min~! followed by an isothermal
dwelling for 15 min under air atmosphere with a flow rate of
100 ml min~'. The magnetic field dependence of the magnetization
at 5 K and 300 K in external magnetic fields up to + 5T was
measured by means of a superconducting quantum interference
device (MPMS-XL5 SQUID) magnetometer by Quantum Design (San
Diego CA, USA). Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) measure-
ments were performed using a Tecnai F30 (FEI Company, Hilsboro,
Oregon, U.S.) instrument operated at 300 kV. The TEM samples
were prepared by adding a few drops of the sample suspension in
acetone on a copper grid with a carbon coating on one side.

2.3. Electrochemical measurements

Electrochemical measurements were performed using
Swagelok-type cells. Working electrodes were prepared from the
active materials as follows [31]. The CoFe;04@CNT composite was
mixed with 10 wt% of polyvinylidene fluoride (PVDF) in N-methyl-
2-pyrrolidinone (NMP) and stirred for 24 h before the resulting
slurry was applied to copper net current collectors. The CoFe;04
nanoparticles were mixed in a mortar with 5 wt% of PVDF and 10 wt
% of carbon black in order to enhance electric conductivity, before
adding NMP to fabricate the electrode slurry. The as-prepared
electrodes were dried in a vacuum oven (80 °C, <10 mbar) over
night, pressed at 10 MPa, and dried again. Subsequently, Swagelok-
type cells were prepared in a glove box under dry argon with
lithium counter electrodes pressed onto nickel plates. Two sheets of
fiber glass separator were soaked with 200 ul of a 1 M LiPFg solution
dissolved in a 1:1 mixture of ethylene carbonate and dimethyl
carbonate acting as the electrolyte. Cyclic voltammetry (CV) at a
scan rate of 0.1 mV s~ ! and galvanostatic cycling (GCPL) at specific
currents of 100 mA g, both in the voltage range of 0.01—3.0 V vs.
Li/Li*, were carried out on a VMP3 potentiostat (BioLogic) at 25 °C.

3. Results and discussion
3.1. Morphology and structure

The morphology and geometry of the filling material and its
location inside or outside the CNTs were examined by SEM and
TEM, as illustrated by the images in Fig. 1. SEM overview images in
secondary-electron (SE) mode (a) and back-scattered-electron
(BSE) mode (b) for CoFe;04@CNT show, that the filling material is
distributed along the inner cavity of the hollow CNTs. Different
morphologies of the filling particles (spherical, short rods, etc.)
have been observed for the ferrites inside the CNTs. These obser-
vations also have also confirmed by TEM measurements as shown
in Fig. 1(c—f). HRTEM confirms the crystallinity of the core material
as highlighted by the appearance of the lattice fringes shown in
Fig. 1 (f).

Elemental mapping reveals that Co and Fe are uniformly
distributed within the particles/rods (Fig. S1). Line scans along and
across the filling confirm the correlation between the Co and Fe
concentration which is consistent with the oxide formation. The C
and Co—Fe concentration profiles anti-correlate, indicating that the
metal is located inside the tube cores. Quantitative analysis of the
respective spectra reveals Fe and Co filling material with atomic
percentages of 66(2) and 34(2) w%, respectively, thereby confirm-
ing the Fe/Co ratio of 2:1 (Table S1).

3.2. Structural characterization

The XRD pattern of the CoFe,04@CNT nanocomposite presented
in Fig. 2 confirms the presence of CoFe;04. In addition to the
characteristic peaks of pristine CNT, the pattern exhibits further
reflections which agree with reference data for CoFe;04 (cubic
space group Fd3m) from the Crystallography Open Database
#1533163 [32]. Pronounced peak broadening indicates the pres-
ence of nanosized CoFe,04 crystallites, whose grain size is esti-
mated to be 20(5) nm by means of the Scherrer equation applied to
the Bragg peak at 41.5°. Note, that other contributions to XRD peak
broadening have been neglected for this estimate. TGA data of
CoFe,04@CNT (see the inset of Fig. 2) show a residual mass of 11(1)
wt% after heating the compound to 900 °C in air. This mass content
is ascribed to CoFe;04 particles, which are the only crystalline
constituent besides the CNTs, according to the XRD analysis.

The magnetization of CoFe;04@CNT measured in external
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Fig. 1. Electron microscopy images of the CoFe,04@CNT nanocomposite by means of
(a) SE mode, (b) BSE mode, (c—d) TEM, and (e—f) HRTEM.

magnetic fields up to pgH = +5 T is displayed in Fig. 3. Both at
temperatures of T = 5 K and 300 K, hysteresis loops with a
consistent average saturation magnetization of 1.6 erg G g~ ! are
observed. This observation agrees with previous reports of the
ferromagnetic behavior of CoFe,04 nanoparticles [33,34], where
the magnetic properties are found to be highly size-dependent
[35—37]. Taking the mass fraction of the CoFe;04 in the studied
CoFe,;04@CNT nanocomposite of ~11 wt% into account, the detected
saturation magnetization concurs with saturation values of
CoFe,04 nanoparticles reported in Ref. [37].

3.3. Electrochemical performance

The electrochemical performance of the CoFe,04@CNT nano-
composite was studied in comparison to bare CoFe,04 nano-
particles by means of CV and GCPL. Fig. 4 shows the 1st, 2nd and
10th cycles of CV measurements for both materials, initially starting
with reductive scans at 0.1 mV s~ For the bare CoFe;04 nano-
particles (Fig. 4(a)), in the initial half cycle reduction peaks occur at
1.5V (R0),1.1 V,and 0.55 V (R1/SEI) with a shoulder at 0.95 V, before
ending in an active range at 0.01 V (R2). In all subsequent reductive
half cycles the most pronounced reduction peak occurs at 0.85 V
(R1*). While RO completely vanishes after the first cycle, the in-
tensities of all other reductive features gradually decrease until
cycle 10. In all oxidative scans a broad oxidation double peak is
observed between 1.5 V and 2.5 V with a maximum intensity
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Fig. 2. Powder XRD patterns of CoFe;04@CNT and of pristine CNT. Vertical ticks label
Bragg positions of bulk CoFe;O4 (space group Fd3m) [32]. Inset: TGA data of
CoFe,04@CNT.
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Fig. 3. Magnetization data of CoFe,04@CNT, measured in external magnetic fields up
to woH = +5 T at constant temperatures of 5 K and 300 K, respectively.

around 1.65 V (01), which also ceases until cycle 10.

The electrochemical lithium storage in CoFe;04 of up to 8 Li*/f.u.
is supposed to follow a conversion mechanism according to Eq. (1),
which can be preceded by initial intercalation of Li*-ions into the
original ferrite structure [38]. In the first CV cycle of the CoFe;04
nanoparticles, the latter may be indicated by RO. The pronounced
reduction peak R1 most likely signals both the conversion to Co and
Fe, which leads to an irreversible decomposition of the ferrite
starting compound [9,38], and the formation of a solid electrolyte
interphase (SEI) [39]. The reductive activity R2 originates from the
intercalation of Li*-ions into the added carbon black [40]. After the
reductive decomposition of CoFe,0y4 in the initial half cycle, sepa-
rate oxidation of Co and Fe to CoO and Fe;0s3, respectively, at O1 is
supposed to take place, followed by the corresponding conversion
processes at R1* (Eq. (2)) [1,3,9,10,12,15,18].

CoFey04 + 8 Lit + 8 e~ - > Co + 2 Fe + 4 Li0 (1)
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Co + 2 Fe + 4 Li;0 <—> Co0 + 2 Fe,03 + 8 Lit + 8 e~ 2)

The CoFe;04@CNT nanocomposite’s CV in Fig. 4(b) can be un-
derstood considering both the electrochemical response of bare
CoFe,04 nanoparticles (see Fig. 4(a)) and of pristine CNTs [41—44].
In particular, the redox pair R2/02 around 0.1 V indicates the
intercalation/deintercalation of LiT-ions between the graphitic
layers of the CNTs [45,46]. It seems dominant due to the small mass
content of CoFe;O4 of 11 wt% in the composite material. The
reduction peaks attributed to CoFe;04 are now observed at 1.6 V
(R0O), 1.2 V, and 0.7 V (SEI) with a distinct shoulder at 0.8 V (R1) in
the initial half cycle, and subsequently at 1.6 V (R0) and 0.9 V (R1%*).
Reversible oxidation peaks again occur in the range between 1.5 V
and 2.0 V reaching maximum intensity around 155 V (O1).
Generally, compared with the bare CoFe;O4 nanoparticles, the
corresponding reduction and oxidation peaks in CoFe,O4@CNT
appear at slightly higher and lower potentials, respectively. This
indicates smaller over potentials and thus improved energy effi-
ciency in the compound. Furthermore, cycling stability is superior,
yielding yet noticeable redox activity in the 10th cycle. Both im-
provements can be attributed to benefits of the CNTs in the
CoFe,04@CNT composite, i.e., to enhanced overall conductivity and
better structural integrity.

Fig. 5(a) shows specific charge and discharge capacities of the
CoFe;04@CNT nanocomposite and of pristine CNTs, respectively,
observed in GCPL measurements at 100 mA g~ .. Over the course of
60 dis-/charge cycles the CoFe;04@CNT nanocomposite
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Fig. 5. (a) Dis-/charge capacities at 100 mA g~! of CNTs and CoFe,04@CNT as well as
corresponding coulombic efficiencies. (b) Capacity contribution of only CoFe,04 in
CoFe;04@CNT and capacities of bare CoFe,04 nanoparticles.

consistently retains higher capacities than the pristine CNTs. In
both materials, a large initial discrepancy between charge and
discharge capacity of 571/322 mA h g~! and 508/281 mA h g,
respectively, is to a large extend attributed to SEI formation.
However, irreversible capacity losses continuously occur during the
first couple of cycles resulting in moderate coulombic efficiencies
that in case of the CoFe;04@CNT nanocomposite exceed 97% only
after the 15th cycle. After 60 cycles 243 mA h g~! can still be dis-
charged from the nanocomposite which corresponds to an overall
capacity retention of 76%. The specific contribution of the ferrite
nanoparticles to the capacities of the CoFe;04@CNT composite are
evaluated by subtracting the measured capacities of pristine CNTs,
weighted with the mass ratio of 89:11 (CNTs: CoFe;04). The
resulting capacities of the CoFe;04 nanoparticles in CoFe;04@CNT
are depicted in Fig. 5(b) in comparison to those of bare CoFe;04
nanoparticles. The initial charge capacities, 1173 mA h g~! for the
nanoparticles and 1103 mA h g~! for the composite, are signifi-
cantly higher than the theoretical expectation of 914 mA h g~ L. This
can be attributed to SEI formation at the CoFe;O4/electrolyte
interface. In both cases, there are significant capacity losses upon
cycling, which are yet much more severe for the pure CoFe;04
nanoparticles. After 20 cycles, the bare nanoparticles’ discharge
capacity has decreased to 190 mA h g™, corresponding to a loss of
78% of the initial discharge capacity. In the CoFe,04@CNT electrode,
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on the other hand, 475 mA h g, i.e. 71% of the initial discharge
capacity, are retained after 20 cycles, that corresponding to a loss of
only 29%. This demonstrates that embedding nano sized CoFe;04 in
a conductive matrix of carbon by filling it into CNTs can partly
compensate for the typical capacity fading associated with the
conversion reactions upon electrochemical de-/lithiation known
for ferrite materials.

4. Conclusions

CoFe;04-filled multi-walled carbon nanotubes have been
investigated by means of their lithium storage ability as an anode
material for lithium ion batteries. The involved conversion mech-
anism known for nanosized CoFe;04 was confirmed in cyclic vol-
tammetry measurements. In comparison to bare CoFe;O4
nanoparticles, CoFe;04@CNT nanocomposite shows smaller over-
potentials and hence improved energy efficiency. We attribute this
mainly to enhanced conductivity induced by the linked CNT
network. Further, the ferrite’s capacity retention over the first 20
dis-/charge cycles is improved from 22% in the pure nanoparticles
to 71% in CoFe;04@CNT. The data hence demonstrate that
embedding nanoparticles inside the protective and conductive
shells of CNTs opens a way to utilize high theoretical capacities of
CoFe;04 and other transition metal oxides for electrochemical en-
ergy storage.
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ABSTRACT

We report a facile method to prepare graphene coated core-shell Mn304 nanoparticles encapsulated in
hollow carbon sphere (HCS) (G—HCS—Mn304). HCSs were firstly prepared at high temperature based on a
core-shell template, leading to good electrical conductivity of 21.6 S m~’. The porous shells of HCSs
provide passage for the manganese precursors and big cavities to store the inorganic particles.
Furthermore, the Mn3O4 filling is proven by magnetization measurements showing characteristic
ferrimagnetic ordering at 41 K. Electrochemical studies show that the Mn304 nanoparticles encapsulated
in HCS are electrochemical active and there is full access to the theoretical capacity of Mn304. When used
as anode material, G-HCS—Mn304 impresses by superior properties compared to pristine HCS. It can
achieve a high specific charge capacity of 557 mAh g~ ! at the current density of 100 mA g~' and even
374 at 500 mA g . The approach of exploiting HCS-based nanocomposites can be expanded to encap-
sulate a variety of inorganic materials with controllable size and amount, providing new choices for
electrode materials and other potential applications.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium-ion batteries (LIBs), as the secondary batteries, have
drawn tremendous attention for their great potential in portable
electronics and hybrid vehicles due to the properties such as high
energy density, good cycle performance and large power density
[1—4]. However, the capacity of commercial graphite, an interca-
lation material, is limited to its theoretical capacity (372 mAh g~ '),
which cannot meet the growing requirements of energy storage
with the rapid development nowadays. Therefore, to enhance the
performance of LIBs, advanced electrode materials with large ca-
pacity and energy density have been intensively investigated [5,6].
Transition metal oxides (TMOs) are good candidates as anode

* Corresponding author.

** Corresponding author.
E-mail addresses: elisa.thauer@kip.uni-heidelberg.de (E. Thauer), xuecheng.

chen@zut.edu.pl (X. Chen).
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0360-5442/© 2020 Elsevier Ltd. All rights reserved.

materials due to their high theoretical capacity, environmental
benignity and abundant resource [7—19]. Among them, manganese
oxide (Mn304) is widely explored for their high theoretical capacity
(937 mAh g 1), low lithiation potential, enhanced energy storage
and low cost [20,21]. Moreover, Mn304 has been reported to show
faster lithium ion insertion/desertion kinetics than other stable
manganese oxides [22]. However, pure Mn304 suffers from poor
electrical conductivity (1077—10"% S cm™!) and large volume
changes during lithiation/delithiation (~75.4% [23,24]) resulting in
a rapid capacity fading and short cycling life.

A potential solution to tackle these problems is to design an
effective hybrid nanostructure of nano-Mn304 and carbonaceous
materials. In such materials, nanosized Mn304 are incorporated
into a carbon matrix combining advantageous of nanoscaling, i.e.,
short diffusion pathways for Li-ions and enhanced ability to endure
large volume changes, with an electrically conducting matrix
providing the integrity of a 3D material [25—32].

However, in most previous studies Mn3O4 particles are not
completely surrounded by carbon but rather have partial contact,



E. Thauer, X. Shi, S. Zhang et al.

which does not prevent the direct contact of Mn304 with electro-
lyte as well as the negative effects of a large volume expansion. It
can be assumed that it is more favorable to encapsulate the Mn30g4
nanoparticles by carbon with void space between them allowing a
certain volume expansion [33,34]. Herein, we choose HCSs as the
carbon matrix for encapsulation of Mn304 nanoparticles. HCSs have
drawn more and more attention in various applications due to their
large specific surface area, low density, good porosity, high stability,
and good surface permeability [35]. Since silica spheres with
defined diameters as well as core-shell structures have been suc-
cessfully fabricated [36,37], HCSs prepared from such templates can
achieve controllable morphology, shell thickness and cavity diam-
eter [38,39]. Different from the mostly reported methods, in which
the nanoparticles are firstly synthesized before the deposition of
carbon layers follows, we report a method where firstly HCS are
prepared and then Mn3O4 nanoparticles are encapsulated. In
traditional methods, in order to avoid the reduction of metal oxide
by carbon under high temperature, low temperature is chosen to
synthesize the carbon layer, leading to a relatively lower conduc-
tivity [40]. In this work, we use a core-shell template (SiO,@m-
SiO,_CTAB) to fabricate HCSs under high temperature. The as-
prepared HCSs with large surface area and good electrical con-
ductivity have porous shells which provide passage for the man-
ganese precursors and big cavities to store the inorganic precursors.
The HCSs with manganese precursors were covered by a graphene
layer to enhance the mechanical properties of the whole hybrid
structure. After annealing, there are void spaces between Mn304
and carbon, allowing large volume expansion during the lithiation/
delithiation process. The G—HCS—Mn304 nanocomposite exhibit
enhanced electrochemical performance in LIBs as proven by the
cyclic behavior upon electrochemical measurements. Furthermore,
the manganese filling of the HCS is verified based on a magnetic
phase transition associated to Mn304 due to SQUID-magnetometer
measurements.

2. Experimental section
2.1. Synthesis of hollow carbon spheres (HCS)

HCSs were prepared via a chemical vapor deposition (CVD)
method using a hard core-shell template (SiO,@m-SiO,_CTAB)

Energy 217 (2021) 119399

according to our previous report [41]. It consists of synthesis of
templates, deposition of carbon and removal of the templates.
Firstly, silica spheres was synthesized by stirring the mixture so-
lution of tetraethyl orthosilicate (TEOS) (1.5 mL), concentrated
ammonia (28 wt%, 2.5 mL) and ethanol (50 mL) for 24 h. Secondly,
the sacrificial core-shell SiO,@m-SiO,-CTAB was prepared by add-
ing SiO, (100 mg) to the water/ethanol/ammonia (30/13/0.45 mL)
solution with adding the surfactant cetyltrimethylammonium
bromide (CTAB, 170 mg) and silica precursor TEOS (0.3 mL) every
6 h for twice. At last, the core-shell Si0,@m-SiO,-CTAB was placed
in a tube furnace and a CVD process using C;H4 as the carbon source
was undergoing for 3 h at 800 °C. HCS were obtained by etching the
silica with HF.

2.2. Preparation of HCS-Mn304 and G—HCS—Mn304 nanocomposite

5 mL of the saturated KMnO4 ethanol solution was added to
100 mg HCS at 80 °C dropwise. The mixture was washed, filtered,
and then dried at 105 °C for 10 h. Graphene oxide (GO) was pre-
pared via a modified Hummer’'s method according to our previous
report [42]. 100 mg as-prepared composites were dispersed to
10 mL GO solution (0.3 mg/mL) and stirred for 4 h. The above so-
lution was washing by centrifugation to remove the excess GO. The
samples were heated to 300 °C for 2 h under 100 sccm Ar flow to
obtain G—HCS—Mn304. HCS-Mn304 was prepared by heating the
composites without GO coating to 300 °C for 2 h under 100 sccm Ar
flow.

2.3. Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) were performed on a Tecnai F30 transmission elec-
tron microscope (FEI Corporation, USA) at an acceleration voltage of
200 kV. The elemental mappings were performed on a scanning
transmission electron microscope (STEM) unit with high-angle
annular dark-field (HAADF) detector (FEI, Tecnai F30) operating at
an acceleration voltage of 200 kV. Scanning electron microscopy
(SEM, Hitachi SU8020) was carried out to measure the structural
properties. X-ray diffraction (XRD) was carried out with a Bruker
AXS D8 Advance Eco using Cu K, radiation. The thermogravimetric
analysis (TGA) was conducted on the DTA-Q600 SDT TA at a heating

Scheme 1. Schematic illustration of preparation of graphene coated core-shell Mn304 nanoparticles confined in HCS.

2
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Fig. 1. XRD patterns of HCS and G—HCS—Mn304. The bars mark the reference Bragg
positions of Mn304 [43] and MnO [44].

rate of 10 °C min~! from room temperature to 900 °C under flowing
air. The N, adsorption/desorption isotherms were obtained at
liquid nitrogen temperature (77 K) using a Micromeritics ASAP
2010 M instrument. To examine the carbon content of the com-
posite elemental analysis was performed using a Vario MICRO
Cubes (Elementar). The Brunauer-Emmett-Teller (BET) and density
functional theory (DFT) methods were adopted to calculate the
specific surface area and pore size distribution. Raman spectra were
collected with a Renishaw micro Raman spectrometer
(A =785 nm). To further investigate incorporated Mn304, magnetic
measurements were performed on G—HCS—Mn304 powder

<

5U8020 5.0k 8.7mm K15 OKSEUL)
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samples using a MPMS-XL5 SQUID magnetometer (Quantum
Design). The magnetization was measured by varying the temper-
ature between 2 and 300 K applying zero-field-cooled (ZFC) and
field-cooled (FC) procedures at B =1 T. In addition, hysteresis loops,
i.e., magnetization vs. external magnetic field, were obtained at 2 K
and 300 K in magnetic fields up to +5 T.

2.4. Electrochemical measurements

The working electrodes were prepared by mixing the active
material with carbon black (C-NERGY™ SUPER C65, Timcal) and
polyvinylidene difluoride (PVDF, Solvay Plastics) at a mass ratio of
8:1:1 in 1-Methyl-2-pyrrolidone (NMP, Sigma Aldrich) by magnetic
stirring for at least 12 h. Afterwards most of the NMP was evapo-
rated in a vacuum oven at 65 °C to obtain a spreadable slurry, which
was applied on Cu meshes. The as-prepared working electrodes
with a mass loading of about 2 mg cm~2 were dried at 65 °C in a
vacuum oven, mechanically pressed at 10 MPa and dried again. The
Swagelok-type cells [14] were assembled in an Ar-filled glove box
(02/H20 < 1 ppm) using a lithium foil (Sigma Aldrich) pressed on a
nickel plate as the counter electrode and two layers of glass
microfibre separator (Whatman GF/D) soaked with 200 pl of a1 M
solution of LiPFg in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1 by volume) (LP30, Merck). The electrochemical prop-
erties were investigated by means of galvanostatic cycling with
potential limitation (GCPL) and cyclic voltammetry in the voltage
range 0.01—-3 V, that were performed on a VMP3 potentiostat
(BioLogic) at 25 °C. The calculation of the specific capacity is based
on the total mass weight of G-HCS—Mn304 composite.

3. Results and discussion

The preparation of G-HCS—Mn304 nanocomposite is illustrated
in Scheme 1. The solid SiO; nanospheres were prepared by a

Fig. 2. SEM (a—c) and TEM (d—f) images of HCS (a,d), HCS-Mn304 (b,e) and G—HCS—Mnj304 (c,f). STEM image (g) and C (h), O (i), and Mn (j) elemental mapping of G—HCS—Mn304.
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Fig. 3. TGA curves (a) and Raman spectra (b) of HCS, HCS-Mn304 and G—HCS—Mn30,.

modified Stober sol-gel process [36]. Then the core-shell SiO,@m-
Si0,-CTAB was fabricated based on the solid silica core by coating a
mesoporous SiO, (m-Si03) shell with the surfactant CTAB. The m-
SiO; shells allow carbon deposition in the pores and cylindrical
channels formed after the decomposition of CTAB under high
temperature, while the solid silica core cannot allow the deposition
of carbon into the core structure, forming a core-shell SiO,@m-
Si0,-C. Since the carbon is formed only in the shells, HCSs can be
obtained after removal of SiO, and m-SiO; in the shells. The porous
shells of HCS can provide passage for the diffusion of small mole-
cules. KMnOy4 dissolved in ethanol was added to HCSs by incipient
wetness. The salts can diffuse into the cavity of HCSs via the porous
shells. Finally, the impregnated HCSs were covered by graphene
layers and annealed under 300 °C to convert the salt precursors to
Mn304 nanoparticles. In most reported methods, nanoparticles are
firstly synthesized followed by the formation of carbon layers. Here,
HCS were prepared at high temperature, leading to a high graphi-
tization as shown in the XRD pattern (Fig. 1) and good electrical
conductivity (21.6 S m~!). The XRD pattern of G—HCS—Mn304
confirms the existence of tetragonal Mn304 (ICSD-68174 [43]) and
of some MnO (ICSD-1514120 [44]). The rough estimate of the
average size of the Mn304 crystallites by Scherrer analysis provides
grain sizes of about 20(10) nm. The higher intensity of the
diffraction peak at 26 of 26.57° can be attributed to the graphene.

The morphologies of HCS, HCS-Mn304 and G—HCS—Mn304 were
examined by SEM (Fig. 2a—c) and TEM (Fig. 2d and e). SEM images
indicated the maintaining of the spherical structure for all the
samples. A small amount of nanoparticles can be observed in Fig. 2b
and ¢, suggesting the existence of Mn304. Different from the rough
surface of HCS and HCS-Mn30y4, the surface of G—-HCS—Mn304 be-
comes smooth after coating with graphene. TEM image of HCS
(Fig. 2d) shows a big contrast between the pale centers and dark
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edges with regular cylindrical channels indicating that HCS has a
hollow cavity and mesoporous shell. As a control sample, HCS-
Mn304 has a solid core of aggregated Mn304 nanoparticles in the
center cavity of HCS (Fig. 2e). Thin graphene layers can be easily
found in the G—HCS—Mn304 composites (Fig. 2f). Due to the
shrinkage of metal oxide after annealing, void space can be
observed between Mn304 nanoparticles and the shells of the HCS,
providing space for volume expansion during lithiation. Energy-
dispersive X-ray spectroscopy (EDS) was further conducted to
evaluate the elemental distribution. Fig. 2g—j reveals that the Mn
and O are mostly present in the cavity of HCS.

TGA is applied to measure the concentration of the carbon and
metal oxide in the composites. The samples were heated in air to
900 °C so that carbon and Mn304 will be oxidized to CO, and
Mn,03, leaving Mn,03 in the residual. The small variant in the blue
and red curves from 400 to 500 °C derived from the synergistic
effect of weight loss caused by combustion of carbon and weight
gain resulting from oxidation of Mn304. HCS shows negligible
remaining weight, suggesting a pure carbon composition. About
39.7 wt% of the sample weight was left in HCS-Mn304 representing
the mass concentration of Mn304 nanoparticles. Graphene con-
tributes a small increase in the weight loss for sample
G—HCS—Mn304, what results in 37.6 wt% of the Mn30O4 concen-
tration in the final product (Fig. 3a). The elemental analysis pro-
vides a carbon content of 56.3(5) wt % for the composite
G—HCS—Mn304. As shown in the Raman spectra (Fig. 3b), for
pristine HCS, two peaks at 1307 cm~! (D band) and 1607 cm~' (G
band) are observed. A new peak at about 655 cm ™! attributed to the
stretching vibration of Mn—O appears in both HCS-Mn304 and
G—HCS—Mn304, indicating the presence of Mn304. In addition, the
intensity ratios Ip/Ig for HCS, HCS-Mn304 and G—HCS—Mn304 were
1.37,1.22 and 1.07, respectively, suggesting the decrease in defects

—=—HCS
—e—HCS-Mn;0,4

—4—G-HCS-Mn30,

0.008 4
0.006
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T
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Fig. 4. (a) Nitrogen adsorption/desorption isotherms and (b) pore size distributions of HCS, HCS-Mn304 and G—HCS—Mn304.
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and disorder of carbon in the composite samples.

The porous structure of G-HCS—Mn304 composite was further
investigated by nitrogen adsorption/desorption isotherms. The
isotherms exhibit typical type-IV behavior [45]. In the relative
pressure (P/Pp) range from 0.4 to 1.0, a significant hysteresis loop
appears in all isotherms, indicating the existence of mesopores
(Fig. 4a). The BET surface area of HCS, HCS-Mn304 and
G—HCS—Mn30y is calculated as 749, 174 and 278 m? g~ !, respec-
tively. The larger BET surface area of G-HCS—Mn304 with respect to
HCS-Mn304 is due to the presence of graphene. The pore size dis-
tribution based on the adsorption data is shown in Fig. 4b. A
mesopores distribution from 2 to 6 nm is attributed to the porous
shells of HCS, while a wider mesopores distribution from 5 to 10 nm
for G-HCS—Mn304 may be related to the addition of graphene. The
large specific surface area and abundant porosity can facilitate the
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Fig. 6. Cyclic voltammogram of (a) pristine HCS and (b) G—HCS—Mn304 at 0.05 mV s,
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Mn304 (i = 1-3) (see the text).

electrolyte accessibility and diffusion during the dis-/charging
process.

Furthermore, temperature and magnetic field dependent
magnetization studies were performed on G—HCS—Mn304 to
investigate the encapsulated oxide. The magnetic response of car-
bon can be neglected as it is very weakly diamagnetic. Fig. 5a shows
the evolution of a finite ferromagnetic moment at low tempera-
tures. The corresponding derivative a(yT)/oT (Fisher’s specific heat)
shows a clear peak which is associated with evolution of ferri-
magnetic ordering in Mn304 [46,47]. We note the absence of
further anomalies up to 300 K. In particular, there is no anomaly at
around 130 K (and 92 K) which would indicate the presence of
significant amounts of MnO (or MnO5) [48]. The A-shaped magnetic
specific heat anomaly implies a continuous phase transition and
indicates the magnetic ordering temperature of Tc = 41.0(5) K.' This
value is slightly smaller than the bulk value which is explained by
the nanosized nature of the oxide incorporate and would agree to
particles of less than 15 nm in diameter [46,47]. The paramagnetic
(or antiferromagnetic) nature of magnetism at 300 K is demon-
strated by a linear field dependence of M (Fig. 5b). The ferrimag-
netic phase is signaled by a pronounced hysteresis in M vs B, at

! Note the finite external field of B=1T.
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T =2 K. T, which features a remanent magnetization (M;) of 2.05(5)
ergG g1 while M(5 T, 2 K) = 5.56(5) ergG g~ L. Considering the
filling rate, this implies M; ~5.5 ergG~'g 'mn304 Which is much
smaller than the bulk value of 38 ergG*1g’1Mn3o4. And again,
agrees to the nanoscale nature of encapsulate. Notably, there is a
sharp drop around zero field which has been also observed in the
literature [49]. This feature might be attributed to differently sized
Mn304 particles with diameters both above and below the super-
paramagnetic limit causing variation of magnetic anisotropy and
hence superposition of a ferrimagnetic and superparamagnetic
response. In addition, the hysteresis loop is not fully centered, but
the coercive fields differ as —0.37 T and 0.23 T. This indicates an
exchange bias effect, which suggests the presence of an antiferro-
magnetic phase such as MnO, which presence is also implied by the
XRD results in Fig. 1.

The electrochemical properties of the G—HCS—Mn304 compos-
ite are investigated by cyclic voltammetry (CV) and galvanostatic
cycling (GCPL). In order to assess the effects of the carbon matrix,
respective measurements were performed also for pristine HCS
under the same conditions. Fig. 6a and b shows the first, second and
fifth cycle of the cyclic voltammograms of HCS and G—HCS—Mn304
at a scan rate of 0.05 mVs~ . All peaks occurring in the CV curves of
pristine HCS are also observed for the composite. The irreversible
reduction peak Rsgrat 0.7 V can be mainly assigned to the formation
of the solid electrolyte interface (SEI) [50] and the redox peak pair
Rc/Oc at the lower measurement limit 0.01 V to lithiation and
delithiation of carbon. All remaining peaks in Fig. 6b can be
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attributed to incorporated Mn304 which is known to perform the
following electrochemical reaction processes, among which only
the last step is fully reversible [51,52]:

Mn304 4 Li* + e~ —LiMn3 04 (1)
LiMn304 + Lit + e~ —3MnO + Li,0 (2)
MnO +2Li* + 2e~ < Mn + Li,O (3)

In the initial cathodic scan, the reduction process Rz about 1.5 V
indicates the intercalation of Li™ into Mn3O4 (A) and Rp, which
partly overlaps with the SEI formation Rggj, the reduction to MnO
(B). The peak pair R;/O7 at 0.3 V/1.2 V can be assigned to the con-
version of MnO to metallic Mn (C) and the belonging back reaction.
The weak oxidation peak O; at 2.1 V may be attributed to minor
back formation to Mn304 [28,53]. In the subsequent cycles, Ry is
shifted to 0.4 V (R;*) which reflects structural changes caused by
the conversion reaction (C) [54].

Fig. 7a shows the dis-/charge capacities of pristine HCS and
G—HCS—Mn304 upon galvanostatic cycling at 100 mA g~ . The large
differences of the initial dis-/charge capacities of 697/399 mAh g~!
(HCS) and 972/557 mAh g~ ! (G-HCS—Mn30,) are explained by SEI
formation. As seen in the potential profiles (Fig. 7b), for pristine
HCS the formation of the SEI contributes more than 200 mAh g~ ! to
the discharge capacity. In case of the composite, in addition, the
mainly irreversible reduction processes of Mn304 to MnO (Eq. (2)
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and (3)) contribute to the initial capacity losses. For all cycles under
study, the results show higher capacity of the composite material as
compared to the pristine one, especially in the first 25 cycles.
However, in comparison to excellent cycle stability of pristine HCS
with charge capacity retention of 91% after 50 cycles, the composite
displays more pronounced relative capacity fading as the charge
capacity steadily decreases to 353 mAh g~!, corresponding to ca-
pacity retention of 63%. Both the analysis in Fig. 7a and the potential
profiles of G-HCS—Mn304 (Fig. 7b) show that mainly the capacity
related to Mn304 fades upon cycling which is attributed to degra-
dation processes due to volume and structural changes of the
conversion reaction of Mn304.

Superior performance of the G—HCS—Mn304 —based electrodes
as compared to pristine HCS is confirmed by rate capability test
(Fig. 7c) with varying current densities 100 mA g, 200 mA g,
500 mA g~ ! and 100 mA g~ !, each applied for 15 cycles. After each
15 cycles, G-HCS—Mn304 reaches charge capacities of 529 mAh
¢ 1463 mAhg 'and 374 mAhg ' at 100 mA g1, 200 mA g~ ! and
500 mA g~! and thus 50%, 43% and 30% more than pristine HCS. As
seen in the potential profiles (Fig. 7d), by increasing the current rate
up to 500 mA g~! the shape of the potential profiles is not signif-
icantly affected. While all feature remains present, the plateaus
however become less pronounced and more sloping.

Thus, the data clearly show strongly enhanced specific capacity
due to incorporation of Mn30g4. In order to separately assess elec-
trochemical activity of the incorporated oxide, the data have been
corrected for the contribution of pristine HCS and normalized
accordingly (Fig. 7a and c) (cf [47]). In the first cycles, the contri-
bution of the oxide to the discharge capacity amounts to about 750
mAh g, thereby even exceeding the full theoretical specific ca-
pacity of 703 mAh g~! associated with the reversible conversion
reaction (C). These high values may be assigned to the partial back
reaction of (B) and (A) as indicated by the oxidation feature O,
(Fig. 6b) [28,29]. In general, excessive capacity beyond the theory
values is often observed in transition metal oxide/carbon nano-
materials and has been discussed in terms of formation of a
polymer/gel-like film on the nanoparticles [55] and interface
charging effects by lithium accommodation at the metal/Li,O
interface [56].

4. Conclusions

A novel composite nanomaterial involving graphene coated
core-shell Mn304 nanoparticles encapsulated in HCS was designed
and synthesized successfully. G-HCS—Mn304 has a large specific
surface area and mesoporous structure, providing high accessible
areas and promises sufficient passages for the electrolyte when
applied in LIBs. When used as anode material, G-HCS—Mn304 can
deliver a high specific charge capacity of 557 mAh g~ ' at
100 mA g~ The electrochemical studies demonstrate the full ac-
cess to the theoretical capacity of Mn304. We attribute high elec-
trochemical activity of Mn304 to the good electrical connection
provided by the conductive HCS network and the nanoscale di-
mensions permitting fast reaction kinetics. Our results show that
incorporation of Mn304 strongly enhances the specific capacity
compared to pristine HCS. This facile method can be extended for
other TMOs@HCS composites with controllable carbon shell
thickness and cavity size, as well as the loading mass of TMOs.
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KAPITEL 5 ABSCHLIESSENDE DISKUSSION

Der erste Abschnitt dieses Kapitels enthélt zu jedem der in dieser Arbeit enthaltenen Unter-
kapitel eine Zusammenfassung, in der die wichtigsten Ergebnisse und Schlussfolgerungen
hervorgehoben werden. Fiir detaillierte Beschreibungen der verwendeten Methoden wird
der Leser auf die entsprechenden Kapitel und auf die Originalartikel verwiesen. Im zweiten
Abschnitt werden die Resultate der einzelnen Unterkapitel einander gegeniibergestellt und

in einem groferen Kontext diskutiert.

5.1 Zusammenfassung

In der vorliegenden Arbeit wurden potentielle Anodenmaterialien fiir Lithium-Ionen-Batterien
hinsichtlich ihrer physikalischen und elektrochemischen Eigenschaften untersucht. Dabei
war es insbesondere das Ziel, den Zusammenhang zwischen Partikelgrofie, Morphologie,

Funktionalisierung und elektrochemischen Eigenschaften ndher zu untersuchen.

Die Struktur, Morphologie und Partikelgrofie der pulverférmigen Materialien wurden anhand
von Rontgendiffraktometrie und Rasterelektronenmikroskopie untersucht. Energiedispersive
Rontgenspektroskopie und CHN-Analysen gaben Aufschluss iiber die chemische Zusammen-
setzung, SQUID-Magnetometrie iiber die magnetischen Eigenschaften. Als elektrochemische
Charakterisierungsmethoden kamen zyklische Voltammetrie und galvanostatische Zyklierung
zum Einsatz. Dariiber hinaus war es {iber Kooperationen moglich die Materialien mittels
Transmissionselektronenmikroskopie, BET-Messungen, thermischen Analysen sowie Raman-

und Rontgenphotoelektronenspektroskopie zu untersuchen.

Am Beispiel des Lithiumorthovanadats Li;VO, wurde der Einfluss der morphologischen
Beschaffenheit und Kompositbildung mit Kohlenstoff auf die elektrochemischen Eigenschaften

an einem Interkalationsmaterial untersucht (Kapitel 2).

Die Synthese der reinen Li;VO,-Proben unterschiedlicher Morphologie erfolgte iiber eine

Hydrothermalsynthese, bei der durch die Wahl des Losungsmittels die Priméarpartikelgrofie
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und der Agglomerationsgrad beeinflusst werden kann. Zum Aufbrechen der Agglomera-
te wurde auf eine nachtrigliche mechanische Vermahlung mittels Morser zuriickgegriffen.
Die Nanoskalierung der Partikel resultiert in hohere spezifische Kapazitéiten und eine
bessere Hochstromfihigkeit. So weisen die Nanopartikel mit einer Gréfie um 60(10) nm

1 entsprechend 41 % der theoretischen Ka-

bei der ersten Delithiierung mit 163mAhg™
pazitdt, den hochsten Wert auf, wihrend bei einer Partikelgrofe um 2,5(1,0) pm lediglich
39 mA h g 'erreicht werden. Der Vergleich der Materialien zeigt, dass einerseits eine gréfere
Oberflaiche zwar mit einer héheren elektrochemischen Aktivitat verbunden ist, andererseits
aber auch mit starkeren Degradationseffekten. Die hierarchische Anordnung der Nanopartikel
zu mikrometergroflen Sekundéarpartikel erweist sich als erfolgreiche Strategie gegen die hohen
Kapazititsverluste in Hohe von 36 % nach 100 Zyklen, unter denen die Nanopartikel leiden.
Mit einem Kapazitatsverlust von nur 2% nach 100 Zyklen besitzen diese eine hervorragende

Zyklenstabilitat.

Zur Untersuchung der elektrochemischen Eigenschaften von Li;VO, im Verbund in Koh-
lenstoffkompositen wurden iiber ein Sol-Gel-Verfahren verschiedene Li; VO, /C-Komposite
hergestellt. Abhéngig von der verwendeten Kohlenstoffquelle unterscheiden sich die Kom-
posite in ihrer Morphologie sowie dem Anteil an Kohlenstoff. Eine reine Li;VO,-Probe,
die mittels thermischer Behandlung aus einem der Komposite gewonnen wurde, dient als
Referenzmaterial. Die Herstellung von Kohlenstoffkompositen erweist sich als wirksame
Strategie zur Steigerung der elektrochemischen Aktivitdt von LisVO,. Im Gegensatz zum

I ist bei den Kompositen, die mit Carb-

reinen Li;VO, mit einer Kapazitét von 57mAhg™
onsduren als Kohlenstoffquelle hergestellt wurden, nahezu die volle theoretische Kapazitét
von 397mAhg! zuginglich. Die /textitex-situ XRD-Studien zeigen, dass beim reinen
Li;VO,-Material ein grofler Teil des Aktivmaterials inaktiv ist, wohingegen fiir die Kom-
posite die vollstdndige Amorphisierung der Struktur beobachtet wird. Insgesamt die beste
elektrochemische Performance liefert das Komposit, das mit Glukose hergestellt wurde.
Obwohl es im ersten Delithiierungzyklus mit 289 mA hg~"! die niedrigste Kapazitit unter
den Kompositen erreicht, tibertrifft es die anderen Materialien im Langzeittest aufgrund
seiner hervorragenden Zyklenstabilitdt. Der Kapazitatsverlust nach 100 Zyklen betragt
lediglich 4 %. Die Unterschiede der elektrochemischen Eigenschaften der Komposite sind
auf ihre unterschiedliche Morphologie und Kohlenstoffanteil zuriickzufiithren. Die gréflere
Oberfliche der mit Carbonsduren hergestellten Komposite erklart deren hohere elektroche-
mische Aktivitdt und die stdrkeren Degradationseffekte. Im Vergleich dazu fiihrt die kleinere
spezifische Oberflache und der hohere Anteil an Kohlenstoff des Komposits, das mit Glukose

hergestellt wurde, zu einer niedrigeren, aber stabilen spezifischen Kapazitét.
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In Kapitel 3 wurde der Einfluss von Morphologie und Funktionalisierung mit amorphen
Kohlenstoff auf die elektrochemischen Eigenschaften verschiedener Konversionsmaterialien

untersucht.

Der erste Teil beinhaltet die Ergebnisse zu den Untersuchungen am Konversionsmaterials
Molybdéandioxid MoQO,. Die Synthese der MoO,/C-Komposite erfolgte iiber ein Sol-Gel-
Verfahren. Wéahrend die verwendete Kohlenstoffquelle mafigeblich den Kohlenstoffanteil der
Komposite bestimmt, zeigt sich kein Einfluss auf die morphologischen Eigenschaften. Die
Groflenreduktion der resultierenden Agglomerate wurde mit einer nachtriaglichen Kolloid-
vermahlung realisiert. Die Ergebnisse der elektrochemischen Untersuchungen zeigen einen
deutlichen Einfluss der Sekundérpartikelgréfie und des Kohlenstoffanteils auf die elektro-
chemischen Eigenschaften von MoO,. Die Reduktion der Sekundarpartikelgrofie resultiert
in einer hoheren spezifischen Kapazitit und in einer besseren Zyklenstabilitat. So weisen
die Agglomerate mit der kleinsten Grofle um 550(450) nm bei der ersten Delithiierung mit
660 mA hg~!, entsprechend 78 % der theoretischen spezifischen Kapazitit, den hochsten
Wert auf. Der Kapazitatsverlust nach 15 Zyklen betragt lediglich 6 %. Im Gegensatz dazu
erreicht das Komposit mit einer Partikelgrofe um 3(1) pm weniger als die Hélfte und un-
terliegt mit einem Verlust von 69 % nach 15 Zyklen starken Degradationseffekten. Hier sei
anzumerken, dass die Komposite den gleichen Kohlenstoffanteil besitzen und sie sich nur in
der SekundarpartikelgréBe unterscheiden. Aufgrund der guten metallartigen elektronischen
Leitfahigkeit von MoQ,, die ausreicht, um den Elektronentransport im Elektrodenmaterial
zu gewahrleistet, zeigt die Hohe des Kohlenstoffanteils keine Auswirkungen auf die spezifi-
sche Kapazitiat. Selbst wenn der Beitrag des Kohlenstoffs bei der theoretischen Kapazitét
beriicksichtigt wird, zeigen sich nur marginale Unterschiede. Im Vergleich zum Komposit
mit einem Kohlenstoffanteil von 2,4 wt%, das 37 % der theoretischen Kapazitit erreicht, ist
fiir das Komposit mit 23,7 % Kohlenstoff mit 42 wt% der theoretischen Kapazitét leidiglich
eine minimal héhere Aktivitdt zu verzeichnen. Anders verhélt es sich hinsichtlich der Zyklen-
stabilitdt, auf die sich ein hoher Kohlenstoffanteil deutlich positiv auswirkt. So erleidet das
Komposit mit niedrigem Kohlenstoffanteil nach 15 Zyklen einen Kapazitatsverlust von 69 %,
wohingegen es bei einem zehnfach hoheren Kohlenstoffanteil nur 38 wt% sind. Auch hier sei
anzumerken, dass die Untersuchungen zu den Effekten verschiedener Kohlenstoffanteile an

Kompositen mit dhnlicher Morphologie erfolgten.

Als weiteres Konversionsmaterial wurde Vanadiumdioxid V4,05 in Kompositen mit amor-
phen Kohlenstoff untersucht. Die Synthese der V,05/C-Komposite erfolgte zum einen
iiber ein Sol-Gel-Verfahren als auch mittels Hydrothermalsynthese, wobei die Morpholo-
gie der Materialien mafigeblich durch die Synthesemethode bestimmt wird. Alle aus dem

Sol-Gel-Verfahren resultierenden Komposite bestehen unabhingig von der verwendeten
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Kohlenstoffquelle aus kantigen mikrometergroflen Sekundarpartikel, die aus Nanopartikel
aufgebaut sind. Insgesamt weisen sie recht dhnliche elektrochemische Eigenschaften auf. Sie
zeichnen sich durch eine gute Zyklenstabilitit aus, wenngleich mit spezifischen Kapazititen
um lediglich 30 % des theoretischen Werts ein hohes Optimiertungspotential im Hinblick
auf die elektrochemische Aktivitdt besteht. Die hochsten spezifischen Kapazitdten liefert
das Komposit, das mit Apfelsdure hergestellt wurde, so z.B. 337mAhg~! bei 100 mA g~*
und 183 mA hg™! bei 500 mA g~! nach jeweils 15 Zyklen, was einer Kapazititserhalt von
54 % bei einem fiinffach hoheren Strom entspricht. Im Unterschied zu den Kompositen, die
iiber ein Sol-Gel-Verfahren hergestellt wurden, besitzen die hydrothermal synthetisierten
Komposite eine sphéarische Morphologie. Die Materialien bestehen aus hierarchisch struk-
turierten Mikrosphéren, die abhédngig von der Kohlenstoffquelle eine Kern-Schale- oder
massive Struktur besitzen. Des Weiteren beeinflusst die Kohlenstoffquelle die Groéfle der
nanometergroffen Primérpartikel und somit die Topografie der Sekundérpartikel. Entgegen
den Erwartungen lésst sich kein direkter Zusammenhang zwischen spezifischer Oberflache
und elektrochemischer Aktivitat feststellen. Obwohl die Oberfliche des Komposits, das mit
Weinsdure hergestellt wurde, dreimal so grof3 ist wie die des mit Apfelsidure hergestellten
Komposits mit vergleichbaren Kohlenstoffanteil zeigen sich keine grofien Unterschiede bei
den erreichten Kapazitédten. Dies ist moglicherweise auf die fehlende Kern-Schale-Struktur
des mit Weinséure hergestellten Komposits zurtickzufiihren, von der angenommen wird, dass
sie die elektrochemische Aktivitdt positiv beeinflusst. REM-Aufnahmen nach 200 Zyklen
bestétigen die strukturelle Stabilitdt der hierarchisch strukturierten Sphéren, was deren
hervorragende Zyklenstabilitat erklért. Das Komposit, das mit Apfelsdure hergestellt wurde,
liefert die hochsten Kapazititen, so z.B. 351 mAhg~! bei 100mA g~! und 236 mAhg~! bei
500mA g~! nach jeweils 15 Zyklen. Dies entspricht einem Kapazititserhalt von 75 % bei
einem fiinffach héheren Strom und ist somit deutlich héher als bei den V,05/C-Kompositen,
die tiber ein Sol-Gel-Verfahren synthetisiert wurden. Die kinetische Analyse zeigt, dass
die iiberlegene Hochstromféhigkeit der V,03/C-Mikrossphéren auf den hoheren Anteil an
pseudo-kapazitiver Ladungsspeicherung zuriickzufiihren ist, der durch deren gréfiere Ober-
fliche begiinstigt wird. Als oberflicheninduzierter Prozess ist dieser deutlich schneller als

diffusionsgesteuerte Prozesse.

Als Vertreter der Klasse der legierungsbildenden Materialien wurde Zinkoxid ZnO unter-
sucht. Der bei der Speicherung von Li*-Ionen vorliegende zweistufige Prozess, bestehend aus
einer Konversion und Legierungsbildung, konnte anhand von ez-situ XRD-Studien bestétigt
werden. Die Synthese der Komposite erfolgte durch das Tempern des Alkoxides Zinkglycerol,
bei dem durch die Wahl der Temperatur Einfluss auf die Morphologie sowie auf den Anteil

und die Struktur des Kohlenstoffs genommen werden kann. Die Materialien bestehen aus
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Nanopartikel die zu flachen Uberstrukturen agglomeriert sind. Im Gegensatz zu den Nieder-
temperaturkompositen treten bei den Hochtemperaturkomposite zusétzlich mikrometergrofie
ZnO-Polyeder auf. Eine reine ZnO-Probe, die mittels thermischer Nachbehandlung aus einem
der Komposite gewonnen wurde, dient als Referenzmaterial zur Untersuchung des Effekts
der Kompositbildung mit Kohlenstoff. Der Verbund mit Kohlenstoff fithrt insbesondere zu
einer Verbesserung der Kapazitidt und Hochstromféhigkeit von ZnO. Die héchste Kapazitéit
im ersten Delithiierungszyklus erreicht das Komposit ZnO/C-700 mit 670mAhg!, was
69 % der theoretischen Kapazitit entspricht. Trotz der doppelt so groflen Oberflache der
Hochtemperaturkomposite, erreichen diese entgegen der Erwartung eine nur marginal hohere
spezifische Kapazitit bei der ersten Delithiierung. Mogliche Ursachen, die sich negativ auf
die elektrochemische Aktivitit auswirken konnten, sind das Auftreten der mikrometergrofien
ZnO-Polyeder oder der geringere Kohlenstoffanteil der Hochtemperaturkomposite. Letz-
teres wird jedoch aufgrund der nur geringen Unterschiede im Kohlenstoffgehalt als eher
unwahrscheinlich angesehen. Alle ZnO-Materialien erleiden in den ersten 20 Zyklen grofie
Kapagzitatsverluste, fiir die die nur teilweise reversibel ablaufende Konversionsreaktion als
Hauptursache identifiziert wurde. Als weitere Ursache sind die grofien Volumenédnderun-
gen zu nennen, die wihrend der LiT-Speicherung auftretenden, und zur Zerstérung der
Elektrodenstruktur fiihren. Starkere Degradationseffekte zeigen sich bei den Hochtempera-
turkompositen, was auf die mikrometergrolien ZnO-Polyeder zuriickgefihrt werden kann.
Die Raman- und XPS-Untersuchungen zeigen, dass der Kohlenstoff bei héherer Synthese-
temperatur erwartungsgeméf eine hoher geordnete Struktur aufweist. Dies duflert sich in

einer besseren Hochstromfdhigkeit bedingt durch einen kleineren Polarisationswiderstand.

Der Effekt der Funktionalisierung von konversionbasierten Ubergangsmetalloxiden mit

Kohlenstoffnanostrukturen wurde in Kapitel 4 untersucht.

Im ersten Teil wurde am Beipiel des Ferrits CoFe,O, der Verbund mit Kohlenstoffnanoréhren
untersucht. Das Komposit CoFe,O,QCNTbesteht zu 11(1) wt% aus CoFe,0,, das einerseits
in Form von Nanopartikeln im Inneren der CN'Ts und andererseits als unregelméfig geformte
Partikel mit Abmessungen von einigen 100 nm auerhalb der CN'Ts vorliegt. Durch die Gegen-
iiberstellung der elektrochemischen Eigenschaften des Komposits mit denen von ungefiillten
CNTs sowie unmodifizierten CoFe,O,-Nanopartikel wird der Effekt der Funktionalisierung
demonstriert. Im Vergleich zu den leeren CNT5 liefert das Komposit CoFe;O,QCNT mit
322mAhg! bei 100mA g~! im ersten Delithiierungszyklus eine um 13 % hohere spezifische
Kapazitit. Dabei entspricht der CoFe,O,-Beitrag zur Kompositkapazitit mit 630 mAhg=!
73 % der theoretischen Kapazitét. Der Vergleich mit unmodifizierten CoFe,O,-Nanopartikel

zeigt, dass durch den Verbund mit Kohlenstoffnanorchren die Zyklenstabilitdt von CoFe,O,
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deutlich verbessert wird, so bleiben nach 20 Zyklen noch 71 % des Beitrags von CoFe,O,
zur Kompositkapazitat der ersten Delithiierung erhalten. Im Gegensatz dazu erreichen die
unmodifizierten CoFe,O -Nanopartikel nur 22 % der initialen delithiierungskapazitit. Zu-
sammengefasst zeigen die Ergebnisse, dass die Einkapselung von CoFe,O, in CNTs einerseits
eine erfolgreiche Strategie ist, um eine hohere spezifische Kapazitat verglichen mit leeren
CNTs zu erzielen, und zum anderen um die Zyklenstabilitdt von CoFe,O, zu erhéhen, was

auch fiir andere konversionsbasierte Ubergangsmetalle als vielversprechend angesehen wird.

Im zweiten Teil wurde der Verbund mit Kohlenstoffhohlkugeln an dem Manganoxid Mn3;O,
untersucht. Das Komposit G-HCS-Mn3O, besteht aus graphenbeschichteten HCS mit einem
Innendurchmesser von 200 nm in deren Inneren Mn;O, mit einem Massenanteil von 37,6 wt%
eingekapselt ist. Die Ergebnisse der elektrochemischen Untersuchungen weisen die fiir
Mn;0O, typischen Redoxmerkmale auf, was die elektrochemische Aktivitédt der eingekapselten
Mn;O,-Partikel bestatigt. Dariiber hinaus zeigen sie, dass die Konversionsreaktion von
Mn30O, vollstandig und reversibel umgesetzt werden kann. Das Komposit liefert im ersten

Delithiierungszyklus eine spezifische Kapazitit von 557mAhg~!

was einer Steigerung
von 40 % im Vergleich zu der ungefiillter HCS entspricht. Sie zeigen zudem eine bessere
Performance bei hohen Stromraten. Damit erweist sich die Einlagerung von Mn30O, in HCS
als erfolgreiche Strategie zur Steigerung der spezifischen Kapazitét verglichen mit leeren

HCS.

5.2 Diskussion der Ergebnisse

Der Fokus der vorliegenden Arbeit liegt auf dem Einfluss der Morphologie und Funktionali-
sierung mit Kohlenstoff auf die elektrochemischen Eigenschaften verschiedener Anodenmate-
rialien. Im Folgenden werden die Ergebnisse der Untersuchungen hinsichtlich der spezifischen
Kapazitidt sowie der Zyklenstabilitdt als relevante Eigenschaften fiir die Funktionalitét als

Anodenmaterial gegeniibergestellt.

Neben dem Interkalationsmaterial LisVO, wurden die Konversionmaterialien MoO, und
V5,05 sowie ZnO als Vertreter der legierungsbildenden Materialien in Kompositen mit
amorphen Kohlenstoff untersucht. In Abb. 5.1a und b sind die spezifische Kapazitat des
ersten Delithiierungzyklus, normiert auf die theoretische Kapazitat und der Kapazitatsverlust
nach 95 Zyklen in Abhéngigkeit der spezifischen Oberfléche fiir alle untersuchten Materialien
zusammengetragen. Aus den Daten wird ersichtlich, dass keine allgemeingiiltige Aussage fiir
die verschiedenen Materialien getroffen werden kann. Gleiches gilt fiir den Zusammenhang

zwischen Kapazitiat bzw. Kapazitdtsverlust und Kohlenstoffanteil in Abb. 5.2a und b.
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Abbildung 5.1: Spezifische Kapazitit des ersten Delithiierungzyklus, normiert auf die theo-
retische Kapazitdt (a), und der Kapazititsverlust nach 20 Zyklen (b) bei galvanostatischer
Zyklierung mit 100mA g=! in Abhingigkeit der spezifischen Oberfliche aller untersuchter
LizVOy-, ZnO- und V,05-Materialien.

Die Daten bestétigen, dass eine Vielzahl an Effekten die Eignung eines Materials fiir den
Einsatz in LIBs beeinflusst, die jeweils im Detail untersucht werden miissen, wie an den

vorangegangenen Kapiteln gezeigt.

Insbesondere sind die spezifische Oberfliche und der Kohlenstoffanteil als alleinige Parameter
fiir eine umfassende Analyse/Beurteilung nur bedingt ausreichend. Es miissen dariiber
hinaus, wie die Untersuchungen an ZnO und V,05 zeigen, zum Beispiel auch die genauen
morphologischen Eigenschaften sowie die Kohlenstoffverteilung im Komposit zusétzlich

miteinbezogen werden

Des Weiteren demonstriert die folgende iibergreifende Analyse der Ergebnisse aller LizVO,-
Proben reprasentativ fiir alle Materialien, dass die spezifische Oberfliche und der Kohlen-
stoffanteil nicht separat voneinander betrachtet werden kénnen. Sie stehen in einer komplexen,
wechselseitigen Beziehung mit den elektrochemischen Eigenschaften. Die Untersuchungen an
LigVO -Materialien, die einen vergleichbaren Kohlenstoffanteil besitzen sich aber in ihre
Oberflache unterscheiden und vice versa, lassen folgenden Schluss hinsichtlich der spezifi-
schen Kapazitat zu. Sowohl eine groflere Oberfliche als auch der Verbund mit Kohlenstoff
fithren zu einer hoheren elektrochemischen Aktivitat. Auf Basis der Daten der Li;VO,/C-
Komposite lasst sich dartiber hinaus folgern, dass bei einem Kohlenstoffanteil tiber 10 wt%
die spezifische Oberflache der mafigebliche Faktor ist, der die Kapazitit beeinflusst. Wahrend
die Komposite mit einem Kohlenstoffanteil um 10 wt% bereits nahezu die volle theoretische
Kapazitat liefern, erreicht das Komposit mit doppelt so hohem Kohlenstoffanteil, aber einer

um zwei Drittel kleineren Oberfliche lediglich 70 % der theoretischen Kapazitit. In Bezug
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Abbildung 5.2: Spezifische Kapazitéit des ersten Delithiierungzyklus, normiert auf die theo-
retische Kapazitit (a), und der Kapazititsverlust nach 20 Zyklen (b) bei galvanostatischer
Zyklierung mit 100mA g~! in Abhéingigkeit des Kohlenstoffanteils aller untersuchter Li; VO,-,
Mn;0,-, ZnO- und V,0;-Materialien.

auf die Zyklenstabilitat lassen sich aus dem Vergleich der Ergebnisse der Li; VO, -Materialien,
die einen vergleichbaren Kohlenstoffanteil besitzen sich aber in ihre Oberfliche unterschei-
den und umgekehrt folgende Aussagen ableiten. Einerseits ist eine grofere Oberfliche mit
stiarkeren Degradationseffekten verbunden, andererseits kann diesen durch den Verbund mit
Kohlenstoff entgegengewirkt werden. Unter Einbeziehung dieser Beobachtungen kénnen die
Ergebnisse zu den Li;VO,/C-Kompositen wie folgt eingeordnet werden. Im Fall der mit
Carbonsauren hergestellten Komposite scheint ein Kohlenstoffanteil von lediglich 10 wt%
nicht auszureichen, um die aufgrund deren gréfieren Oberfliche beschleunigten Degradati-
onsprozess zu verhindern. Demgegeniiber treten beim Komposit, das mit Glukose hergestellt
wurde und eine kleinere Oberfliche sowie einen hoheren Kohlenstoffanteil von 23 wt% besitzt,
selbst nach tiber 100 Zyklen keine Kapazititsverluste auf. Offen bleibt die Frage, in wel-
chem Mafle dabei die kleinere Oberflache bzw. der héhere Kohlenstoffanteil eine Rolle spielen.

Nichtsdestotrotz konnen auf Basis der Ergebnisse der vorliegenden Arbeit in Bezug auf die
verschiedenen Strategien zur Optimierung der elektrochemischen Eigenschaften folgende

Schliisse gezogen werden.

Insbesondere die Untersuchungen am Interkalationsmaterials Li3VO, als auch am Kon-
versionsmaterial MoO, demonstrieren, dass die Reduktion der Partikelgréfle und damit
verbundene grofiere Oberflache sich positiv auf die elektrochemische Aktivitdt der Materia-
lien auswirkt. Dieser Effekt beruht auf dem besseren Massentransport bedingt durch die

groffere Oberfliche. Zum einen ist die Diffusionslénge im Aktivmaterial verkiirzt und die
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groflere Kontaktflache mit dem leitfahigen Additiv verbessert die elektronische Leitfdhigkeit
des Elektrodenmaterials. Des Weiteren begiinstigt eine gréflere Kontaktfliche von Elektrode
und Elektrolyt den schnellen LiT-Ionen Transfer im Elektrolyten. Somit ist dieser Effekt
abhingig von den Transporteigenschaften des Materials, nicht aber vom vorliegenden Spei-
chermechanismus. Betrachtet man die Kristallstruktur von MoO,finden sich in Richtung der
kristallographischen a-Achse Tunnel, von denen angenommen wird, dass sie die Diffusion
der Lit-Tonen begiinstigen. Somit stellt die gezielte Reduktion der Partikeldimension in
Richtung der kristallographischen a-Achse ein vielversprechender Ansatz dar, um die spezifi-
sche Kapazitdt und Hochstromfidhigkeit weiter zu optimieren. In der Literatur wurde diese

Strategie unter anderem bereits bei Anatas-Nanosheets erfolgreich angewendet [185].

Hinsichtlich der Auswirkung einer kleineren Partikelgrofie auf die Zyklenstabilitdt unter-
scheiden sich die Ergebnisse je nach vorliegendem Speichermechanismus, Interkalation,
Konversion oder Legierungsbildung. Im Fall des Interkalationsmaterial Li;VO, fiihrt die
Nanoskalierung der Partikel zu starkeren Degradationseffekten, da aufgrund der grofien Ober-
flache und hohen Oberflichenenergie Li; VO, -Nanopartikel dazu neigen zu agglomerieren
und zum anderen begiinstigt eine grofie Elektrode/Elektrolyt-Kontaktfliche Nebenreaktio-
nen, die die Degradation des Elektrodenmaterials zur Folge haben. Auflerdem fiithrt bei
Li;VO, eine grole Ladetiefe anders als bei den typischen Interkalationsmaterialen, die
bis zu 1Li* /f.u. speichern, zu strukturellen Schiiden aufgrund groBer Volumeninderungen
oder Gitterverzerrungen. Dementgegen resultiert bei dem Konversionsmaterial MoO, die
Reduktion der Sekundérpartikel in einer hoheren Zyklenstabilitat. Fiir den vorliegenden Fall
von Sekundérpartikel kann eine eindeutige Erklarung in der Literatur nicht gefunden werden,
jedoch ist dieser Effekt fir Primérpartikel bekannt. Zu den Hauptdegradationsursachen bei
Konversionsmaterialien zdhlen die groflen Volumenidnderungen, die wahrend der Speiche-
rung der LiT-Ionen auftreten. Kleinere Partikel erleiden geringere strukturelle Schiden, da
diese aufgrund der kleineren absoluten Volumenédnderungen, einer geringeren mechanischen
Belastung unterliegen. Eine weitere Ursache fiir Kapazititsverluste ist die Irreversibilitdt der
Konversion, die abhiingig ist von der Gréfe der Ubergangsmetallpartikel, die wihrend der
elektrochemischen Zyklierung gebildet werden. Die negativen Auswirkungen grofler Partikel
auf die Zyklenstabilitdt zeigen sich auch bei den Untersuchungen zum Konversions- und

legierungsbildenden Material ZnO, wobei die gleichen Ursachen zu nennen sind.

Ein weiterer interessanter Aspekt, der mit einer gréfleren Oberflache einhergeht, zeigt sich
anhand der Untersuchungen an V,05/C. Eine hohe spezifische Oberfléche begiinstigt die
pseudo-kapazitive Ladungsspeicherung, die weniger destruktiv und deutlich schneller ist als

die diffusionslimitierte Speicherung im Inneren des Elektrodenmaterials.

Der Verbund von Anodenmaterialien in Kohlenstoffkompositen ist ein weit verbreiteter
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Ansatz zur Optimierung der elektrochemischen FEigenschaften. Wie es die Ergebnisse zu
den Untersuchungen zu LisVO, und ZnO demonstrieren, bildet der Kohlenstoft im Elek-
trodenmaterial ein Netz aus leitfihigen Pfaden und verhindert damit die Bildung inaktiver
Bereiche, was zu hoheren spezifischen Kapazitiaten fiihrt. Dieser Effekt ist wiederum von
den Transporteigenschaften, nicht vom vorliegenden Speichermechanismus abhéngig. So hat
im Fall von MoQO, aufgrund dessen gute metallartige elektronische Leitfdhigkeit ein héherer
Anteil an Kohlenstoff nahezu keine Auswirkung auf die spezifische Kapazitiat. Die Ergebnisse
zu den Untersuchungen an Li;VO,, MoOy und ZnO zeigen, dass der Verbund in einem
Kohlenstoff unabhéngig vom vorliegenden Speichermechanismus einen positiven Effekt auf
die Zyklenstabilitat hat, wobei teils unterschiedliche Ursachen zugrunde liegen. Zum einen
verbessert die Kohlenstoffmatrix im Elektrodenmaterial deren strukturelle Stabilitdt, indem
sie als Puffer der Volumenédnderungen dient, die beim Zyklieren auftreten, und verhindert,
dass das Elektrodenmaterial pulverisiert und aggregiert was den elektrischen Kontaktverlust
und die Bildung inaktiver Bereiche im Material zur Folge hétte. Bei Konversions- und legie-
rungsbildenden Materialien ist die Pufferfunktion des Kohlenstoffs aufgrund der gréfleren
Volumenénderungen von héherer Bedeutung als bei Interkalationsmaterialien. Im Fall von
LizVO, schiitzt er zusétzlich die Oberfliche der Partikel vor Nebenreaktionen mit dem
Elektrolyten.

Die Untersuchungen an den Kompositen G-HCS-Mn;O, und CoFe,O,QCNT mit Kohlen-
stoffnanostrukturen zeigen, dass sowohl die Funktionalisierung mit Kohlenstoffnanoréhrchen
als auch mit -hohlkugeln sich als erfolgreiche Strategien erweisen zur Optimierung der
elektrochemischen Performance konversionsbasierter Ubergangsmetalloxide. Sie vereint die
beiden Losungsansétze, Nanoskalierung und den Verbund mit Kohlenstoff. Die Kohlenstoff-
modifikationen fungieren als leitfahiges Netzwerk, das in Kombination mit den nanoskaligen
Abmessungen zu einer verbesserten Reaktionskinetik fithren und eine hohe elektrochemische
Aktivitit der Ubergangsmetalloxide sichert. AuBerdem kann die Problematik einer schlechten
Zyklenstabilitdt, die Konversionsmaterialien iiblicherweise aufweisen, entgegengewirkt wer-
den. Die nanoskaligen Partikel im Inneren der Kohlenstoffmodifikationen nehmen aufgrund
der geringeren absoluten Effekte weniger Schaden von starken Volumenédnderungen. Aufer-
dem bietet das Kohlenstoffnetzwerk eine héhere strukturelle Stabilitdt und gewéhrleistet

auch bei Schiden weiterhin die leitfahige Anbindung der Partikel.

Im Folgenden werden die Ergebnisse der Komposite G-HCS-Mnz;O, und CoFe,O,QCNT de-
nen des frither untersuchten Komposits Mn;O,QCNT ([59], Anhang) vergleichend gegentiber-
gestellt. In Abb. 5.3 sind die Beitrige der Ubergangsmetalloxide zu den Kompositkapazititen

jeweils normiert auf deren theoretische Kapazitiat aufgetragen. Sowohl die CNTs als auch
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Abbildung 5.3:Vergleich der Beitrage der Ubergangsmetalloxide zu den Kompositkapazité-
ten von CoFe,O,QCNT, Mn;O, und G-HCS-Mn;0, jeweils normiert auf deren theoretische
Kapazitét.

die HCS kénnen gewahrleisten, dass die Konversionsreaktion von Mn;0O, vollstandig und
reversibel umgesetzt wird. Im Vergleich zu den HCS scheinen die CN'Ts jedoch eine stabilere
Umgebung fiir das Manganoxid zu bieten. Die Zyklenstabilitdt des Manganoxids, das in
den CNTs eingekapselt ist, ist deutlich hoher, was vermutlich auf die kleinere Partikelgrofie
zuriickzufiihren ist. Die Grofie der MngO,-Partikel im Inneren der CNTs (Innendurchmes-
ser: 35nm) betragt nur 15+ 7nm, wohingegen die Gréfie der Partikel im Innern der HCS
(Innendurchmesser: 200nm) um 100 + 10 nm liegt. Ein Losungsansatz, um die Zyklenstabili-
tét des Komposits G-HCS-Mn;O, weiter zu optimieren, ist die Verwendung von HCS mit
kleinerem Innendurchmesser. Bei der Synthese von HCS mittels Siliziumkugelmatrizen lésst
sich der Innendurchmesser und die Schalendicke leicht kontrollieren. Im Vergleich der beiden
Komposite mit CN'Ts schneidet Mn;O,QCNT sowohl in Bezug auf die elektrochemische
Aktivitat als auch die Zyklenstabilitdt des eingekapselten Ubergangmetalloxids deutlich
besser ab. Beides ist vermutlich darauf zuriickzufiihren, dass anders als bei Mn;O,QCNT im
Komposit CoFe,0,QCNT CoFe,O,-Partikel auch auflerhalb der CN'Ts vorliegen, die zudem
nicht nanoskalig sind. Aufgrund dessen unterliegen sie den negativen Auswirkungen, die
mit den groflen Volumenédnderungen bei der Konversion verbunden sind, wie die Zerstérung
der Elektrodenstruktur und der Ablosung vom leitfdhigen Kohlenstoffnetzwerk. Durch eine

Optimierung des Fiillprozesses konnte dies verhindert werden.

Insgesamt zeigen die Ergebnisse der vorgestellten Untersuchungen, dass die elektrochemi-
schen Eigenschaften von interkalations- und konversionsbasierten Ubergangsmetalloxide

durch morphologische Modifikation und den Verbund mit Kohlenstoff signifikant verbessert
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werden kénnen. Durch die gezielte Kontrolle der Partikelgréfie und Morphologie kann so-
wohl der ionische als auch elektronische Transport im Elektrodenmaterial optimiert werden
kann. Dariiber hinaus kénnen dadurch auch alternative Speichermechanismen induziert
werden. So begiinstigt eine grofe spezifische Oberfliche die schnelle und weniger destruktive
pseudo-kapazitive Ladungsspeicherung wie die Untersuchungen an V,05/C zeigen. In Bezug
auf die strukturelle Stabilitit profitieren insbesondere Konversions- und legierungsbildende
Materialien von kleineren Partikelgrofien und den Verbund mit Kohlenstoff. Des Weiteren
kann bei elektronisch schlecht leitenden Anodenmaterialien durch den Verbund mit Koh-
lenstoff die Reaktionskinetik und die elektrochemische Aktivitdt der Materialien verbessert
werden. Entscheidend fiir den Erfolg bei der Entwicklung neuer Anodenmaterialien fiir
hochleistungsfihige Lithium-Ionen-Batterien ist die gezielte Anpassung des Materialde-
signs an die jeweiligen intrinsischen FEigenschaften der Materialien, wie der vorliegende

Speichermechanismus und die elektronische und ionische Leitfdhigkeit.
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Abstract: Downsizing well-established materials to the nanoscale is a key route to novel
functionalities, in particular if different functionalities are merged in hybrid nanomaterials. Hybrid
carbon-based hierarchical nanostructures are particularly promising for electrochemical energy
storage since they combine benefits of nanosize effects, enhanced electrical conductivity and
integrity of bulk materials. We show that endohedral multiwalled carbon nanotubes (CNT)
encapsulating high-capacity (here: conversion and alloying) electrode materials have a high
potential for use in anode materials for lithium-ion batteries (LIB). There are two essential
characteristics of filled CNT relevant for application in electrochemical energy storage: (1) rigid
hollow cavities of the CNT provide upper limits for nanoparticles in their inner cavities which are
both separated from the fillings of other CNT and protected against degradation. In particular, the
CNT shells resist strong volume changes of encapsulates in response to electrochemical cycling,
which in conventional conversion and alloying materials hinders application in energy storage
devices. (2) Carbon mantles ensure electrical contact to the active material as they are unaffected by
potential cracks of the encapsulate and form a stable conductive network in the electrode
compound. Our studies confirm that encapsulates are electrochemically active and can achieve full
theoretical reversible capacity. The results imply that encapsulating nanostructures inside CNT can
provide a route to new high-performance nanocomposite anode materials for LIB.

Keywords: filled carbon nanotubes; lithium-ion batteries; hybrid nanomaterials; anode material
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1. Introduction

Lithium-ion batteries (LIB) offer high gravimetric and volumetric energy densities which
renders them particularly suitable for mobile applications. In order to optimize their performance, in
particular with larger energy density, there is a continuous search for novel electrode materials.
Electrode materials based on conversion and alloying mechanisms promise extremely enhanced
electrochemical capacities in lithium-ion batteries as compared to conventional materials [1-3].
However, severe fading of the electrochemical capacity due to fractionation, resulting from
pronounced volume changes upon electrochemical cycling, is one of the major drawbacks with
respect to application. In addition to volume changes associated with the conversion reaction, low
electric conductivity of many conversion materials seriously hinders their applicability in secondary
batteries [4]. Nanosizing promises enhanced capability to accommodate strain induced by
electrochemical cycling and may reduce kinetic limitations of the macroscopic counterparts of
electrode materials [5-7] since downsizing particles yields shorter diffusion lengths and hence
enhances rate performances of electrode materials. However, low density limiting volumetric energy
densities of actual electrodes as well as high surface areas are relevant issues to be considered in
nanomaterials as well. High reactivity associated with high surface area typically promotes
irreversible processes and associated electrolyte consumption. In this respect, due to carbon’s
restricted voltage regime of electrochemical activity, carbon (nano) coating is a valuable tool to
protect active nanomaterials, thereby avoiding enhanced electrolyte degradation and associated (and
potentially dangerous) gas production [8]. Downscaling materials towards carbon-shielded hybrid
nanomaterials hence offers a route to obtain electrode materials for LIB with enhanced performance.

Rational design of electrode materials has to tackle the abovementioned issues of low electronic
conductivity limiting many promising electrode materials as well as of large volume changes during
electrochemical cycling, with the latter particularly causing electrode structure and particles
distortions and hence strong performance fading. Hierarchical nanocomposite carbon/active material
structures offer an effective way to solve these issues as such materials exploit size effects of the
nanoscaled building blocks [9-14]. Mechanical strain arising from volume changes is additionally
buffered by the hierarchical structures. In this way, such materials optimally maintain the integrity
of the bulk material while offering improved electrical conductivity owing to a carbon-based
backbone structure [15-28]. Moreover, a strong backbone structure improves the stability of the
composite with respect to mechanical strain arising from volume changes during electrochemical
cycling.

We report CNT-based composite nanomaterials with enhanced electrochemical performance
realized by filling material into CNT (for a schematics see Figure 1) which is electrochemically active
when nanoscaled [30]. CNT display excellent conductivity as well as mechanical and chemical
stability which renders them an excellent carbon source in hybrid nanomaterials [31]. However, in
conventional approaches using exohedrally functionalized CNT, synthesis of uniformly sized and
shape-controlled nanoparticles is challenging. In addition, while the interconnected network of
carbon nanotubes provides an electrically conducting backbone structure, decorated nanoparticles
onto the outer CNT-walls tend to lose electrical contact upon cycling-induced disintegration and
particular methods have to be developed to improve connection to CNT [32-35]. Our results
demonstrate successful synthesis of hybrid nanomaterial of CNT filled with Mn3Os, CoFe20s, FexOy,
Sn, and CoSn and show the electrochemical activity of encapsulated materials. Encapsulates are
either conversion or alloying electrode materials which perform the following general reactions upon
electrochemical cycling, respectively [2,36,37]:

Conversion: MaOb + 2bLi* + 2be- <> aM? + bLi2O (1)
Alloying: M +x Li* + x e <> LixM (x <4.25) (2)
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Figure 1. Schematics of nanocomposite material formed by interconnected carbon nanotubes (CNT)
filled with high-capacity electrode materials. Essential characteristics are (1) size-controlled
nanoparticles in the inner cavities of CNT which are separated from encapsulates in other CNT, (2)
electrical contact of the incorporated material to a stable conductive network of CNT, (3) limitation of
direct electrolyte/active material contact yielding and hence improved chemical stability. Created
with Avogadro [29].

In this work, we demonstrate that in the case of conversion materials filled inside CNT, the
encapsulated material completely participates in electrochemical cycling, i.e., the theoretical capacity
is fully accessible. The backbone network of CNT is indeed unaffected by cracks of encapsulate which
usually inhibit long-term stability. Our data hence imply that endohedrally functionalized CNT offer
a promising route to new nanohybrid anode materials for LIB.

2. Synthesis and Characterization of Filled CNT

We report studies on hybrid nanomaterial of multiwalled carbon nanotubes (CNT) filled with
MnsOs, CoFe20s, FexOy, Sn, and CoSn which have been fabricated by a variety of methods. Mostly,
CNT of type PR-24-XT-HHT (Pyrograf Products, Inc.,, Cedarville OH, USA) have been used as
templates. For introducing materials into the inner cavity of the CNT, mainly extensions of solution-
based approaches reported in [38-43] have been applied [44,45]. This is illustrated by the example of
MnsOs@CNT which has been obtained by filling CNT with a manganese salt solution and a
subsequent reducing step yielding homogeneously MnO-filled CNT (MnO@CNT) [4]. Subsequent
heat treatment of MnO@CNT yields the complete conversion into MnsOs@CNT, as confirmed by the
XRD pattern in Figure 2. In case of filling with Co-Fe spinels, nitrate solutions of Fe(NOs)s-9H20
(grade: ACS 99.0%-100.2%) and Co(NOs)2:6H20 (grade: ACS 98.0%-102.0% metal basis) were used
in stoichiometric ratios with respect to the metal ions (i.e., Fe:Co =2:1). After adding CNT and treating
the mixture in an ultrasonic bath with appropriate washing steps, the solid residue was dried and
afterwards calcinated under argon flow atmosphere (100 sccm) at a temperature of 500 °C for 4 h to
convert the nitrates into the corresponding cobalt ferrite. This is confirmed by XRD data in Figure 2
which indicate the presence of CoFe20s. Pronounced peak broadening indicates the presence of nano-
sized CoFe204 crystallites, with an estimated grain size of 20(5) nm by means of the Scherrer equation
applied to the Bragg peak at 41.5°.
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Figure 2. Left (a): PXRD patterns of MnsO«@CNT and pure CNT. Vertical lines show the Bragg
positions of Mn3Ox (space group I41/amd) [46]. Inset: Thermogravimetric analysis (TGA) data of
Mn3Os@CNT and pure CNT. Right (b): PXRD patterns of CoFe20s@CNT and of pristine CNT. Vertical
ticks label Bragg positions of bulk CoFe20s (space group Fd3 m) [47]. Inset: TGA of CoFe204@CNT.

XRD patterns show relatively broad Bragg reflections which indicate small primary particle size
of the noncarbon materials of the composite as expected for nanoparticles fitting inside the interior
of CNT. This is confirmed by exemplary SEM and TEM studies presented in Figure 3. The images
clearly show that the metal oxide nanoparticles are rather spherical and are located inside the CNT.
Note the exception of possible nanowire formation in the case of metal-filled Sn@CNT as discussed
in Section 3.4 (see Figure 15). The filling rate of MnsOs@CNT is about 30(1) wt% and that of
CoFe204@CNT (see the inset of Figure 2) is about 11(1) wt% as determined by thermogravimetric
measurements (TGA).

Figure 3. (a) SEM image of an individual MnsO4@CNT (SE mode); (b) corresponding BSE mode image;
(c,d) TEM images of different individual MnsOs@CNT. Taken from [45]. (e) Overview SEM image of
CoFe204@CNT (BSE mode); (f) TEM image of an individual CoFe204@CNT. (g) TEM image of an
individual FexOy@CNT [48]. (h) SEM image of CoSn@CNT [49].
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Electron microscopy confirms that the filling materials are located mainly inside the CNT.
Exemplary SEM and TEM images are shown in Figure 3 (see also Figure 15 for Sn-filled CNT). In
MnsOs@CNT, the encapsulated particles are rather spherical with the average diameter of 15 + 7 nm
obtained by TEM analysis. Note, that this is smaller than the size-limiting inner diameter of the
utilized CNT (~35 nm). The SEM overview image (Figure 3e) on CoFe20:@CNT also confirms that the
filling material is distributed along the inner cavity of the hollow CNT. TEM indicates spherical
encapsulates as well as short rods inside CNT (Figure 3 e,f). FexOy@CNT (synthesis reported in [48])
appears to be mainly filled with a-Fe20s but also exhibits FesOs as shown, e.g., by associated features
in the magnetic susceptibility (see Section 3.3). Figure 3g also shows the presence of FexOy
nanoparticles outside CNT. In addition to separated spherical nanoparticles, encapsulates in
CoSn@CNT and Sn@CNT form also nanowires up to 1 um length (see Figure 3h and Figure 15). In
either case, the encapsulates fill the complete inner diameter of the CNT, which is about 50 nm [44].
In summary, the results show that our synthesis approaches result in CNT filled with nanoparticles
whose diameters are limited by the inner diameter of the CNT.

3. Electrochemical Studies

3.1. Mn304@CNT [30,45]

Cyclic voltammetry studies on MnsOs@CNT and on pristine CNT, performed in the voltage
range of 0.01-3.0 V vs. Li% and recorded at a scan rate of 0.1 mV s, confirm electrochemical activity
of encapsulates (Figure 4). During the initial cycle, starting with the cathodic scan, five distinct
reduction peaks (R1-R5) and three oxidation peaks (O1-O3) are observed. The redox pair R1/O1
around 0.1 V and the irreversible reduction peak R3 at 0.7 V can be attributed to processes related to
multiwalled CNT (Figure 4a). The irreversible reaction peak R3 signals formation of the solid
electrolyte interphase (SEI) expected for carbon-based (here: CNT) systems [50]. The pronounced
redox pair R1/O1 demonstrates that the bare CNT subsystem in the hybrid material is
electrochemically active as it signals (de)lithiation of Li* ions between the layers of CNT [51,52]. Slight
splitting of oxidation peak O1 indicates a staging phenomenon reported for graphite electrodes [37],
and very similar behavior upon cycling is found in bare CNT [45]. All other features observed in
Figure 4b are ascribed to the electrochemical reaction mechanism which has been reported for MnsOs
as follows [53,54] (for further details see [45]):

(A) Mn3(§~11,§-111)o4 +Lit+e — LiMm(éH,%-IH)@
(B)  LiMnsOs+Li*+e — Li20 +3-Mn(I)O
() Mn(I)O +2-Li* + 2-e- > Li2O + Mn(0)
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Figure 4. Cyclic voltammograms of (a) pristine CNT and (b) Mn3Os@CNT at 0.1 mV s [30].

The cyclic voltammograms (CVs) confirm electrochemical activity of encapsulated MnsOa.
Absence of significant changes between cycles 2 and 10 indicate good cycling stability which will be
investigated in more detail below. Since the materials associated with the mechanism detailed in
Equations (A) to (C) exhibit strong differences in magnetic properties, magnetic studies are suitable
to follow the redox reaction. In particular, there are strong changes of magnetic properties upon
electrochemical cycling from ferrimagnetic MnsOs to antiferromagnetic MnO (Figure 5; for further
magnetization data see [45]). Pristine Mn3Os@CNT shows ferrimagnetic order below Tc = 42 K as
indicated by the magnetization data. In contrast, materials extracted after step (B) of the
abovementioned redox reactions, i.e., after galvanostatic reduction at 5 mA g down to 0.5 V and
passing the reduction peaks R5, R4, and R3 labelled in Figure 4b, displays nearly no traces of
ferrimagnetic material. Quantitatively, the magnetization data indicate about 1% remainder of
ferrimagnetic MnsOs after the first half cycle. Meanwhile, antiferromagnetic order is found below a
temperature of ~120 K, which is expected for MnO [55] and is in agreement with Equation (B). Hence,
our magnetometry data confirm electrochemical reactions as postulated in Equations (A-C) by
tracking down individual magnetic species.
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Temperature (K)
Figure 5. Magnetization of pristine and electrochemically cycled MnsO4@CNT measured at B=0.1 T
(FC). The vertical line indicates the ferrimagnetic ordering temperature in MnsOs.

Charge and discharge studies at specific current rates (Figure 6) display plateau-like regions in
the voltage profiles signaling the redox features discussed above by means of Figure 4. In the initial
cycle performed at 50 mA g7, specific charge and discharge capacities of 677 and 455 mAh g7,
respectively, are achieved. Increasing the charge/discharge current to 100 and 250 mA g7,
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respectively, does not significantly affect the shape of the curves but yields smaller discharge
capacities, e.g., 331 mAh g after 30 cycles. For higher currents, the plateaus corresponding to
delithiation and lithiation of CNT vanish, while the conversion reaction (Equation (C)) is still visible
in the data. The rate capability studies presented in Figure 6 display pronounced capacity losses when
increasing charge/discharge currents. Specifically, maximum discharge capacities of 468, 439, 349,
245, and 148 mAh g are reached at 50, 100, 250, 500 and 1000 mA g, respectively.

. 3 1600
i ' 50 mA g™'1100 mA g'i250 mA g"%SOO mA gi1000 mA g

= i : 500
=20} 1 s o
+ ; H H
5: cycle / current density 1 | 4400 E’
@ ——1/50mAg" ] <
> ——10/50mAg" 1F ‘ —3005
g . Py , |

i 207100mAG 4 | iy 0,@CNT Coronen!

30/250mAG 1 E T hiation 5 5 1200

N -1 i
40/500mA g~ o Delithiation s Socammoooo

——50/1000mAg'] | 1100

0 100 200 300 400 500 600 700 0 10 20 30 40 50
Q(mAhg" cycle number

Figure 6. Rate capability studies of Mn304@CNT at 50, 100, 250, 500, and 1000 mA g. (a) Potential
profiles of specific lithiation (solid lines) and delithiation cycles (dashed lines). (b) Specific
charge/discharge capacities upon cycling [30].

In order to assess the electrochemical performance of the composite with particular emphasis on
the encapsulate, evolution of capacities at 100 mA g (galvanostatic cycling with potential limitation)
upon cycling of MnsOs@CNT and pristine CNT is shown in Figure 7. While the initial half cycle is
strongly affected by irreversible processes associated with solid electrolyte interface (SEI) formation,
the Mn3:O4«@CNT nanocomposite exhibits increasing capacities for approximately 15 cycles in contrast
to decreasing values of pristine CNT. The nanocomposite reveals a maximum discharge capacity of
463 mA h g in cycle 18, of which 93% is maintained after 50 cycles (429 mA h g™). Thus, incorporation
of Mn3Os into CNT leads to more than 40% enhanced specific capacities on average as compared to
unfilled CNT. The data, i.e., on filled and unfilled CNT, enable calculating the specific capacity of
incorporated MnsOs (29.5 wt%). The encapsulate’s initial capacity of about 700 mAh g increases
significantly to 829 and 820 mAh g (cycle 18) and declines thereafter, with capacity retention of
around 90% after 50 cycles. The Mn3Os capacity even exceeds the theoretical expectations of the
conversion reaction (C) from cycle 6 on (dashed line in Figure 7). This might be associated with a
capacity contribution due to oxidative feature O3 (Figure 4b), which supposedly indicates the back-
formation of MnsOs and corresponding reduction processes [56,57]. Note, however, the error bars of
5% due to mass determination of encapsulate and subtraction of data on pristine CNT. Initial capacity
increase was also observed in previous studies on MnsOs/CNT composites [58,59].
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Figure 7. Specific charge/discharge capacities at 100 mA g of pristine CNT, Mn3Os@CNT, and
calculated capacity of the encapsulate. The dashed line shows the theoretical capacity of the reversible
conversion reaction (C) [30].

Our analysis shows that full conversion between MnO and metallic Mn can be achieved
reversibly and the maximum of the contributed capacity by the Mn3Os encapsulate is accessible
(Figure 7). In particular, the nanoparticles inside CNT are completely involved in the electrochemical
processes. This finding is supported by the fact that the active material inside CNT experiences
distinct structural changes, as evidenced by TEM studies (Figure 8). Figure 8 b,c presents materials
after 13 galvanostatic cycles, at 100 mA g, taken after delithiation and lithiation. No clear differences
are observed between the lithiated and the subsequently delithiated material. In both cycled
materials, the encapsulate which initially exhibits well-defined, rather spherical nanoparticles has
developed extended patches. The TEM image also shows lower contrast of the encapsulate to the
CNT environment which is indicative of lower density of the encapsulate. Equations (A) and (B)
indeed suggest rather larger volume expansion of MnsOs during initial lithiation and concomitant
agglomeration as well as amorphization of the filling which is in agreement with the TEM results.
Notably, despite the strong changes of encapsulate, CNT mantles still display the characteristic
graphitic layers of multiwalled carbon nanotubes (see Figure 8d). Hence, electrochemical cycling
does not severely damage the structure of the CNT. Furthermore, an amorphous layer of ~5 nm
thickness can be observed on top of the graphitic CNT layers, which can be attributed to the SEI. The
TEM analysis hence shows that the CNT indeed offer a stable environment for the manganese oxides
which is able to accommodate the strain due to volume expansion during electrochemical cycling
and guarantees a consistent electrical contact to the active material.
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Figure 8. TEM images of (a) uncycled, (b) galvanostatically lithiated, and (c) delithiated Mn3Os@CNT.

(d) High-resolution TEM image of a CNT shell of delithiated material after 13 cycles. Taken from [45].

3.2. CoFe:0:@CNT

As shown in Figure 3 f,g, nanosized particles of cobalt ferrite CoFe20s4 are incorporated into CNT
by a similar procedure as applied in the case of Mn3Os@CNT. The mass content of CoFe20s in the
composite materials however amounts to only 11 wt%, leading to smaller effects of the encapsulate.
In order to evaluate the benefits of CNT shells, the electrochemical performance of the nanocomposite
CoFe204@CNT is compared to that of bare CoFexOs nanoparticles (Figure 9). In general,
electrochemical lithium storage of up to 8 Li*/f.u. in CoFe:0: follows a conversion mechanism
(Equation (D)), which may be preceded by initial intercalation of Li* ions into the original ferrite
structure [60]:

(D) CoFex0s + 8 Li* +8 e — Co + 2 Fe +4 Li2O
(E) Co +2 Fe +4 Li20 <> CoO + Fe20s + 8 Li* + 8 e

Both processes show up as redox features in the CVs in Figure 9 which for CoFe204@CNT also
show features present in pristine CNT (Figure 4a) [45,51,61,62].

In bare CoFe20s nanoparticles (Figure 9a), the initial half cycle reduction peaks indicate, at 1.5
V, initial intercalation into the spinel structure (R0), and at 1.1 and 0.55 V indicate R1/SEI formation.
In addition, there is a shoulder at 0.95 V and a peak at 0.01 V (R2). In all subsequent reductive half
cycles, the most pronounced reduction peak occurs at 0.85 V (R1¥). Expectedly, RO vanishes after the
first cycle. The oxidative scans display a broad oxidation double peak between 1.5V and 2.5 V with
a maximum intensity around 1.65 V (O1). R1 most likely indicates both conversion of the spinel to
Co and Fe [60,63] and SEI formation [64], while R2 signals intercalation of Li* ions into added carbon
black [64,65]. Upon further cycling, Co and Fe oxidize to CoO and Fe20s, respectively (O1), followed
by the corresponding conversion processes at R1* (Equation (D)) [36,63,66—69].

CVs on CoFe204@CNT in Figure 9b show features associated with CoFe:204 superimposed by
redox peaks related to CNT. In the initial cycle, features attributed to CoFe:04 appear at 1.6 (R0), 1.2,
and 0.7 V (SEI) with a shoulder at 0.8 V (R1). Upon further cycling, they are shifted to 1.6 (R0) and 0.9
V (R1¥). Reversible oxidation peaks appear at similar voltages as compared to bare CoFexOs
nanoparticles, i.e., between 1.5 and 2.0 V with a maximum at 1.55 V (O1). The results imply smaller
overpotentials in CoFe20:@CNT as compared to the bare CoFe2Os nanoparticles, indicating improved
energy efficiency. Furthermore, cycling stability is superior, yielding noticeable redox activity of the
CoFe204 encapsulate in the 10th cycle. Both improvements can be attributed to benefits of the
CoFe204@CNT composite material, i.e.,, to enhanced overall conductivity and better structural
integrity.
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Figure 9. Cyclic voltammograms of (a) pristine CoFe204 and (b) CoFe20:@CNT, at 0.1 mV s [30].

These conclusions are corroborated by galvanostatic cycling with potential limitation (GCPL)
data (Figure 10). Firstly, higher capacities of CoFe204@CNT as compared to pristine CNT imply
electrochemical activity of encapsulates for 60 cycles under study. In addition to irreversible effects
associated with SEI formation, there are capacity losses, in particular in initial cycles, so that the
electrode demonstrates only 97% of Coulombic efficiency after 15 cycles. Capacity retention of
CoFe204@CNT amounts to a fair value of 76% after 60 cycles (243 mAh g1). Analogously to Section
3.1, the specific contribution of CoFe20s is evaluated by subtracting the measured capacities of
pristine CNT, weighted with the mass ratio of 89:11 (CNT:CoFe204). The analysis shows (Figure 10b)
that both for pristine and CNT-encapsulated CoFe20s there are pronounced capacity losses upon
cycling while the initial capacities exceed the theoretical maximum value of 914 mAh g due to SEI
formation. CNT-encapsulated active material clearly outperforms bare CoFe204 nanoparticles. To be
specific, after 20 cycles, 475 mAh g (71%) is retained in CoFe20s@CNT while the bare particles show
190 mAh g (22%). This result again demonstrates that embedding nanosized CoFe:0s inside CNT
partly compensates for the typical capacity fading associated with the conversion reactions upon
electrochemical delithiation or lithiation known for spinel materials.
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Figure 10. (a) Specific charge/discharge capacities, at 100 mA g, of pristine CNT and CoFe204@CNT
as well as the Coulombic efficiencies of the latter. (b) Capacity contribution of the encapsulated

CoFe204 in comparison to pristine CoFe204 [29].
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While encapsulated CoFexO4@CNT demonstrates electrochemical activity, it is illustrative to
compare the results with alternative carbon/CoFe20: hybrid nanomaterials. Direct comparison is
often hindered by the fact that the carbon-related capacity is not always subtracted as done here. For
many carbon/CoFe204 hybrid materials, much higher values than maximum theoretical capacity of
CoFex0s are reported. A value of 1046 mAh g is reported for mesoporous CoFe:0: nanospheres
cross-linked by carbon nanotubes [70]. Porous carbon nanotubes decorated with nanosized cobalt
ferrite show 1077 mAh g, after 100 cycles [69]. More than 700 mAh g of total capacity of the
composite was obtained when CoFex0s is encapsulated into carbon nanofibers with 36% carbon
content [71]. A list of recently achieved record values may be found in [72]. We note that excessive
capacity beyond the theory values in transition metal oxide/carbon nanomaterials have been
associated, e.g., to decomposition of electrolyte and formation of a polymer/gel-like film on the
nanoparticles [73]. Another hypothesis refers to interface charging effects by lithium accommodation
at the metal/Li2O interface [74]. Our data indeed suggest that surface effects might be relevant as
CNT-encapsulation of active material evidently suppresses this phenomenon.

3.3. FexOy@CNT and CNT@Co030+

FexOy@CNT has been synthesized as described in [48]. XRD and magnetic characterization
studies [30] imply the presence of several iron oxides (i.e., of a-Fe:0s as well as of y-Fe2Os or/and
FesOs) in the materials. While the main phase appears as a-Fe:0s, magnetic studies show both the
Morin and Verwey transitions which enable to unambiguously identify o-Fe:0s and FesOs,
respectively. Note, that the presence of antiferromagnetic y-Fe20s can neither be confirmed nor
excluded by our magnetic studies. Analyzing the magnetization data indicates the presence of
ferromagnetic iron oxide (i.e., y-Fe20s and/or FesOs) of about 30(8) wt%.

The CVs shown in Figure 11a display two reductions (R1, R2) and two oxidations (O1, O2) which
are observed in all cycles. We attribute R1/O1 to electrochemical activity of CNT. Except for typical
initial irreversible effects at R2/SEI, all features are well explained by electrochemical processes
known in iron oxides. Mechanisms in a-Fe:0s as identified by Larcher et al. [75,76] involve Li-
intercalation in nanoparticles, followed by conversion to metallic Fe and Li2O via intermediately
formed cubic Li2Fe20s. This process is partly reversible as it includes formation of FeO [77] and y-
Fe20s [78,79]. For FesOs, after initial intercalation, Li2FesOs is formed which is subsequently reduced
to Fe and Li2O [80,81]. In all iron oxides present in FexOy@CNT, including y-Fe20s, electrochemical
processes display similar features which are not well distinguishable [82,83]. The inset of Figure 11a
presents a weak reduction peak R3 which we attribute to abovementioned Li-intercalation into iron
oxides. Note, that the second peak in the inset is due to an intrinsic cell setup effect. Conversion
reactions appear at around 0.6 V and are signaled by feature R2. The shoulder at 0.8 V indicates the
successive nature of the lithiation processes. Upon cycling, R2 shifts to 0.9-1.2 V, thereby indicating
significant structural changes due to the initial conversion process. The large width of O2 might
indicate several oxidation processes upon delithiation. The evolution of the oxidation features upon
cycling implies severe fading effects.
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Figure 11. (a) Cyclic voltammogram of FexOy@CNT at 0.1 mV s?. (b) Specific charge/discharge
capacities, at 100 mA g, of pristine CNT (Pyrograf Products, type PR-24-XT-HHT) and FexOy@CNT,
as well as the Coulombic efficiencies of the latter [30].

This is confirmed by the data in Figure 11b which presents specific charge/discharge capacities
of FexOy@CNT obtained at 100 mA g'. Respective data on bare CNT (Pyrograf Products, type PR-24-
XT-HHT) are shown for comparison. The initial capacities of the composite amount to 870 and 624
mAh g, which reflects initial irreversible processes. There is a strong decay in capacity which yields
only 78% (489 mAh g') in cycle 10 and 26% (165 mAh g) in cycle 50 of the initial discharge capacity.
The results clearly show that envisaged improvement of cycling stability due to encapsulation into
CNT is not achieved. Presumably, iron oxide content outside CNT is rather large so that a significant
part of functionalization is exohedral. In such case, we assume that volume changes upon cycling
leads to detachment of these particles from the CNT network which results in diminished
electrochemical activity. In contrast, [84] reports a-FexOs-filled CNT which show 90% capacity
retention in cycle 50.

Inferior stability of exohedrally functionalized CNT upon electrochemical cycling is further
confirmed, e.g., for CNT decorated by mesoporous cobalt oxide (CNT@Co30O4). The material was
synthesized as reported in [34]. The composite exhibits 41 wt% of mesoporous CosOs spheres with
mean diameters between 100 and 250 nm decorated to the CNT network. The electrochemical
behavior of CNT@Co3Os (Figure 12a) during the initial cycle shows SEI formation and the initial
reduction process of Co3Os to metallic cobalt and formation of amorphous Li2O during the initial
cycle. Double peaks appearing in cycle 2 correspond to a multistep redox reaction caused by the
Co%/Co® and Co*/Co?* couples [85,86]. The integrated specific capacities calculated from the CVs
(Figure 12b) display significant capacity fading upon continued cycling. For comparison, a blend of
separately fabricated CNT and CosOs nanoparticles were mechanically mixed postsynthesis in the
same ratio of 59% CNT and 41% Co3Os which, according to TGA, is realized in the decorated
CNT@Co0304 nanocomposite. The blend’s CV shows similar peak positions as found in CNT@CosOs,
and a similarly high reductive capacity is measured for the postsynthesis blend in the first cycle.
However, the associated reversible capacity is much lower as compared to the CNT@Co3O4 hybrid
nanomaterial and the irreversible loss between charge and discharge capacity is higher. After a few
cycles, both the blend and CNT@Co0sO4 show similarly low performance, which indicates that the
benefit of attaching mesoporous CosOs to the surface of CNT has completely faded, presumably due
to detachment of the mesoporous CosOs nanospheres [34].
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Figure 12. (a) CV curves of CNT@Co30s, at 0.05 mV s in the voltage range of 0.01-3.00 V. Integrated
charge and discharge capacities for five cycles as deduced from CV [32].

3.4. Sn@CNT and CoSn@CNT

The alloying process described by Equation (2) implies feasibility of (semi)metallic electrode
materials for electrochemical energy storage. Using M = Ge, Sn, the alloy LixM is formed with x up to
4.25 Li*/f.u. [87,88]. While Ge exhibits lower molecular weight and good Li*-diffusivity, Sn is much
cheaper and exhibits higher electrical conductivity [89]. For Sn, the most Li-rich alloy is LiizSns (=
Lis25Sn) which implies a theoretical capacity of 960 mAh g1 [90]. Upon lithiation, several stable alloys
such as LiSn and LisSn: are formed, resulting in complex (de)alloying processes of several stages
which are associated with large volume changes [91]. In CoSn@CNT, Co is electrochemically inactive
and is supposed to buffer the volume changes as similarly done in a commercial Sn-Co-C composite
by Sony [87,92,93].

Synthesis of Sn@CNT has been published in [44]. While the encapsulate in Sn@CNT is B-Sn with
a filling ratio of 20 wt%, encapsulate in CoSn@CNT is a mixture of f-Sn, CoSn, and mainly CoSn:
with in total 17 wt% of Sn and 5 wt% of Co. In addition to encapsulated separated spherical
nanoparticles, encapsulates in Sn@CNT also form nanowires up to 1 um in length. Both spheres and
wires fill the complete inner diameter of the CNT, which is about 50 nm [44].

The CVs of Sn@CNT- and CoSn@CNT-based electrode materials shown in Figure 13 are similar
to each other and confirm the multistage processes expected from reports on non-CNT materials. In
both cases, in addition to the SEI formation, the peaks R1/O1 signal electrochemical activity of CNT.
The reduction peak R3 at 0.6 V and the pair R2/O2 at 0.3 V as well as several features at 0.35-0.85 V,
are all attributed to multi-stage (de)alloying processes.
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Figure 13. CVs of Sn@CNT (a) and CoSn@CNT (b) in the regime 0.01-3.0V vs. Li/Li+ at a scan rate
0.05 mV/s. Note that the oxidation peaks at 1.9 and 2.3 V and the reduction peak at 1.7 V appearing
in the first two cycles are due to the experimental cell setup [30].

Galvanostatic cycling of Sn@CNT and CoSn@CNT as compared to pristine CNT (Pyrograf
Products, Typ PR-24-XT-HHT) quantifies the contribution of encapsulates to the materials’ capacities
(Figure 14a). Sn@CNT displays clearly improved values. Quantitatively, the data imply an initial
reversible capacity of 322 mAh g in cycle 2, of which 281 mAh g, i.e., 87%, is retained in cycle 50.
In contrast, fading is much more severe in CoSn@CNT, which shows only 66% retained of the initial
capacity 317 mAh g7, i.e., its performance in cycle 50 falls below that of pristine CNT. As will be
discussed below, these data show that there is no positive (buffering) effect of alloyed Co. Rate
capacities shown in Figure 14b at cycling rates 100-2000 mA g illustrate the strong effect of fast
cycling on both materials, thereby confirming limiting kinetics of the underlying electrochemical
alloying processes.

Figure 14a also presents the specific capacity of the Sn encapsulate which is derived by correcting
the data by the effect of pristine CNT. Note error bars of Sn-capacity of up to 20% resulting in
particular from errors in determining the filling ratio. In the first cycle, the reversible capacity
amounts to 589 mAh g which suggests deintercalation of x = 2.6 Li*/f.u. Capacity fading is about
15% between cycle 5 (495 mAh g™) and cycle 50 (422 mAh g™). Even the initial capacities are much
smaller than the theoretical one of 960 mAh g that would be achieved for x = 4.25.
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Figure 14. Specific capacities of Sn@CNT-, CoSn@CNT-, and pristine CNT-based electrodes. (a)
Galvanostatic cycling with potential limitation (GCPL) at 100 mA g. Blue data markers show the
specific capacity of the Sn encapsulate after correcting the contribution of CNT. (b) GCPL at different
rates of 0.1-2.0 A g1 [30].

In-situ XRD studies on LixSny have shown that intermediate phases Li2Sns and LiSn are expected
[94]. In agreement with these studies, the presence of (at least) two reduction peaks in the CVs of both
materials (see Figure 13) suggests at least a two-stage process in the materials at hand. However,
comparison to the literature does not allow to attribute these peaks to a specific process. This also
holds for the observed (at least) four oxidation peaks which indicate step-wise delithliation of the
LixSny-alloy. For CoSn@CNT where the encapsulate mainly consists of CoSnz, Mossbauer studies
have shown the formation of LixSn with x = 3.5 in the first cycle [95]. Such a process is not visible in
the CV (Figure 13b) but the respective feature might be masked by the SEI-peak. It is argued in [95]
that, upon delithiation, Li-ssSn forms an amorphous LixCoySn2-matrix which is crucial for the
expected buffering associated with Co-alloying. We conclude that, in CoSn@CNT, this LixCoySnz-
matrix is not realized but Co just deteriorates the electrochemical performance. This conclusion is
supported by the fact that the CVs in Figure 13 display the same number of peaks at similar potentials
in both Sn@CNT and CoSn@CNT, which indicates identical processes. We assume separation of Co
and Sn instead of LixCoySn2-formation yielding electrochemically inactive regions.

E5

Figure 15. TEM images of pristine (a,b) and galvanostatically cycled (10 cycles) Sn@CNT (c).

The effect of galvanostatic cycling, at 50 mA g, on Sn@CNT is demonstrated by TEM images in
Figure 15. In the cycled materials, well separated homogenous encapsulates (Figure 15a,b) in the
pristine material convert to rather completely but inhomogeneously filled CNT whose filling is
indicated by different TEM contrast, i.e., different densities of encapsulate. These finding agrees with
expected volume changes, in particular to large expansion upon lithiation, and phase separation of
encapsulated material. One may speculate that the dark regions visible after cycling indicate
electrochemically-inactive domains of Sn. The presence of inactive regions would be in agreement to
the GCPL data (Figure 14) which show that only a maximum of 60% of the full Sn-capacity is
achieved. Finally we note that previous studies on Sn-filled CNT have demonstrated better
performance as compared to the material at hand. Wang et al. have reported Sn@CNT with filling
ratios of 38 wt% and 87 wt% [96]. The former, i.e., less filled, CNT have demonstrated superior
performance with capacities of 500 mAh g for 80 cycles at 100 mA g?. The relevant parameter seems
to be the size of Sn particles, which was 6-10 nm in [96]. Larger encapsulates filling the complete
inner diameter of the CNT of about 50 nm as realized in the materials at hand seem to be detrimental
and may cause electrochemically inactive regions. Addition of Co as a potential buffer does not
improve the performance of such rather large nanoparticles inside CNT but even causes additional
capacity fading.
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4. Experimental Methods

4.1. Material Characterization

Materials were characterized by X-ray diffraction (XRD) with either Stadi P (Stoe, Darmstadt,
Germany) using Cu Kal radiation (A = 1.5406 A) or X’Pert Pro MPD PW3040/60 (PANanalytical,
Almelo, Niederlande) using Co Ka radiation (A =1.79278 A). Thermogravimetric analysis (TGA) was
carried out with SDT Q600 (TA Instruments, Waters Corporation, Milford, MA, U.S.). The
morphology was investigated by means of scanning electron microscopy (SEM, Nova NanoSEM 200
(FEI company, Hilsboro, Oregon, U.S.)) and transmission electron microscopy (TEM, JEM-2010F
(JEOL, Akishima, Japan), Tecnai (FEI company, Hilsboro, Oregon, U.S.)). A MPMS-XL5 (Quantum
Design, San Diego, Californis, U.S.) superconducting quantum interference device (SQUID)
magnetometer was used to perform magnetic measurements.

4.2, Electrochemical measurements

Electrochemical properties were studied by cyclic voltammetry (CV) and galvanostatic cycling
with potential limitation (GCPL) in Swagelok-type cells [97]. The measurements were performed on
a VMP3 potentiostat (BioLogic) at a temperature of 25 °C. For the preparation of the working
electrode, the active material was optionally mixed with carbon black (Super C65, Ymeris Graphite
and Carbon, Bironico, Switzerland) and stirred in a solution of polyvinylidene fluoride (PVDF,
Solvay, Brussels, Belgium) in N-methyl-2-pyrrolidone (NMP) for at least 12 h. After evaporat,ing
most of the NMP in a vacuum oven (80 °C, <10 mbar) the spreadable slurry was applied on copper
mesh current collectors (& 10 mm). The as-prepared electrodes were dried at 80 °C in a vacuum oven
(<10 mbar), mechanically pressed at 10 MPa, and afterwards dried again. The assembly of cells was
done in a glovebox under argon atmosphere (O2/H20 <5 ppm) using a lithium metal foil disk (Alfa
Aesar, Haverhill, MA, U.S.) pressed on a nickel current collector as counter electrode. The electrodes
were separated by two layers of glass microfibre (Whatman GF/D) soaked with 200 uL of a 1 M LiPFs
salt solution in 1:1 ethylene carbonate and dimethyl carbonate (Merck ElectrolyteLP30). For post
cycling studies, working electrodes were washed three times in dimethyl carbonate and afterwards
dried under vacuum.

5. Conclusions

Endohedral functionalization of multiwalled carbon nanotubes by means of high-capacity
electrode materials is studied with respect to application for electrochemical energy storage.
Encapsulation indeed yields size-controlled nanoparticles inside CNT. The presented data imply that
the filled materials are electrochemically active and can achieve full theoretical reversible capacity.
While conversion and alloying processes yield cracks and amorphization of the encapsulate, the CNT
mantles are found to be only very little affected by electrochemical cycling. The backbone network of
CNT hence maintains its integrity and improved performance with respect to unshielded or
exohedrally-attached nanomaterials. For appropriately tailored materials, CNT-based
nanocomposites show smaller overpotentials and hence improved energy efficiency as well as
improved cycling stability. The results imply that encapsulating nanostructures inside CNT provides
a successful route to new high-performance nanocomposite anode materials for LIB.
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