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Abstrakt

Nanokrystalicky TiO, anatas s pievladajici plochou {001} byl
studovan elektrochemicky cyklickou voltametrii inserce lithia a
chronoamperometrii a porovnan s referenCnim anatasem s
dominantni plochou {101}. Voltametrické a chronoamperometrické
difusni koeficienty a aktivacni energie prokazaly, ze anatasové
nanokrystaly {001} maji oproti standardnim anatasovym
nanoCasticim vy$8i aktivitu va¢i inserci Li*. Pro anatasové
nanodesticky {001} byl poté zjistén negativnéjsi potencial rovnych
past, vyssi chemicka kapacita a delsi doba zivota elektroni oproti
anatasovym nanocasticim {101}. Ramanovou spektroskopii a in
situ Ramanovou spektroelektrochemii byla studovana inserce Li* do
TiO, anatasovych nanocastic. Byly pfipraveny a studovany Ctyfi
izotopologické kombinace, ¢’LisTi'®'®0, (kde x je inseréni
koeficient). = Kombinace experimentalnich a  teoretickych
Ramanovych frekvenci s odpovidajicimi izotopickymi posuny
predstavuje novy pfistup k feSeni otevienych otazek inserce lithia do
TiO; (anatasu). Cyklické voltamogramy inserce lithia do TiO> (B) a
anatasu poskytly informaci o podilu kapacitniho piispévku k
celkovému néaboji ulozeného lithia. Bylo zjisténo 30%ni navySeni
kapacitniho ptispévku (normalizovaného na celkovy ulozeny naboj)
v TiO, (B) oproti kapacitnimu pfispévku v anatasu. Usnadnénou
inserci Li* do TiO> (B) lze vysvétlit odlisnym mechanismem
ukladani Li* do TiO, (B), které je pseudokapacitni. Cyklickou
voltametrii byla studovéna inserce sodiku do nanokrystalického
spinelu, LisTi5012 (nanoL TS). Béhem dlouhodobého cyklovani byly
pozorovany zmény v cyklickém  voltamogramu nanoLTS.
Ramanova spektra nanoLTS po inserci Na ukazala, Ze dochazi ke
zformovani kosoCtvereéné faze LiosTiO, v nanoLTS. Vznik této
faze je zdivodiovan indukovanou redistribuci Li* iontd do
stopovych anatasovych necistot.



1. Uvod

Tento autoreferat stejné jako dizertatni prace jsou
zalozeny na ¢lancich uvedenych v seznamu na konci tohoto
textu jako Apendixy 1-7."7 Tyto publikace jsou nedilnou
soucasti disertacni prace, ktera je rozSitenym shrnutim téchto
clankl. Vyzkum je zaméfen na studium nanomateridlt
atraktivnich pro aplikace v lithiovych bateriich a barvivem
sensitizovanych solarnich c¢lancich. Téma navazuje na
pfedchozi vyzkum skupiny Prof. Kavana (Oddéleni
elektrochemickych materiala, Ustav fyzikalni chemie J.
Heyrovského AV CR) v oblasti nanomateriald, piedevsim
TiO; anatasu a TiO, (B). %°

Oxid titanicity (TiO,) je dulezity, levny, chemicky
stabilni, netoxicky oxid s Sirokym vyuzitim: bily pigment v
barvach, v kosmetickém primyslu jako ultrafialovy absorbér,
v antireflexnich natérech, v samogisticich povrsich atd.!® TiO,
je také intenzivné¢ studovan jako fotoanoda ve
fotoelektrochemickych  solarnich  ¢lancich, zejména v
barvivem sensitizovanych solarnich ¢lancich (DSSCs).!! Dalsi
vyznamnou vlastnosti oxidu titanicitého je jeho schopnost
ukladat Li*, coz z n&j déla kandidata pro anody sekundarnich
lithiovych baterii. '

Dalsim materidlem atraktivnim pro pouziti v lithiovych

bateriich je spinel LisTisOy.!3 Diky své schopnosti ukladat



nejen Li', ale i Na' ionty, je tento material zajimavy i pro

vyuziti v sodikovych bateriich. '#

2. Cile prace

Prvnim cilem prace bylo porovnani inserce lithia a
vlastnosti nanokrystali anatasu s odliSnou dominantni
plochou ({001} nebo {101}) elektrochemickymi a
fotoelektrochemickymi metodami: cyklickou voltametrii,
chronoamperometrii, =~ UV-Vis  spektroelektrochemii a
elektrochemickou impedancni spektroskopii.

Druhym cilem prace bylo objasnéni diive
pozorovanych rozdili v elektrochemickém chovani TiO;
anatasu a TiO; (B) pomoci detailniho studia mechanismu
nabijeni obou materiali inserci Li".

Prace se dale zaméfuje na podrobné prosetieni
strukturnich zmén v polymorfech TiO, béhem inserce lithia.
Tyto zmény jsou studovany in situ Ramanovou spektroskopii
vyuzivajici téz izotopicky znacené slouceniny. Motivaci pro
studii metodou Ramanovy spektroskopie bylo pfedevsim
ptifazeni Ramanovych past kosoctverecné struktury LixTiOs,
pozorované béhem inserce lithia do tetragondlni anatasové
struktury.

Ramanova spektroskopie je dale vyuzita ke sledovani

strukturnich zmén v oxidu lithno-titani¢itém spinelové



struktury (Li4Ti5012) po inserci sodiku. Cilem bylo vysvétlit
zmény pozorované v LisTisO12 materidlu behem cyklovani

Na" inserce/extrakce.

4. Vysledky a diskuse

Byly analyzovany cyklické voltammogramy a
chronoamperometrickd data inserce lithia do fazové Cistych
nanodesticek anatasu {001} a porovnany s inserénimi
vlastnostmi nano¢astic anatasu {101}.! Cyklicka voltametrie
odhalila vy3$si nabojovou kapacitu a vyssi difuzni koeficient
Li* u anatasu {001}. Druhou nezavislou metodou,
chronoamperometrii, byla potvrzena vy$si hodnota difizniho
koeficientu lithia v ptipadé nanokrystali anatasu {001} v
porovnani s nanolasticemi anatasu {101}.! Na zikladé&
chronoamperometrickych dat byla zjisténa niz$i aktivacni
energie inserce Li" pro anatas {001} nez pro {101}. Tyto
vysledky poukazuji na snadnéjsi inserci lithia do anatasovych
nanodesti¢ek s prevladajici plochou {001} nez do béznych
anatasovych nanokrystali  {101}. Vyssi aktivitu plochy
{001} k inserci lithia Ize vysvétlit snazsi difuzi Li* ve sméru

paralelnim s osou c.

Metodou  numerického  rozkladu  cyklickych

voltamogramu byla analyzovana inserce Li" do fazové ¢istého



anatasu a TiO; (B).? Pro oba materialy byl uréen percentualni
prispévek kapacitnich procesti k celkové proudové odezve.
Relativni ptispévek kapacitnich proudt k celkovému proudu
byl 0 30% vyssi u TiO; (B) nez u anatasu, ackoliv TiO; (B)
mél tfikrat mensi plochu povrchu nez anatas. Tento rozdil je
pfisuzovan pseudokapacitnimu ukladani Li* v otevienych
kanalech krystalové struktury TiO, (B) a je divodem vyssi

elektrochemické aktivity TiO, (B) v porovnani s anatasem.

Ramanovou spektroskopii a in situ Ramanovou
spektroelektrochemii byla studovana inserce lithia do TiO,
anatasovych nanocastic. Byly pfipraveny a studovany Ctyfi
izotopologické kombinace, ¢’LixTi''*0, (kde x je inseréni
koeficient). Izotopické posuny v Ramanském spektru Cistého
kosoctverecného LiyTiO, nam umoznily pfifazeni 20
pozorovanych vibranich moda.> Tato data pomahaji
korigovat predchozi nekonzistentni pfifazeni Ramanskych
past kosoctverecného oxidu lithno-titanicit¢ho odpovidajicim

vibracim. !0

Kontaminace rutilu a TiO» (B) anatasovou fazi béhem
syntézy neni neobvykld. Nejintenzivngjsi pik anatasu
v rentgenovém difraktogramu je u 25 © (2 Theta) a piekryva
se s TiO, (B) pikem. Obdobny piekryv s anatasovym pikem



lze pozorovat i u Ramanskych spekter TiO, (B) a rutilu.
Z tohoto divodu jsme in situ Ramanovou
spektroelektrochemii studovali inserci lithia do dvou
materialt TiO» (B) a jednoho vzorku rutilu.* Spektrum typické
pro kosoctvere¢ny oxid lithno-titanicity LiosTiO, se objevilo
v prubéhu inserce Li" do jednoho studovaného vzorku TiO;
(B) a rutilu. Pfitomnost Ramanskych past kosocverecného
oxidu lithno-titaniCitého ve spektroelektrochemickych datech
byla pfisouzena stopovym anatasovym necistotam, které jsou
tézko detekovatelné rentgenovou difrakci, Ramanovou

spektroskopii a cyklickou voltametrii.

Cyklickou voltametrii byla dale studovana inserce
sodiku do nanokrystalického LisTisOi> (nanoLTS).” Byly
pozorovany zmeény ve voltamogramech nanoLTS pfi
dlouhodobém cyklovani. Detailni Ramanskd analyza
nanoLTS s inserovanym sodikem odhalila pfitomnost
Ramanskych signalt kosocverecného oxidu lithno-
titaniCitého typickych pro inserci lithia do anatasu, ktery byl
posléze vnanoLTS materidlu potvrzen. Inserce sodiku do
nanoL TS je, dle této interpretace, spojena s ¢astecnou
redistrubuci lithia do minoritnich anatasovych necistot.

Byly studovany také rozdily v potencialu rovnych

past a elektronovd energetika nanokrystalického anatasu



s preferencni orientaci ploch {001} a {101}. UV-Vis
spektroelektrochemii byl pro nanokrystalicky anatas {001}
pozorovan negativnéjsi potencial rovnych past nez pro anatas
{101}.% Tato data podporuji diive publikované vysledky na
makroskopickych krystalech.®* Na DSSCs majicich jako
fotoanodu bud’ nanodesti¢ky anatasu {001} nebo nanokrystaly
anatasu {101} byla aplikovana elektrochemicka impedanéni
spektroskopie (EIS).” EIS méieni odhalila vys§i chemickou
kapacitu pro anatas {001} nez pro anatas {101}. Tato vétsi
chemickd kapacita vede kvétsSimu odporu transportu
elektronti v materialu a k niz§imu difiznimu koeficientu
elektronti. Na druhou stranu zpUsobuje del$i dobu Zivota
elektronli v anatasovych nanokrystalech v porovnani se

standardnimi anatasovymi nanocasticemi.

5. Zavéry
Analyza cyklickych voltamogrami a
chronoamperometrickych dat inserce lithia do anatasovych
nanodesti¢ek {001} a anatasovych nanocastic {101} odhalila
usnadnény transport Li* uvnitf nanokrystalti anatasu {001}.
Metodou  numerického  rozkladu  cyklickych
voltamogrami byl nalezen o 30% vyssi prispévek kapacitnich

proudi k celkovému proudu pro TiO, (B) nez pro anatas.



Tento rozdil je pfipisovan pseudokapacitnimu ukladani Li* ve
struktuie TiO, (B).

Vsech 20 pozorovanych  vibratnich  modi
kosoctverecného oxidu-lithno titani¢it¢ho bylo pfifezeno in
situ Ramanovou spektroelektrochemii vyuzivajici izotopicky
zna¢ené slouceniny. Tyto vysledky pomahaji objasnit
predchozi nesrovnalosti v ptifazeni spekter.

Ramanova spektroelektrochemie se ukazala také jako
uzite¢ny nastroj k detekci stopovych anatasovych necistot v
TiO; rutilu, TiO, (B) a LisTisO1».

UV-Vis  spektroelektrochemie  TiO, filmd a
elektrochemickd impedancni spektroskopie  ukazaly na
negativnéjsi potencial rovnych past, vetsi chemickou kapacitu
a delsi dobu Zivota elektronii u anatasovych nanodesti¢ek

{001} nez u anatasovych nanocastic {101}.



Abstract

The nanocrystalline TiO, anatase with a predominant {001} facet
was studied electrochemically by cyclic voltammetry of Li*
insertion and by chronoamperometry and compared with anatase
materials with dominating {101} facet. Both voltammetric and
chronoamperometric diffusion coefficients and activation energies
proved higher activity of anatase {001} nanosheets toward Li*
insertion than that of the usual anatase nanoparticles exposing the
{101} facet. The anatase {001} nanoplatelets exhibited more
negative flatband potential, higher chemical capacitance and longer
electron lifetime than anatase {101} nanoparticles. The Li* insertion
into TiO, anatase nanoparticles was studied by Raman spectroscopy
and by in situ Raman spectroelectrochemistry. Four combinations of
isotopologues, namely ®’Li,Ti'*'30, (x is the insertion coefficient),
were prepared and studied. The combination of experimental and
theoretical Raman frequencies with the corresponding isotopic shifts
brings new inputs for still open questions about the Li-insertion into
TiO, (anatase). The cyclic voltammograms of Li* insertion into
TiO, (B) and anatase provided information about capacitive
contributions to the overall charge of Li-storage. The enhancement
by 30% is found in capacitive charges (normalized to the total
voltammetric charges) in TiO, (B) compared to those in anatase.
Facilitated Li-insertion in TiO, (B) is explained by different
charging mechanism caused by pseudocapacitive Li-storage in the
bulk TiO, (B). Sodium insertion into nanocrystalline spinel,
LisTis012 (nanoLTS) was investigated by cyclic voltammetry.
Changes in the cyclic voltammograms of nanoL TS were observed
during long-term cycling. Raman spectroscopy of nanoLTS after
Na-insertion reveals a formation of orthorhombic LigsTiO> phase.
The occurrence of this phase is ascribed to induced Li*
redistribution into trace anatase impurities.



1. Introduction

This summary as well as the thesis itself are based on
papers which are listed at the end of this text as Appendices 1-
7.7 These publications make an integral part of the thesis
which is an extended summary of these papers. The research
is focused on a study of nanomaterials attractive for
applications in lithium-ion batteries and in dye-sensitized
solar cells. The subject follows previous research of Prof.
Kavan’s group (Department of electrochemical materials, J.
Heyrovsky Institute of Physical Chemistry of the CAS) on
nanomaterials, especially on TiO anatase and TiO; (B).>?

Titanium dioxide (TiO,) is an important low-cost,
chemically stable, nontoxic oxide material with a wide range
of applications: a white pigment in paints, in cosmetic
industry as an ultra-violet absorber, anti-reflection coatings,
self-cleaning surfaces, etc.! In addition TiO, has been
extensively studied as photoanode in photoelectrochemical
solar cells, mainly in dye-sensitized solar cells (DSSCs).!!
The next significant property of titanium dioxide is its ability
to accommodate Li*, which classifies it as a candidate for
anodes in rechargeable Li-ion batteries.!?

The next attractive material for application in Li-ion

batteries is spinel LisTisOj2.'"* This material is also



interesting for applications in sodium batteries due to its

ability to accomodate Na* ions.'

2. Aims of the study

The first aim of the thesis was comparison of the Li*
insertion and intrinsic properties of anatase nanocrystals with
different predominant facets {001} or {101} by
electrochemical and photoelectrochemical methods. They
comprise: cyclic voltammetry, chronoamperometry, UV-Vis
spectroelectrochemistry and electrochemical impedance
spectroscopy employing anatase nanosheets or common
anatase nanoparticles.

The second aim of the thesis was to clarify the
previously observed differences in electrochemical response
of TiO, anatase and TiO, (B) by detailed investigation of the
charging mechanism of both materials.

The thesis is further focused on detailed investigation
of structural changes in TiO, materials during lithium
insertion. These changes are studied by in situ Raman
spectroelectrochemistry, =~ where the isotope labeled
compounds were used as integral part of the research. The
motivation for Raman investigation was mainly an

assignment of Raman peaks of the orthorhombic LixTiO,



structure observed during Li* insertion into anatase tetragonal
structure.

In addition, Raman spectroscopy studies are
accompanied by tracking of structural changes in lithium
titanate spinel (LisTisO;2) after Na* insertion, which aimed to
explain changes observed in LisTisO» material during Na*

insertion/extraction cycling.

4. Results and discussion

The cyclic voltamgrams and chronoamperometric
data of Li" insertion into the phase-pure anatase {001}
nanoplatelets were analyzed and compared with Li-insertion

' The cyclic

behavior of anatase {101} nanoparticles.
voltammetry revealed higher charge capacity and higher Li*
diffusion coefficient for anatase {001} than for anatase {101}.
The conlusion about higher diffusion coefficient of lithium in
anatase {001} nanocrystals compared to anatase {101}
nanoparticles was confirmed by second independent method,
the chronoamperometry.! Further, we found a lower activation
energy of Li" insertion for anatase {001} than for {101} from
chronoamperometric data. These results indicate more facile

insertion of lithium into anatase nanoplatelets with

predominant facet {001} compared to ordinary anatase



nanocrystals {101}. The explanation of the observed higher
activity of the facet {001} to Li" insertion is facile Li"

diffusion in the direction parallel to the c-axis.

The cyclic voltamgrams of Li" insertion into the
phase-pure TiO, anatase and TiO, (B) were analyzed by a
method of cyclic voltammograms deconvolution.? The
proportion of capacitive current to the overall current response
was determined for both materials. The relative contribution
of capacitive currents to the total current was by about 30%
higher for TiO, (B) than for anatase, even though ca. 3 times
lower surface area of the former. This difference is attributed
to the pseudocapacitive Li" storage in the open channels of
TiO; (B) lattice and it is established as a reason of higher

electrochemical activity of TiO, (B) compared to anatase.

The Li" insertion into TiO» anatase nanoparticles was
studied by Raman spectroscopy and by in situ Raman
spectroelectrochemistry. Four isotopologue combinations,
namely ®’Li,Ti'¥'®0, (with x being the insertion coefficient),
were prepared and studied. Isotopic shifts in the Raman
spectrum of pure orthorhombic LicTiO, enabled the
assignment of 20 observed vibrational modes. * These results

help to clarify previous inconsistency in assignment of Raman



peaks of orthorhombic lithium titanate to the corresponding

vibrations.'> ¢

Contamination of rutile and TiO, (B) powders by
anatase phase from synthesis is not unusual. The most
intensive X-ray diffraction peak of anatase at 25 ° (2 Theta)
overlaps with the TiO, (B) peak. A similar overlap with
anatase is observed for Raman spectra of TiO; (B) and rutile.
Therefore, we studied two TiO, (B) materials and one rutile
sample by in situ Raman spectroelectrochemisty of lithium
insertion.* Typical Raman spectrum of orthorhombic lithium
titanate LiosTiO> showed up in the process of Li* insertion
into one studied TiO; (B) and rutile material. The presence of
Raman features of orthorhombic lithium titanate in
spectroelectrochemical data is attributed to small anatase
impurities in these materials, which are hardly detectable by

XRD, Raman spectroscopy or cyclic voltammetry.

Sodium insertion into nanocrystalline LisTisO12
(nanoLTS) electrodes was investigated by cyclic

voltammetry.’

Changes in the cyclic voltammograms of
nanoL TS were observed during long-term cycling. A detailed
Raman analysis of sodium-inserted nanoL TS electrodes found

the presence of Raman features of orthorhombic lithium



titanate typical for Li insertion into anatase which was
subsequently confirmed in the nanoLTS material. We
concluded that Na* insertion into nano LTS is accompanied

by partial Li redistribution into trace anatase impurities.

Differences in flatband potential and electron
energetics of anatase {001} nanosheets and anatase {101}
nanoparticles were investigated. A more negative flatband
potential was observed by the UV-Vis
spectroelectrochemistry for anatase {001} compared to
anatase {101} nanocrystals.® These results support the
previously published data for single crystals.® The
electrochemical impedance spectroscopy (EIS) was applied on
DSSCs employing either anatase {001} nanoplatelets or
anatase {101} nanocrystals as photoanodes.” The EIS
measurements revealed a higher chemical capacitance for
anatase {001} nanoplatelets than for anatase {101}
nanocrystals. This higher chemical capacitance leads to higher
transport resistance of electrons in the material and to lower
diffusion coefficient. However, it caused a longer electron
lifetime in anatase nanosheets compared to that in common

anatase nanoparticles.



5. Conclusions

Analysis  of  cyclic  voltammograms  and
chronoamperometric data of lithium insertion into anatase
{001} nanoplatelets and into anatase {101} nanoparticles
revealed facilitated Li" transport in anatase {001}
nanocrystals.

The contribution of capacitive currents to the total
current was by about 30% higher for TiO, (B) than for
anatase, as found by deconvolution of cyclic voltammograms.
This difference is attributed to the pseudocapacitive Li"
storage in TiO» (B) structure.

All 20 experimentally observed Raman modes of
orthorhombic lithium titanate were assigned by in situ Raman
spectroelectrochemistry employing isotope-labeled
compounds. These results help to clarify previous
inconsistency in assignment.

The Raman spectroelectrochemistry was found to be a
useful technique for detection of trace anatase impurities in
TiO; rutile, TiO; (B) a LisTisO1» too.

The UV-Vis spectroelectrochemistry of TiO, films
and electrochemical impedance spectroscopy of DSSCs
revealed a more negative flatband potential, higher chemical
capacitance and longer electron lifetime for anatase {001}

nanoplatelets than for anatase {101} nanoparticles.
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