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Laburpena

XXI. mendeko erronka nagusietako bat etengabe gorantz doan energia
kontsumoarena izango da. Horri era sustengarri batean aurre egiteko energia
berriztagarrietan oinarritutako eredu bat garatu beharko da. Energia berriz-
tagarriek, zoritxarrez, ez dute energia era jarraian sortzen eta, normalean,
eskaerak eta produkzioak ez dute bat egiten denboran. Hori dela eta, sor-
buru berriztagarrietan oinarritutako energia eredu baterako trantsizioa egite-
ko energia biltegirazeko sistemak garatzea beharrezko baldintza da. Hainbat
modu dauden arren, bateriak dira energia pilatzeko sistema ohikoenak apli-
kazio gehienetan, teknologia eraginkorrena baita. Sareko energia pilatzeko ez
ezik, bateriak dira nagusi ere auto elektrikoetan, gailu elektroniko eraman-
garrietan eta beste hainbat eta hainbat aplikazio ezberdinetan. Hortaz, gaur
egungo gizartean bateriek garrantzi handia dute, eta teknologia hori garatu
eta hobetzea ezinbestekoa da.

Gaur egun, bateria mota ezberdinen artean Litio-ioi bateriena (LIB) da
nagusi beste teknologiekin konparatuz gero, hark eskaintzen duen energia
dentsitate altuago eta eraginkortasun hobean oinarrituta. Bateria bat zelda
elektrokimiko ezberdinez osaturiko sistema bat da, non elektrizitatea energia
kimiko gisa pilatzen den behar den heinean hornitzeko. Zelda bat, era berean,
hainbat elementuz dago osatuta: bi elektrodo (anodo eta katodoa), elektroli-
toa eta korronte kolektoreak. Elektrolitoa bi elektrodoen artean kokatzen
da, eta korronte kolektoreak, berriz, elektrodo bakoitzaren atzealdean. Hor-
taz, LIB zelda batean hainbat elementu ezberdinen arteko muga edo gainazal
dago. Azken hamarkadetan ikerkuntza materialen hobekuntzan eta mate-
rial berrien garapenean oinarritu da, baterien energia dentsitatea hobetzeko.
Hala ere, hobekuntza horiek ez dira erabilgarriak zelda barneko prozesu elek-
trokimikoa elementu ezberdinen arteko gainazaletan mugatua bada. Beraz,
aipatutako elementu ezberdinen arteko mugetan gertatzen diren prozesuak
ikertzea behar-beharrezkoa da LIB baterien garapenerako, eta, horretarako,
elektrodoen gainazalak ikertzea ezinbestekoa da.
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Figure 1: LIB baterietako osagai eta gainazalen deskribapena.

Testuinguru honetan, aurrean daukagun doktoretza tesi honetan aurkezten
den lana LIB teknologiaren garapenerako garrantzitsuak izango diren hain-
bat materialen ikerketan oinarritu da, aipatutako bateria barneko gainazalen
analisian eta haien hobekuntzan zentraturik. Emaitzen lehen kapituluan
LiyTisO12 (LTO) materiala izan da aztergai. Izan ere, LTO materialean
oinarritutako elektrodoak euren hainbat propitetate onuragarriengatik iker-
tuak izan dira azken urteotan, haien artean elektrodo-elektrolito arteko mu-
garen egonkortasunagatik. Hori dela eta, lan honetan, kargatze-deskargatze
zikloek LTO elektrodoen gainazalean duten eragina ikertu da, gainazal horien
eboluzioa aztertuz. Helburu horrekin, literaturan deskribatutako prozesu
berezi bat jarraituz prestatutako LTO kapa finen sintesi eta karakterizazioa
deskribatzen da kapitulu honetan. Erresoluzio handiko X-izpien difrakzio eta
mikroskopia elektroniko teknika aurreratuak erabiliz, ziklatzean LT O gainaza-
lean konposatu kristalino berririk sortzen ez dela konfirmatu da. Zehazki,
a—LisTiO3 konposatuaren presentzia sintesian sortzen dela frogatu da, eta
ez ziklo elektrokimikoetan zehar, uste zen bezala. Halaber, konposatu ho-
nen presentzia gainazaleko lehen 15 nm inguruan mugatuta dagoela ikusi da.
Horretaz gain, LTO gainazalean kargatze-deskargatze prozesuak eragindako
tentsioaren areagotze bat neurtu da, gainazalaren uzkurdurarekin erlaziona-
tuta egon daitekeena.

LTO elektrodoen ikerketarekin jarraituz, Magnetron Sputtering teknikaren
bitartez elektrodoen gainazalean depositatutako geruza finen era- gina aztertu
da lan honetan. Geruza finekin babestutako elektrodoen erantzun elektrokimi-
koa babestu gabeko elektrodo soilekin konparatu da, geruza fin horiek eduki
ditzaketen onurak aztertzeko. Hasiera batean, geruza fin babesgarrien era-
gina elektrodo konbentzionaletan aztertu da. Babestutako elektrodo eta elek-
trodo soilen arteko gainazaleko konposizio kimikoa espezifikoki gainazalak
aztertzeko erabiltzen diren tekniken bitartez analizatu dira, bai ziklatu au-
rretik baita ziklatu ostean ere. Izatez, bai karbonozko bai aluminio oxi-



| ii

LTO (111) —XRD (LTO)
o
2
©
c )
3 Tio, (111) .
g Substratua Tio, (222) rock salt spinel

i
E Substratua
%
c LTO (444)
2 10(22) 170 333) | | LTO (555)
A A

20 40 60 80 100 120
26(%) a-Li,TiO, Li;TisO1»
z.a. [1-10]

Figure 2: 3. kapituluko emaitzen laburpena: LTO elektrodoaren gainazalaren
analisia.

dozko geruza finek LTO elektrodo konbentzionalen erantzun elektrokimikoa
hobetzen dutela frogatu da, efektua nabariago izanik AloO3 geruzen kasuan.
Hobekuntza are agerikoagoa da korronte intentsitate altuagoak erabiltzen di-
renean, %30 hobekuntza lortzen delarik probatutako korronte intentsitate
altuenaren kasuan. FKElektrodo konbentzionaletan ez ezik, kapa fineko LTO
elektrodoetan ere aztertu da AlsOs geruza babesgarrien efektua. Izan ere,
kapa fineko elektrodoak plataforma ideala dira gainazaletan gertatzen di-
ren efektuak aztertzeko, eta, beraz, AlsOj3 geruza babesgarriaren funtzioa
ulertzeko kasu zehatz honetan. Al,Ogs geruza finez babestutako LTO elek-
trodo konbentzionalak eta kapa fineko elektrodoak konparatzerako orduan,
ordea, erantzun elektrokimiko ezberdina ikusi dira. Kapa fineko LTO elektro-
doek ez dute erakutsi elektrodo konbentzionaletan frogatutako hobekuntza
nabaria. Egindako karakterizazio lan sakonaren emaitzek iradokitzen dute
ezberdintasun hori bi elektrodo moten arteko diferentzia geometrikoen ondo-
rioa dela.
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Figure 3: 4. kapituluko emaitzen laburpena: geruza babesgarrien eragina
LTO elektrodoetan.

Kapa fineko elektrodoen ildotik jarraituz, lan honetako azken kapitulu
esperimentalean LiNipsMn; 504 (LNMO) materialaz osatutako kapa finak
aztertzen dira, katodo bezala erabiltzeko. Izan ere, gainazala aztertzeko
plataforma ideala izateaz gain kapa fineko elektrodoak baterietako elementu
gisa ere erabiltzen dira, kapa fin ezberdinez osatutako mikrobaterietan, ale-
gia. Guztiz solidoak diren (hau da, osagai likidorik gabeko) mikrobateria
hauek hainbat abantaila dituzte bateria konbentzionalekin alderatuta: ener-
gia espezifiko eta energia dentsitate altuagoa, tenperatura tarte zabalagoan
erabiltzeko aukera, bizitza luzeagoa eta segurtasun handiagoa, besteak beste.
Guzti horretan oinarrituz, europar mailako lankidetza proiektu baten testuin-
guruan, kapa fineko LNMO elektrodoak ikertu dira produkzio prozesuko hain-
bat parametrok LNMO kapa finen ezaugarrietan duten eragina ezagutzeko.
Karakterizazio tresna mota ezberdinen konbinazioan oinarrituz, elektrodo
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Figure 4: 5. kapituluko emaitzen laburpena: LNMO eta LLZO kapa finak.

hauen estruktura kristalografikoa, konposizio kimikoa, gainazaleko morfolo-
gia eta propietate elektrokimikoak aztertu dira, besteak beste. Karakteri-
zazio analisi zabal horren bitartez deposizio osteko prozesu termiko baten be-
harra konfirmatu da, LNMO materialaren fase eta estruktura egokia lortzeko.
Are gehiago, atmosfera ezberdinetan garatutako prozesu termikoen ondorioz,
pausu hau airean (atmosfera berezirik aplikatu gabe) egin behar dela ikusi da;
atmosfera inertea erabiliz gero (argon gasa) ez baita produktu egokia lortzen.
Berotze prozesuaren tenperaturari dagokionez, tenperatura egokiena 600°C
dela frogatu da, bai konposizio kimiko eta baita estruktura kristalografikoari
dagokionez ere. Optimizatutako elektrodoen erantzun elektrokimikoari dagoki-
onez, berriz, kapa finaren lodieraren eragina argi ikusi da, kapa finenetan ka-
pazitate hobea lortzen delarik korronte intentsitate altuak aplikatzean, batik
bat. Proiektu honetan garatutako kapa fineko elektrodoak LNMO elektrodo
komertzialekin konparatzerako orduan, lan honetan garatutako elektrodoen
propietate hobeak frogatu dira. Baldintza berdinetan ziklatzean, elektrodo
komertzialek 150 ziklora iritsi ez diren bitartean, kapa fineko LNMO elektro-
doek 2000 ziklotik gora egin dituzte.

Horrez gain, gainazaletan arreta berezia jarri da kapa finen bi mugak
aztertu direlarik: LNMO elektrodo eta substratuaren artekoa batetik eta
LNMO elektrodo eta elektrolitoaren artekoa bestetik. Lehenengo kasuan,
metalezko substratuak erabili dira substratu izateaz gain ziklatzerako ordu-
an korronte kolektore funtzioa izan zezaten. LNMO elektrodoak sortzeko
prozesuan substratu-LNMO arteko gainazalean korrosio prozesu bat gertatzen
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dela frogatu da, prozesuan beharrezko den tratamendu termikoan, alegia.
Gainera, karakterizazio teknika ezberdinak erabiliz, metalezko substratutik
LNMO elektrodora eta elektrodoan zeharreko difusio prozesu bat ikusi da,
elektrodoen erantzun elektrokimikoan eragina izan dezakeena. LNMO kapa
finen beste gainazalari dagokionez, LizZrsLazO12 (LLZO) materialez osatu-
tako kapa finen deposizioa aztertu da. LLZO materiala magnetron sputte-
ring teknikaren bitartez depositatzeko aukera ikertu da elektrolito solidoaren
funtzioa betetzeko helburuarekin. Hortaz, LLZO kapa finaren deposizioa
baldintza ezberdinetan egin da. Depositatutako LLZO kapa finak karakteri-
zatu egin dira eta baldintzon eragina aztertu da deposiziorako balio optimoak
definitu direlarik. Horretaz gain, deposizio sistema bera garatu egin da, proze-
suaren kontrol hobea edukitzeko eta kalitate hobeko kapak sortzeko. Garapen
horren eraginez, LNMO eta LLZO kapa finen arteko adhesioan hobekuntza
nabaria lortu da.

Orohar, lan honetan aurkeztutako tesi proiektuan litio-ioi baterien gara-
penerako garrantzitsuak izango diren hainbat elektrodo material aztertu dira,
gainazalen analisian bereziki zentratuz. Elektrodoen gainazalek ziklatzean
jasaten duten eboluzioa ikusi da, eta gainazal horiek manipulatu edota babeste-
ak baterien portaera elektrokimikoan dituen onurak frogatu dira.
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Chapter 1

Introduction

Dealing with the constantly increasing energy demand will be one of the
most important challenges in the XXI century, and, hence, accomplishing an
environmentally sustainable energy supply will be of paramount importance.
In fact, global energy consumption increased 1% in 2016 [!] and it is expected
to rise 28% by 2040, mainly driven by the energy demand increase in Asia [2].
Renewable sources, despite being a constantly increasing source of energy
during the last years [2, 3], are still far from the dominating position that the
non-renewable energy sources have currently (figure 1.1). Therefore, their
use should be further boosted if a sustainable electric grid is to be developed
in the future. One of the main limitations of renewable energy sources is
their non constant and controllable production rate which leads to a signifi-
cant mismatch between production and demand while destabilizing the grid.
Hence, integration of energy storage technologies is critical for the transition
to renewable energy sources as main suppliers to the grid.

Despite the existence of many different energy storage technologies, batter-
ies are one of the most common ones in a wide range of applications, since they
are the most efficient. Among different energy storage technologies, recharge-
able batteries are the ones that have most attracted commercial interest for
grid storage [3]. Besides, batteries are also the main option when portable
energy storage is needed. With electric passenger vehicles accounting for 1%
of global passenger car sales in 2016 [3], the already on-going electrification
of the road transport sector is also based on rechargeable batteries as energy
storage system. Portable electronics, which have become necessary tools in
our daily life, need batteries for powering them as well [1]. Therefore, modern
society relies on the performance of batteries, and the improvement of current
technology is urgently needed.
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Figure 1.1: Renewable energy share of global electricity production (2016) [5].

There are many different types of batteries that have been developed upon
the time, based on different chemistry. In general, batteries can be classified
in primaries or secondaries, depending on if they are non-rechargeable or
rechargeable, respectively. Carbon-zinc, manganese alkaline, different kind of
zinc anode and lithium anode cells are the most common examples of pri-
mary batteries. Among the different secondary battery technologies the most
relevant ones are described in table 1.1, where their general properties are
indicated. Lithium-ion batteries, which are described in next section, stand
out between the different type of technologies available up to date. Within
this technology, thin-film Li-ion microbatteries are a subfamily that is of par-
ticular interest due to its properties, which are describe later in this chapter.
Beyond Li-ion, there are also other new battery technologies that are being
developed, such as, Li-Oq, Li-S and Na-S, which are also mentioned along this
introductory chapter.

1.1 Li-ion batteries

A battery is a system composed of several electrochemical cells, that is
able to store electricity as chemical energy and deliver it when needed [9].
It is formed by different elements, namely electrodes, electrolyte and current
collectors. In conventional Li-ion batteries electrodes are composed by the ac-
tive material (which makes possible the storage mechanism), binder (for good
mechanical cohesion of the electrode), and a conductive additive (usually car-
bon) when needed. The electrolyte is situated in between the electrodes,
and must be good Li-ion conductor and electronic insulator. Commonly it is
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Table 1.1: Properties of the most important rechargeable battery technologies

[6-].

’ Type ‘ E density(Wh/kg) ‘ Efficiency (%) \ Life (cycles) ‘
Pb-Acid 2440 50-75 1000
Ni-Cd 30-45 55-70 2000
Ni-MH 60-75 75-80 2000
Redox flow 10-20 75-80 3000
Li-ion 125-250 94-99 4000
Thin-film Li-ion 250-400 99 45000

based on lithium salt and organic electrolytes. To physically separate both
electrodes, a porous separator is also included between them in most of the
cases. Electrodes are cast on current collectors which will be the external
part in each side of the cell; the current collector role is to work as electri-
cal contact between the electrode and the external circuit. Thus, different
interfaces are present in Li-ion batteries (electrode-electrolyte and electrode-
current collector), which importance is detailed later on the text.

Electric energy is transformed into chemical energy via oxidation and re-
duction (redox) reactions of the active material within the electrodes . The
one with the lower redox potential is known as the negative electrode, while
the one with the higher potential is the positive electrode, although, usually,
they are referred as anode and cathode, respectively. During discharge, the
active material on the positive electrode is reduced, at the same time that
negative electrode is oxidized. On charge, just the opposite process occurs.
However, this redox reactions can not always take place in both directions, and
batteries are classified in primary and secondary depending on the reversibil-
ity of the process, as described before. Primary batteries are those in which
the reaction is not reversible, whereas, secondary batteries are rechargeable,
in such a way that can be continuously charged and discharged reversing the
redox reactions within the cells.

Lithium-ion batteries [10] correspond to the secondary batteries family. In
this system, Li-ions reversibly travel from one electrode to the other through
the electrolyte, which separates both electrodes. The electrolyte must be good
ionic conductor to facilitate Li-ion transport between electrodes, but, good
electronic insulator to force the electrons go to the external circuit, and, thus,
generate electric current. Lithium is the most favorable mobile ion species
for batteries, since it is the lightest metal and has the highest electrochemi-
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Figure 1.2: Schematic representation of Li-ion cell [0].

cal potential, providing the largest gravimetric energy density. A schematic
representation of Li-ion cell is shown in figure 1.2.

Since their commercialization in the 1990s by SONY company [l 1], the
most popular Li-ion batteries were composed by graphite as anode and LiCoO4
(LCO) as cathode materials [10]. However, during the last two decades, many
other electrode materials have been studied, developed and sometimes com-
mercialized [12,13]. The most relevant ones, included in figure 1.3, are clas-
sified by their discharge potential and specific capacity.

The success of Li-ion batteries relies on their high energy and power den-
sity (figure 1.4), high efficiency, high voltage and good cycle life [11], as well
as the negligible self-discharge and absence of memory effect [15], in contrast
with other battery technologies. Based on these advantageous properties,
Li-ion batteries have become the power source of choice for portable electron-
ics and power tools, with a production in the order of millions of units per
year [, 11]. Moreover, Li-ion technology has also become the preferred one
for powering electric vehicles (EV) [16,17]. In grid storage, they have the
potential to become the main energy storage system, due to the longer cycle
life, high energy and power density with respect to other battery technolo-
gies [18,19]. Indeed, batteries for grid storage applications have already been
launched [20].

Nevertheless, Li-ion technology is not free from limitations. Main draw-
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Figure 1.3: Approximate range of average discharge potentials and specific
capacity of some of the most common negative (bottom) and positive (top)
electrodes for Li-ion batteries [13].

backs are safety issues related to the presence of flammable organic liquid
electrolytes, cost and uneven distribution of Li resources that are concen-
trated in a few countries. In order to make Li-ion batteries safer and avoid
any risk of thermal runaway producing fire or explosions, big effort is being
devoted to the development of solid electrolytes, based on both polymeric and
ceramic materials (or even composites) among others [21-21]. Issues related
to the cost, which some years ago seemed to be unaffordable, look today not
to be such a big issue, since the costs rapidly declined during the last years
principally pushed by the rapidly falling costs of battery packs for electric
vehicles [16,25]. However, the uneven distribution of lithium, with all the
supply controlled by only four companies in the world, makes any forecast
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Figure 1.4: Energy density of Li-ion and thin film Li-ion batteries compared
to previous technologies [0].

about the Li price evolution is uncertain [26]. Finally, based on last reports
scarcity of lithium should not be a problem [26,27]. Moreover, recycling of Li-
ion batteries could play an important role in the future, whilst the possibility
of automotive Li-ion batteries towards second life in stationary applications
would be really interesting from the point of view of sustainability and op-
timal use of resources [28]. Besides, the possibility of recovering the lithium
from seawater [29], would increase the amount of available resources consid-
erably.

Beyond Li-ion, batteries based in other chemistries are also being investi-
gated. Among the most relevant, Li-O9 (also known as Li-air) and Li-S stand
out due to their higher theoretical capacity, while Na-ion system is being
studied as a low cost alternative to Li-ion due to the abundance of sodium.
However, it is becoming increasingly evident that the short lifetime is a seri-
ous problem for these post Li-ion technologies [30]. Li-S batteries, despite the
fact that have been recently commercialized [31], are limited to specific appli-
cations in which gravimetric energy density is critical and limited cyclibility is
tolerable. Reversibility, charge-discharge efficiency and long term cyclability
are unsolved issues in Li-Oy batteries, and are unlikely to have commercial
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success. Na-ion system, on the other hand, is usually presented as the cheaper
alternative to Li-ion for grid-scale energy storage. Although energy density
is not a critical parameter in stationary storage, energy-normalized cost is
calculated to be lower for Li-ion compared to Na-ion [30]. Hence, in spite of
being based on cheaper raw materials, Na-ion batteries must improve their
energy density to compete with their Li-ion counterparts.

1.2 Role of surfaces and interfaces

As stated before, during the last decades, big efforts have been devoted
to the development of novel materials and improvement of existing ones in
Li-ion technology. However, the research activity has been mainly focused on
increasing the capacity and energy density of batteries, and achieved advances
would be useless if kinetics are limited on the interfaces. Despite having out-
standing electrode and electrolyte materials independently, it would not be
translated to overall cell performance unless good interfacial stability and Li-
ion diffusion is ensured.

Most evident example of the importance of the interface phenomena is in
conventional Li-ion batteries. Indeed, the formation of a passivation layer on
the negative electrode from the partial decomposition of organic electrolytes
mostly during the first electrochemical cycles is recognized [34]. This layer
behaves like a solid electrolyte interphase (figure 1.5), so it is named SEI [35],
and its formation, nature and behavior have determinant effect on important
properties for batteries, such as cycle life, life time, power capability, and even
their safety.

Formation of SEI via reductive decomposition of organic electrolyte oc-
curs when the electrochemical potential of the negative electrode is below
the Electrochemical Stability Window (ESW) of the electrolyte. If the elec-
trochemical potential of the anode is not within ESW, it will continuously
reduce the electrolyte unless this process leads, within a few cycles, to the
formation of a stable passivation layer that creates a barrier between the
anode and the electrolyte [36]. Most common positive electrode materials
are within the ESW of conventional electrolyte, whereas negative ones are
mostly out of it. Thus, electrolyte decomposition is usually more prominent
in negative electrodes than in positive electrodes. However, some high volt-
age cathodes which have always been of interest considering the significant
increase in energy density they can trigger, are out of ESW and electrolyte is
oxidized in these cases. Formation of a stable SEI layer, which is sometimes
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Figure 1.5: Representation of the different interfaces present in a Li-ion bat-
tery (top) and the SEI formed on conventional negative electrode (bottom).
Modified from [32] and [33].

called solid permeable interphase (SPI) in the cathode's side, is also needed to
avoid continuous decomposition of the electrolyte. Moreover, even the elec-
trode materials within the ESW are not free from interfacial reactions with
the electrolyte [37]. Despite the fact that the effect in the later case is much
less pronounced, a good understanding of these interfacial processes would
help to improve the electrochemical performance of the electrode materials.

Moreover, the implementation of certain solid electrolytes under study
would be really interesting, since it would widen the electrochemical win-
dow [38], enabling the use of electrodes that are out of the ESW with current
liquid electrolytes, and would also overcome safety concerns related to such
liquid flammable electrolytes. Nonetheless, in the all solid state configura-
tion, interfaces also play a critical role, as poor interfaces are very often the

Chapter 1. Introduction



1.2. Role of surfaces and interfaces || 9

responsible of hindering the performance of potential solid electrolyte alter-
native materials.

Finally, it is worth noting that electrode-electrolyte interfaces are not the
only ones present in a cell. Electrode-current collector interfaces should also
be considered, as formation of interphases could involve an increase of internal
resistance that would hamper the proper operation of the battery. Therefore,
understanding the processes occurring on different interfaces at cell level is
essential, and build-up of appropriate interphases would help to enhance the
electrochemical performance of Li-ion batteries.

To elucidate interface processes, study of surfaces in the electrodes is nec-
essary. Although the surface study of conventional electrodes is possible and
very useful, thin-film electrodes offer an ideal system to investigate interface
reactions, since they are characterized by the absence of any additive and the
flat surfaces they contain [39]. Besides, thin film electrodes and electrolytes
can also be used to conform a microbattery, which is, in fact, a system with
a great potential as it will be described in next section.

1.2.1 Thin-film Li-ion microbatteries

All solid state thin-film Li-ion battery concept (figure 1.6) was demon-
strated many years ago [10,11], and microbatteries based on that idea have
been commercialized since then [12—11]. Most of them are based, as in the
case of the conventional batteries, on the LCO as cathode material. The
difference is on the use of metallic lithium as anode material, which use is
possible due to the stability of the glassy electrolyte that is most commonly
used in thin-film batteries, namely, LIPON [15].

Thin-film batteries have many advantages compared to their bulky coun-
terparts in Li-ion batteries. Since the solid electrolytes used in thin-film
batteries have a much wider electrochemical voltage window, very low volt-
age anodes and high voltage cathodes can be used [17]. Moreover, the use of
conductive additives and binders (always present in conventional electrodes)
is avoided, as well as the separator, since the electrolyte plays the role of both
ionic conductor and physical barrier between the electrodes. Based on these
particularities, thin-film batteries have upgraded specific energy and energy
density [6] (figure 1.4). Even more, it is worth noting that the much wider
temperature window of solid electrolytes (-40<T<150°C) compared to com-
mon liquid electrolytes (most fading at T>60°C), improves the response of
Li-ion batteries in extreme conditions. Other beneficial properties are the
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Figure 1.6: Typical scheme of a thin-film battery (modified from [1(]).

longer cycle life (>45000 cycles have been demonstrated [14]), the safety (in-
cluding compatibility vs metallic lithium and absence of any risk related to
leakages [18]), and the possibility of integrating the battery directly with
micro-electromechanical devices (MEMS) [418,419].

Indeed, on coming Internet of Things (IoT) and new industrial (14.0)
revolutions lay on the continuous miniaturisation of autonomous (wireless)
sensors and electronic devices. One of the limiting factors in this technolog-
ical revolution is the need for high performance power sources at the same
miniaturization scale. Here, the role of thin-film Li-ion batteries will be of
paramount importance, as far as the energy density and overall performance
of current microbatteries is improved to meet the requirements of this tech-
nology (such as geometry, energy density and power capability). The range
of possibilities in terms of applications is incredibly wide (figure 1.7), includ-
ing, portable electronics (wearable devices, smart cards, RF ID tags, wire-
less sensors and energy harvesting devices), health (biosensors, pacemakers,
drug delivery systems and body monitoring systems), robotics, automotive,
industrial and even spaceship applications [50]. In industry, for instance,
machine to machine connectivity is often done using cabled devices and con-
ventional batteries, which is sometimes inconvenient also involve a significant
cost in wiring and connections. All solid state thin-film batteries could play
an important role when connectivity is needed in places difficult to reach or
extreme temperature conditions, among others. Besides, in the automotive
industry, smart transportation is becoming a reality. Modern cars have up to
100 sensors nowadays, and that number will grow in the future based on the
increased use of wireless systems and devices with added functionality [51].
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Figure 1.7: Some of the potential applications for Li-ion thin-film batteries.

Taking into account that cabling is currently the third heaviest component
in a car, thin-film batteries integrated in the sensors would potentially be the
enabling technology for a distributed energy storage that would reduce the
cabling. Medical applications are another field in which thin-film batteries
can offer unique opportunities. Implantable or ingestible smart devices pow-
ered by a thin-film battery may be used to collect patient data and support
drug delivery, and this microbatteries could also be directly part of wearable
devices such as smart contact lenses [52].
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1.3 Scope of the thesis

Along this introductory chapter, the importance of storage technology in
general, and Li-ion batteries in particular has been presented. The relevance
of investigating interfacial phenomena has been highlighted, since the knowl-
edge of the processes occurring at different cell surfaces and interfaces will
most probably be one of the keys for the development of batteries with up-
graded performance. Based on this assumption, the thesis work presented
here has been focused on the study of surfaces, interfaces and thin-films of
different materials that will play an important role within Li-ion technology
in the near future.

After a brief description of the experimental techniques used to develop
this work (chapter 2), surface evolution study upon electrochemical cycling
of Lithium Titanate (LTO) electrode material was carried out in chapter 3.
LTO is, in fact, a material that attracted great interest at research level dur-
ing the last years, partially nested in its particular properties regarding the
electrode-electrolyte interface. The work developed in this chapter, was per-
formed within the framework of SIRBATT FP7 European project (Stable
Interfaces for Rechargeable Batteries, No 608502), aiming to elucidate the
behavior of LTO (111) surface during discharge-charge cycles. Additionally,
evolution of surface strain over such surface during electrochemical cycles has
been analyzed.

In chapter 4 the effect of different coatings applied by Physical Vapour
Deposition (PVD) techniques was investigated. Electrochemical cycling of
coated LTO electrodes was compared to non-coated ones to identify the ben-
efits that could stem from the surface coatings, enhancing the performance
of the electrodes. Differences on the chemical composition of surface species
formed on the electrode-electrolyte interface for coated and non-coated elec-
trodes was analyzed by means of surface specific techniques. In addition,
due to the complex composition of conventional electrodes, thin-film LTO
electrodes were studied, as a system that could give better insight of the phe-
nomena taking place on electrode surface upon cycling. Thus, the study of
the surface composition evolution was repeated on thin-film electrodes in the
case of the most promising coating material.

Continuing with thin-film studies, in chapter 5 Lithium Nickel Manganese
Oxide (LNMO) cathode material was investigated as alternative thin-film
electrode for Li-ion microbatteries, which potential for a wide range of ap-
plications was described before. For the optimization of LNMO thin-film
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production, several parameters were studied, such as annealing atmosphere
and temperature, which were analyzed by means of a large set of techniques
for a comprehensive characterization at different levels. Electrochemical per-
formance of LNMO thin-films was also presented, elucidating the effect of pa-
rameters like the thickness and the temperature. Besides, interfaces were also
investigated at both sides, namely electrode-current collector and electrode-
electrolyte interfaces. In the former case, possible oxidation and diffusion
phenomena were analyzed, while, in the later case, a sputterability study of
Li;ZryLazOq9 (LLZO) ceramic material was described, as alternative thin-film
solid electrolyte. The research work presented in chapter 5 was carried out
within the framework of MONBASA H2020 European project (Monolithic
Batteries for Spaceship Applications, No. 687561).

Finally, in chapter 6, overall conclusions drawn from the whole research
work were presented. Future perspectives, with questions that remain open
and research activities that can be continued, along with possible new studies
that could be raised were also described in this final chapter.
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