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General introduction

Climate change represents one of the great emaeatal and social challenges of the
215 century. The International Panel on Climate Chiti@€C) notes in its Sixth Assessment
Report that anthropogenic greenhouse gas (GHG)semg have increased globally from
about 5 GtCQeg/year in 1850 to 59 GtGeqg/year in 2019. This has led to an average
increase in the surface temperature of the Earthl5iC (Figure 1). Further global warming
could cause an increase in the occurrence of egtreeather events (heatwaves, heavy
precipitations, etc.), and have disastrous consemseon human health, food security, human
infrastructures, and biodiversity; all of theseeefs would be observed globally, and especially
in developing countries, which are likely to be thest vulnerable to the consequences of
climate change. In order to avoid the worst-casmaio, it is necessary to limit the average
increase in global warming to 2°C, or even 1.5°QhQ0 (compared to the 1850-1900 time
range). Such a feat requires a worldwide effordéarease GHG emissions, and thus the

implementation of new environmental policies in imenediate future

Greenhouse gas (GHG) emissions resulting

from human activities continue to increase
60

a
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Figure 1 — (a) Global net GHG emissions from 1852019, in GtC@eqg/yr. CQ emissions from fossil fuels
and the industry sector are in dark blue, thosa fland use, land-use change, and forestry aresiyy @nd non-
CO; emissions are in light blue. (b) Variation in giblsurface temperature between 1850 and 2019. (c)
Estimated contributions of different drivers to titeserved global warming between 1850 and 2019ptkdia
from IPCC’s AR6 Synthesis repért
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In 2019, the buildings sector was responsiblfof6 of GHG emissions globally (12
GtCO-eq), and more than half of these emissions (5T&sg caused by the generation of
heat and electricity (6.9 GtCeq). Moreover, C@emissions related to the buildings sector
increased by 50 % between 1990 and 2019. Thisaserean be explained by several factors:

* aglobal population growth, especially in develgpoountries,

* anincrease in the floor area per capita,

» the inefficiency of newly constructed buildingsdaveloping countries and the lack of
renovation in developed countries,

* an increase in the number of appliances found givan household (especially for
cooling, and information and communication techgads),

* and the use of fossil fuels for the offsite produtiof heat and electricity.

From these observations, several pathways emedgrtease the amount of emissions
due to the buildings sector. One of these pathvisyise design of buildings using efficient
technologies, and thus, efficient materials; sualidings would consume less energy for
thermal regulation, and therefore GHG emissions tlueffsite heat generation would
decrease. On top of that, it is essential to uskent@ogies and materials that are adapted for
future climates, which will be characterized byreased temperatures: the need for indoor
cooling will become more significant as heatwavesdme more common in the years to

comé.

One of many technologies that could be used fod#sign of energy efficient buildings
is the electrochromic window. By application of@tage bias, an electrochromic window can
switch reversibly between two extreme optical state “bleached” state in which the
transmittance of the window to visible and nearardd radiations is at its highest, and a
“colored” state, in which the same transmittanceaisits lowest® If used correctly,
electrochromic windows enable a better indoor tewipee control all year long, while

maintaining good visual comfort for the buildingiscupant

The architecture of such electrochromic devicegiige similar to that of a battery: two
electrodes are separated by an electrolyte; at ¢tees of the electrode is an electrochromic
material. When applying a voltage bias, the exchasfgsmall, monovalent cations from one
electrode to the other is done through the elegepivhile the exchange of electrons is ensured
by an external circuit and by transparent curr@tiectors at the back of the electrodes. As
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their oxidation state change, one or both elecsocleange color: this change of optical

properties is going to define the efficiency of fimal electrochromic device’.

For this reason, it is essential to look into #t@hromic materials and their properties.
SAGE Electrochromics, Inc., a subsidiary of Saimb&@n, produces SageGlass
electrochromic windows, based on the reversibldhange of Li ions between the device’s
electrode’ In these devices, the negative electrode (oétfarned to as the “counter-electrode”
or “CE”) is a lithium-nickel-tungsten mixed oxit¢ Although, SageGlass products are very
efficient electrochromic devices, there is a ladkuaderstanding when it comes to the
relationships between the composition, the stre¢tand the electrochemical and optical
properties of the counter-electrode. Improved kmolge on these aspects could open new

paths for the development of electrochromic maleria

The goal of this thesis is to look at several cosigons in the O — NiO — WQ
ternary phase diagram, in order to study theiccstinal, electrochemical, and optical properties,
and to use these results to shine a new light erelactrochromic behavior of the counter-

electrode found in SageGlass products.

Thesis outline
This manuscript is divided into four chapters.

Chapter | is dedicated to an in-depth descriptbrthe working principles behind
electrochromic devices, especially those appliedniart windows. It also provides a short
description of the different types of electrochrommnaterials that can be found in
electrochromic devices, with a special focus ongaaic oxides. Finally, it presents what is
currently known about the iNi1yWyO, counter-electrode used in SageGlass products, in

order to identify what questions need to be anssvezgarding this specific material.

Chapter 1l deals with kNi2W-0Oo, a new material found when exploring the
Li2O-NiO-WOs ternary phase diagram. This chapter details thethesgis process of
LioNi2W209 powder, and the resolution of its crystal struetutt also describes the

electrochemical, electrochromic and magnetic prigseof this layered material.

Finally, Chapter 3 delves into the electrochemieaktions occurring in kNi1.yWyOn
counter-electrodes when cycled against lithium hiata liquid cell. In order to gain further
insight into the origin of these reactionspast-mortemX-ray photoelectron spectroscopy

(XPS) study is conducted, and the electrochemiedlabior of different powders in the

4
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Li2O-NiO-WOs ternary phase diagram ¢MVO4, NiWOsa, Li2Ni(WOa)2, Li2Ni2W20g) are used
for comparison. Moreover, this chapter describesaptimization of a spin coating process,
used to prepare iNiyW,On thin films with different compositions, which carore rigorously
be compared with SageGlass counter-electro@gserando UV-Visible experiments are
conducted, in order to confront the optical andteteehemical properties of the spin coated

films against those of the counter-electrode.

In the end, this manuscript offers a fresh undeding of the Li-Ni-W mixed oxides:
it unveils the properties of a new phase, and sffeew leads to comprehend the

electrochromism of nanocomposite Li-Ni-W-O thimfd.
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1.A. The history of electrochromism, from its disceery to modern
applications

Definition and early studies

The term “electrochromism” was coined by Platt1l®6P. It was initially used to
describe how the absorption and emission spedites,(the color) of certain dyes could be
shifted by application of a strong electric fiefth updated definition, better fitted to the current
state of this field of research, might be writtenfallow: electrochromism is a property of
condensed matter, in which the application of &ctelcal current or an electric field induces

changes in the optical properties of the matetialised.

Here, “changes in optical properties” may be ustherd as changes in the absorption,
scattering, and polarization of incident light e telectrochromic matertatts Although it is
often added that these changes should be reveesibligersisteft these aspects are mostly

required for modern commercial applications.

a) b) s

W200s8

Wi18049

WO2

Figure 1.1 - (a) Prussian blue LUX pigment from ikex Pigmente. Adapted from referettc¢b) Colors of
various tungsten oxides and tungsten metal. Ad&poed referenc®.

Historically, the discovery of electrochromism dantraced back to two distinct events.
In 1706, Dippel and Diesbach perfected the synshesiiron(lll) hexacyanoferrate(ll),
Fej [Fe''(CN)¢],, also known as Prussian blue (Figure 1.1a), wivihthen sold as a pigment.
Part of its synthesis process was the oxidationotdrless iron(ll) hexacyanoferrate(ll) by
ambient oxygelt. A century later, in 1815, Berzelius observed thiaén heated in a flow of
dry hydrogen, W@ a pale yellow powder, was reduced and changeu @eigure 1.1
A similar effect was reported by Woéhler in 1824sttime induced by the reduction of WO
by sodium metaP'® The cases of Prussian blue and tungsten(V1) aigsignificant, because

these are the first examples of materials changptgal properties due to an oxidation or
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reduction reaction, i.e. due to a gain or loss@tteons. These two compounds paved the way

for the conception of many devices relying on aceical current to induce changes in colors.

One of the earliest example of such a device wasady prototype of the fax machine,
based on the use of electrochromic reactions atehigal by Bain in 1843’ It relied on the
formation of a Prussian blue compound, using am$tglus and paper damped with a solution
of potassium ferrocyanide 4fc€' (CN)e]-3H20. An electrical current was applied through the
tip of the iron stylus; when run across the pafiex,metallic iron was oxidized to form ferric
ions (Equation 1.1), which reportedly reacted whih potassium ferrocyanide to form the dark

Prussian blue compound (Equation 1.2):

Fe(s) — Felaq) + 3e” 1.1
Ko + Felay + [Fe'' (CN)g](ag) = KFe!'[Fe! (CN)¢] s 1.2

Hutchison used a similar approach in 1913, wheroheeived an electrochromic display based
on the electro-oxidation of phenolphtaléi® Then, in 1930, Kobosew and Nekrassow
reported for the first time a coloration chang&\fs following electrochemical reductiént®
Reportedly, they coated W@n an unknown, inert electrode substrate, immeitsad an
agueous acid, and upon electrochemical reductigugton 1.3), the material went from

transparent to dark blue.

W03 + xH{g) + xe™ = HyWO5() 1.3

This discovery led to the creation of an electroahic printer, patented by Talmey in

1943°2021 Talmey'’s printing device worked very similarly tiose of Bain and Hutchison: a

paper was damped with an electrolytic solution, arstlylus served as an electrode. When an

electrical current was run through the stylus dmaais put in contact with the paper, it would

leave a dark blue or black mark. However, compdacedain’s fax machine, Talmey’s

“electrolytic recording device” used Ma@r WQ; particles present in the paper paste to induce
9
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a color change and make markings on the paper.€ldarochemical reaction followed

Equation 1.3, with protons coming from the ioniaatiof the electrolytic water. This

electrochemical printing method was meant to bé&efasnd more precise than the thermal
method also developed at the time; and the useo@sMr WGO; instead of Prussian blue meant
that the stylus did not degrade upon using thetgmiras the reaction did not require iron.
Moreover, the markings made on the paper were timgeresistant than when other optically
active compounds were used, and the paper dicegatre further treatment after the printing

process.

A common point between Bain, Hutchison, and Talsie@wentions was that none of
them required aeversibleelectrochromic process. For each device, oncentnéings were
made on the paper, they were not meant to be raimareat least not electrochemically.
Reversibility in electrochromic processes was iticed by Brimm et al. in 195%%2 they
completed the work of Kobosew and Nekrassow, bywsig that some sodium tungsten
bronze (NRQWOz) electrodes could electrochemically and reversgvjtich between yellow
and dark blue colorations when used as cathod#ifite H:SOs or NaCl aqueous electrolytes.
The NaWOs material could go from one color to the other ttshing the polarity between
the cathode and the platinum counter-electrodes, ttin@ color of the sodium tungsten bronze
could be selected by reducing or oxidizing it. Avt result of note is that the NHOs
electrode would maintain an intermediate coloné turrent applied to the cell was interrupted
before the complete transition from one extremeacaptstate to the other. With this, the
NaWOs showed bothreversibleandpersistentelectrochromism, two characteristics that are

very useful to modern ECDs.

It is widely considered that what truly kickstattthe research into electrochromism
and ECDs was the work of Deb, first published ir6¥9%4 In this seminal paper, Deb
presented an “electrophotographic system”, whitbwadd the user to record an image in an
electrochromic W@thin film (500 nm), coated on a photoconductivenfof cadmium sulfide
(CdS). The electrochromic effect was allowed byitmezation of water adsorbed/inserted in
the tungsten oxide film (Equation 128%. However, what really stood out in that articleswa
the preliminary work on the electrochromic \Wfdms, more so than the electrophotographic
system itself. First, because it was one of trst @xamples of reversible electrochromism in a
thin film. But more importantly, the paper presents twoedd#ht architectures to study the
properties of the tungsten oxide thin film. For fivet architecture, two gold electrodes are

evaporated on the surface of a YWilm, coated on a quartz substrate (Figure 1.2h)s, the
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coloration of the film occurs along its surfacetvien the two gold electrodes, and requires

the application of a significant DC electric fiefd 10* V.cm). The second architecture is

described by Deb as a “sandwich structure” (Fidub), and was designed to decrease the

voltage bias required to induce the coloration gearin this sandwich structure, the gold

electrode is coated on the entire surface of asM@/Glass stack. Thus, when the gold is

used as a cathode and a 2 V voltage bias is apthitedgh the device, a coloration occurs

through the entire bulk of the film. Although, thasloration process is not reversible in this

case, this set a precedent for the usestéek of thin flmsas an ECD. A year later, in 1970, a

patent by Deb and Shaw was published, describistpek structure in which reversible

electrochromism could be observed, thanks to thditiad of an electron-insulating layer

(SiO,, Cak or MgR) between the electrochromic metal oxide and thents-electrode
(Figure 1.2c). This was what many would call thetfEC*2°

b)

AN
WO,
SnO,

Glass

o
WO,

Electron-insulating layer

SnO,

Glass

Figure 1.2 — (a) Reversible electrochromic systeth wsurface electrodes structure described ereeté’.
(b) Irreversible electrochromic system with a “saiwh” electrodes structure described in referéhice
(c) Reversible electrochromic system with a “sardhielectrode structure described in referéfce
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The architecture of modern ECDs

Following Deb’s publications, a lot of work wasyved into the development of ECDs,
by researchers and companies worldwide. Basedetstndwich” or “stack” architectures,
several designs have been tested through the yediose the scientific community settled for

one design in particular.

Bleaching process Coloration process

i s -
|] |I

) ]

“ 4 |
+¢ Fi- + } g

4‘ Substrate (Substrate) 1

Transparent electronic Transparent electronic
conductor conductor

)

(Substrate) [

Transparent electronic
conductor

Electrolyte Electrolyte ! Substrate

Transparent electronic
conductor

lon storage material Electrochromic material lon storage material Electrochromic material

Figure 1.3 — Architecture and basic principles &tlayer ECD, during the bleaching process (lefij the
coloration process (right).

Figure 1.3 shows the architecture of a typicalayer ECD, for which the
coloration/bleaching process is based on electrocda reactions at two electrodes, and the
rocking of small cations between these electrof@sAlthough other electrochromic stack
layouts exist® 32 this is one of the most common configurationt ihased for smart windows

and many other applications.

The actual ECD is coated on a substrate, whichbeatmansparent to visible light or
reflective, depending on the need the device hdslfih. In the case of smart windows, the
substrate is often transparent: glass can be wwetlaf windows commonly found in the
building sectot®3* while polymer substrates (polypropylene carbaongtelyethylene
terephthalate, acrylic, etc.) are more suitablddsign flexible windows found in vehicular
applicatiod® 3. On the other side of the ECD, another “substrédgér may be in direct

contact with the device to encapsulaté @lthough this is not always the c¥se

The device itself can be divided in three distip&its: a positive electrode, a negative
electrode, and an electrolyte layer. For each reldet the electrochemically active material is

coated on a transparent electronic conductor. Thrassparent conductors are essential to
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efficiently and homogeneously deliver electronsrfrone electrode to the other during the
electrochemical reactions. In the case of smartows, they also need to be optically neutral
in order to avoid disturbing the colorimetry of thendow. Indium-doped tin oxide (ITO) is a
very common choice for this role because of itatrebly high conductivity and high
transparency in the visible rarf§é®, although the price and scarcity of indium haveonee
driving forces behind the research into ITO-freeCst. Meanwhile, the electrolyte layer
serves as an ionic conductor and an electronid¢atuto protect the device from short-circuits
while allowing the transport of the cations neces$ar the electrochemical reactions to occur
at the electrodes. It also needs to be transplmetiite device to work properly. The electrolyte
in ECDs can either be a solid inorganic film (léted tantalum oxide is a well-known
examplé®*9 or a polyme®®. Overall, the electrode/electrolyte/electrode cttrre of the ECD
shown in Figure 1.3, and the reversible electrodbainprocesses behind its operation make it

very similar to secondary batteriés

As stated above, the coloration/bleaching protess-layer ECDs is based on the
rocking of small cations, usually monovalent (¢t Li*), from one electrode to the other. At
the negative electrode, an electrochromic thin fdrooated on top of the electronic conductor;
it usually is a cathodic electrochromic materiahieth means that its optical transmittance
decreases upon reduction. One of the most commaderialato be found in that position is
WQ03327-2942 Meanwhile, at the positive electrode, the acthaterial is an ion storage layer:
as its name suggests, its main purpose is to sairens while the device is in its bleached
state. Some optically passive ion storage matehialee been looked irft6*4 to avoid
disturbing the optical impact of the electrochrornager at the negative electrode. However,
several studies have shown that using anotheretdcbmic material as the ion storage layer
could improve the performances of the entire EQD péarticular, anodic electrochromic
materials, which see their transmittance decrepsa axidation, are a particularly good fit for

the positive electrode of 5-layer EET®

This observation is quite intuitive: using two qaementary electrochromic materials
in the same device, one can increase or decreaseptital density of the two materials at
once. Thus, compared with an ECD that uses anabdigtigassive ion storage layer, a device
built with an electrochromic ion storage layer wikld a stronger optical response for the same
amount of charges exchanged between the two eflsstr&quations 1.4, 1.5 and 1.6 illustrate
this by using W@ as the cathodic electrochromic material, NiO &sahodic electrochromic

ion storage material, and*Las the exchanged cation:
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14
Negative electrode: WOs5() +xLi* + xe™ - Li,WOs3
transparent colored
Positive electrode: NiO, ) + XLi*+ xe™ — Li;NiO, 1.5
colored transparent
Device: WO3(S)+ LIXNIOZ(S) - LiXWO3(S)+ NIOZ(S) 1.6
transparent colored

As for the cation exchanged in ECDs, it usuallyii& or Li*344748 since bigger cations

are more difficult to insert in the electrochromiaterials that constitute the electrgdes

Synthesis process for modern ECDs

Several methods exist to prepare the thin filngaired for an ECD, and to assemble
them together: sol-gel coatitfg®®, chemical vapor deposition (CVEB¥P8 spray pyrolysi®
magnetron sputteriff§*®°1%2  thermal evaporatiéd® pulsed laser depositierf®
electrodepositiot 8 etc. Of those, magnetron sputtering is probabdy rtiost widely used

technique (Figure 1.4).

Sputtering is a physical phenomenon in which nsicopic particles are ejected from
the surface of a material after it has been bondzhby high-energy particles from a plasma
or a gas. Sputteringepositioruses the sputtering phenomenon to produce alfjraollecting

the particles ejected from a target material onkssate.

In a sealed chamber, the target (cathode) ansuibstrate (anode) are connected to the
same power supply; a vacuum pump and a gas iniétatdhe composition of the atmosphere
in the sputtering chamber. An inert gas (most ofteoble gas such as argon) is entered in the
chamber through the gas inlet. The electric fiedthleen the cathode and the anode ionizes the
argon gas and creates a plasma, while magnetsdoisteitarget creates a trap that confines the
electrons and Arions close to the target’'s surface. The elecigldfaccelerates Arions
toward the target, and the impact of the ionizediglas sputter-ejects superficial target
particles. Since these particles are neutrallygddirthey are not stopped by the plasma trap,
and can travel through the chamber to be depositetie substratg’®. Magnetronsputtering

improves on the standard sputtering method, bygdesy the target as a magnetron. Electrons
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follow an helical motion along the magnetic fieldds created by magnets behind the target.
Because of this helical motion, the number of sallis with neutral gas particles is more
significant, the number of charged particles insesa and the deposition speed is faster. The
nature of the power supply will depend, among othargs, on the material constituting the
target: for conductive targets, such as metalsnpls direct current (DC) voltage generator is
enough. For insulating target materials, a radepfemcy (rf) generator coupled with a
capacitor are used as the power supply in ordeli®av the sputtering to occur; rf magnetron
sputtering also prevents the accumulation of clsmtethe cathode surface, and can be

performed at lower gas pressure inside the chafhber

© Target particle

ey [ Power supply |——
o Ar ower supply

¢ Electron

Vacuum
Gas inlet ® % \ pump
* e ° |8 6 | >
——— e ° “ J‘ * | —— 17

~2A BN -

e\,
2 RN 5
Magnets

Figure 1.4 — Simplified representation of the magmesputtering process.

Magnetron sputtering is a very powerful technigpeoducing thin films with
homogeneous thicknesses (as long as the substrsteailer than the target). Although it is a
complex deposition method, this complexity also nsethat it can be finely tuned in order to
obtain films with a wide array of compositions, naistructures, and properties. For example,
reactive sputtering, in which a reactive gas (sagl®) is introduced at the same time as the
inert gas, is very useful to synthetize oxide tfilms from metallic targef&’% Another
example is how the pressure and substrate tempenmaged during the deposition can affect
the crystallinity and the morphology of the fifi% Co-sputtering, in which two or more
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distinct targets are sputtered at the same tinreals® allow the preparation of systems with a
cation mix, such as mixed oxidé$>. And finally, because many compositions can be
magnetron sputtered, it is possible to prepare raimeeinorganic ECD using this single
technique, which is very practical for industrippéicationsg*47:62.76.77

Applications: the case of smart windows

The electrochromic effects has been the sourcmarfy innovations, with varying
degrees of success. ECDs have been studied foicatps to dynamic displays®® car
rearview mirror&’, eyewed8 thermal control for spacecrdfts’’ and smart windows?-

%5 to name the most important fields of work (Figur®). From this point onward, this
manuscript will mainly focus on ECDs used for smdridows, in particular those used in the

buildings sector. This will leave room for an eiiiot discussion on the properties expected for

(i

electrochromic materials used for this specificliegagion.

.
UNIVERSAL MIRROR MONITOR AUTO-DIMMING MIRROR MONITOR

Figure 1.5 — A few examples of commercialized etadiromic devices. Top left: Dusk electrochromic
sunglasses by Ampere LEC Top right: SageGlass Classic electrochromic smierdows by Sage
Electrochromics Inc, at the MRS2 data center inddile, Franc®. Bottom left: Electrochromic display by

Ynvisible Interactive In¥. Bottom right: Electrochromic rearview mirror byenicP®.

The appeal of smart windows in general is to adritie amount of solar emissions
(visible light and infrared emissions) entering wilding, while keeping a constant visual

contact with the outside. The latter aspect is @inthe main selling point of smart windows,
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as regular shading systems (i.e. blinds, shuttersiirtains) will usually completely block the

field of view while in use.

The other main selling point of smart windowshis possibility to decrease the energy
consumption of a building. Indeed, several studege reported that buildings equipped with
smart windows could consume less energy than vgtically passive glazing, especially for
indoor coolind®® This is because, in their darker/opaque statestswindows are able to
reflect and/or absorb a significant part of infdai@missions that would otherwise heat the

equipped building and increase the indoor tempezgtigure 1.6).

Transparent state Opague state
Visible light Visible light
400 - 800 nm Incigep, 400 - 800 nm Incigep,
Trans,..
nsm/tted
d Transp,
aeflect® tteg
Tys = 60 %
Solar heat Absgibed Solar heat
Near infrared I”Cident | Near infrared
Tran
Sm;;
%ﬁfed g-value = 0.09
g-value = 0.41
« NN\ Absorbed| s Abserbed| /\J/ "\
Radiated Radiated Radiated Radiated

Figure 1.6 — Simplified representations of the nmaimcesses involved in the transmission of visiiglet and
solar heat through a smart window, in its transpiestate (left) and opaque state (right). The \@ahfehe
visible light transmission k) and the g-value are those of a SageGlass Cleatr@hromic window, as

reported in referenég

Several technologies are grouped under the temartswindow”. Direct competitors
to ECDs are thermochromf€ and photochromi€* devices (TCDs and PCDs), which can
modulate their optical state thanks to thermal- phdton-based stimuli, respectively. ECDs
have a significant advantage over these other ésfonplogies: because the optical state of an
ECD is changed by the application of an electrédfi it can easily be controlled by an
algorithm. Therefore, using different environmeshsors, the optical modulation of an ECD-
based smart window can be automated and adapted basvarious parameters such as the
temperature of the window, the amount of solarathin entering the building, or the amount
of daylight (i.e. illuminance) in a workspace areegive a few exampl&s!°2 By contrast, the
optical state of TCDs and PCDs depends on enviratahg@arameters which cannot be

controlled. Simulations show that this differencetwieen “active” and “passive” optical
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modulations leads to higher energy savings in imgkl equipped with ECD-based windows
compared to those equipped with TCD- or PCD-basediaws®*°. Other technologies are
being researched for an application to externarswiadows, such as gasochromic devi€gs
nanocrystals-in-glass materie§ electrokinetic devicé®®, or mechanochromic materi#l%
However, none of these technologies seems matorggarto be competitive with ECD smart

windows yet.

On top of other dynamic technologies for smarzigig, ECD windows have to compete
against static glazings (i.e. that do not go thlowgriations of optical states). Simulation
studies usually show that ECD-based windows cawigeolower energy consumption in
buildings compared to static double glazing Jf8 However, this decrease in energy
consumption depends on a significant number ofmatars. Firstly, electrochromic windows
are not adapted for all locations: they are momrggnefficient in regions with warm or hot
climates, that is to say regions close to the egqudhis can be easily explained by the fact
that, since electrochromic windows are mostly réuyienergy consumption related to indoor
cooling, they are more energy-efficient in regionghich there is a lot of demand for cooling
systems, i.e. regions with warm or hot climateds Btso means that electrochromic windows
are most efficient during the summer. At a localscthe efficiency of an ECD-based smart
window will also depend on the orientation of taedde on which it is placed: electrochromic
windows are much more inefficient when they arenfigoorth than when they are facing west,
south, or ea8t'%” Architectural considerations must also be taketo iaccount in the
efficiency of electrochromic smart windows: theylwisually save more energy in buildings
with a high window-to-wall ratio (the ratio of thetal surface of external windows to the total
surface of external wall$)®® This means that smart windows may not alwaysdagted for
all types of buildings: office spaces and comme@iaas may benefit more from ECDs than
residential buildings, for exampfé. Finally, the algorithm controlling the coloratiaf the
ECD smart window can also have some impact ondta energy saving$®1% Overall,
these numerous factors tend to show that the imgation of smart windows has to be
carefully thought through, on a case-by-case basis.

Having stated the importance of extrinsic condsioit is also necessary to highlight
that the intrinsic properties of the ECD will playmajor role in the energy efficiency of an
electrochromic window. Several figures of merits eonsidered to assess the performances of
an ECD:

18



Chapter 1 — Electrochromism: devices, materiald,cnallenges

* The transmittance modulation,AT(A), corresponds to the variation in transmittance
of the ECD between its bleached state and its edlstate. The higheT is on the
Visible/Near infrared (NIR) range, the easier itagontrol the amount of daylight and
solar heat going through the window. This notiooften used in the literature, even
though theoptical contrast, which corresponds to the ratio of the transmaésnn the
bleached and colored states, is more useful totifyarolorimetric and energetic
variations.

* The luminous transmittance (T.) is often expressed as a percentage, and is degcrib
by Equation 1.7:

_ J1IWTMV@)dA
LT 10vQ)da

1.7

where 1) is the spectral intensity of a standard illumin@ue. a source of lightj®1
T(A) is the spectral transmittance of the ECD, andl)\i§ the luminous efficiency
function‘'2113 which corresponds to the average spectral seitgitif the human eye
(Figure 1.7). The Tis a measure of the amount of optical intensityectable by the
human eye transmitted through the ECD and is inu#gret from the wavelength of the

optical signal.

Ipes(A)
== V(A)
— Ipes(A)V(A)

Intensity (arb. units)

' 1 1 I I 1
300 400 500 600 700 800
Wavelength (nm)

Figure 1.7 — Spectral intensity of the CIE D65 dtd illuminant®! (Ipes()), dashed line, light gray), luminous
efficiency functiot®® (V(1), dashdotted line, dark gray), and productyef &nd V (solid line, black).
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The coloration efficiency (1)) is expressed in chC?! and can be calculated using

Equation 1.8:
T, (M)
oy - AoD@) _ 12 =@ 18
" Q Q

whereAOD is the variation in optical density (also calklasorbance) of the ECDy T
and T are the transmittance of the device in its bledched colored states,
respectively, and Q (in C.cfiis the charge required to go from the bleachatkgb
the colored state. The second half of the equatascceptable for systems which
display small changes in reflectance. The colonagfficiency is a measure of the
amount of charges required to make the ECD swigttvéen its bleached and colored
state; by extension, it is a measure of how inicalyy energy efficient the
bleaching/coloration process is. The higher theoration efficiency is, the more
efficient the ECD is.

The coloration and bleaching times+ and tv) are the amounts of time required for
the material to go from its bleached state tootsred statetw) and vice versarg). For

a smart window, coloration and bleaching times dew minutes are acceptable,
considering the size of the devices and the faat ttihe change of optical state is not
usually urgent.

The color of the device can be expresse@IELAB coordinates (L*, a*, b*) 14 The

a* and b* coordinates characterize the saturaticmr¢ma”) and the hue of the device,
and range from negative values (green for a*; Idueb*) to positive values (red for
a*; yellow for b*). The exact range depends on #t@ndard illuminant used for
calculating the coordinates (for example, the Difminant!y). L* ranges from 0
(black) to 100 (white) and represents the opticgithess of the device. Compared to
other color spaces, the CIELAB coordinate systefarefan almost uniform spatial
representation of the colors visible by the humg (Eigure 1.8). What this means in
practice is that, for a human observer, a relatargation in coordinates will lead to the
same color variation, no matter which part of tHELAB color space is considered.
For example, the color variation from b* = 10 to20 will be the same as the color
variation from b* = 80 to b* = 90.
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Figure 1.8 — CIELAB color space for L* = 25 (lef§0 (center), and 75 (right), calculated using & Btandard
illuminant. The only colors shown are those that ba represented by the SRGB gamut (i.e. thatean b
displayed on a computer screen). Each square @fitiés 10 by 10 on the (a*, b*) scale.

It is worth pointing out that these figures of ni®are not specific to smart windows,
and can be applied to other electrochromic devitespptimal values for each of the properties
listed above can vary depending on the applicafimnexample, faster coloration/bleaching
times are desirable for electrochromic displayseyelvear). Moreover, these figures of merits
are commonly used to study the performances ofreldaomicmaterials independently of
any device. Indeed, the best way to improve thensit properties of an ECD is to work on

the materials that constitute it.

1.B. Electrochromic materials

Different types of electrochromic materials

Since the discovery of electrochromic propertie$40z and Prussian blue, many other
electrochromic compounds have been found and stuBiectrochromism can be observed in
materials that are very different in nature, fromgamic to inorganic, from polymers to
molecular species. Because all these materialgeayalifferent, they display a wide variety of
optical properties. This opens many possibiliteeplay with for the development of ECDs, so
much so that one can easily find the right matddrlthe type of device they are trying to
make. Moreover, the electrochromism in these diffematerials can stem from very different
electrochemical mechanisms; understanding theroafjihe electrochromic properties in one
material may not give you the insight you needultyfgrasp the electrochromic properties of
another material. This is true even for materialssmmilar nature; for example, the
electrochromic mechanism of W@ well reported, while the mechanism underlyihg t
electrochromic properties of nickel oxide (NiO) r@ms a subject of debate, even though both
materials are inorganic oxides. A final consequegitke diversity in electrochromic materials

is the emergence of different types of electrochsam These types were established by
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Mortimer'!, and are based on the solubility of the electroctic species. Type-l species are
soluble in both oxidized and reduced states. Tygpdcies are soluble in one redox state, but
forms a film on the working electrode when in thter redox state. Meanwhile, type-lii
species remain as films no matter the redox stalleof these aspects are to take into
considerations when conceiving an ECD: becauseldwrochemical mechanism behind the
electrochromic properties can be completely difiersfom one material to another, the
architecture of an ECD can bary greatly dependmthe optically active material it is based
on. Hence why the ECD architecture shown in Figugais not universal.

Organic electrochromic materials

Organic electrochromic materials can be dividedsimaller categories: molecular

compounds, polymeric compounds, and complexes.

Viologens are parts of a family of organic compadsinbased on the disubstitution of
4,4'-bipyridine to form 1,1’-disubstituted-4,4’-bjgdinium cations'®. After synthesis, they
are usually obtained as salts, and exist in thiféereint oxidation states: the initial dicationic
state ('), a cationic radical state Y, and a neutral state {V (Figure 1.9). The
electrochromic effect in viologens is obtained tytshing, through redox reactions, between
the colorless/pale yellow dication and the inteypselored cation radical. This color can be
controlled by the substituent(s) bonded to theogén atoms, the counter-anion, and the liquid

electrolyte used for the electrochemical reactidihe color ranges from crimson to gré&én

+_ o +__ P! te _ +_ ._ =) te _ o T D
R—N: »—( N—R == R NQ—QN R == R—N )=( N-—R

v2+ vo+ vo

colorless colored colorless

Figure 1.9 — The three main redox states of a arandologen. R and R’ represent any substituerd,can be
identical.

Viologens are type-l or type-ll electrochromic evaéls, depending again on the
substituent(s); long alkyl chains and aryl substits make the radical cation insoluble. For
example, the original viologen, 1,1’-dimethyl-4[#ypiridine, also known as methyl viologen
(MV) or paraquat'®, is a type-I electrochromic material; this cardiéaproblems when using
the material in an ECD, because the colored stat®ti persistent. As soon as the reduction
current is removed, the colored species diffusesyavom the electrode and the device loses

its coloration. On the other hand, devices basetyperll viologens, such as heptyl viologen
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(HV) display persistent electrochromism, as a statblored film is formed on the electrode
upon the reduction of the dication to the catiodiaal*'®, Viologens can also be used to
conceive type-lll electrochromic materials, nametganic or inorganic composites. In these
cases, the bypiridinium dications are immobilizedar on) an (in)organic matri¥-122 With

this approach, electrochromic films based on viefogpecies can be elaborated and coated on
transparent electrodes. All of these charactesistiake viologens quite versatile, although they
are not adapted for all commercial applicationseyl'lare mostly studied for products that
require fast coloration/bleaching times, such apldiy$2! and rearview mirrors?

Research about electrochromic polymers is mosityiged on conducting polymers;
this rather broad term regroups several familiespolymers, such as polythiophenes,
polypyrroles, and polyanilines (Figure 1.10), whiahe heavily studied in the field of
electrochromism. Similarly to viologens, the ingim optical properties of conducting
polymers stems from their characteristic conjugagdcturé?®. Conducting polymers are
insulating in their neutral state, but display rekadle electrical conductivities (hence their
name) when they are doped, i.e. when they are ipagitor negatively charged by
electrochemical or chemical redox reactions. Irt,féwey display conductivity values and
behaviors that are comparable to those of a metaflateriat?’. In general, this high
conductivity can be explained both by the deloeaion of the electrons by the polymets’
bonds, and the relatively small gap of the mateiiatheir doped state, which let the electrons
move freely along the conjugated polymer chain. But broader sense, this increase in
conductivity can be explained by a change in thedbstructure of the polymer; this band

structure change is also the source of changeberoptical properties of the conducting

polymers.
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Figure 1.10 — Chemical structures of polypyrrold®y (left), poly(3,4-ethylenedioxythiophene) orIRET
(middle), and polyaniline or PANI (right).
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The interest in conducting polymers is due to rthgood performances as
electrochromic materials (fast coloration/bleachiinges, high CE, etc:3®'28 put also to the
fact that their optical properties can be finelged by slight modifications in the monomers
used to synthetize théai13? In particular, in terms of color, those polymeas be blue, green,
yellow, orange, red, pink, etc. depending on th@onoer usetfl. Moreover, because of their
mechanical properties, they are well adapted toctireception of flexible, type-1ll ECDs,

especially smart displaye:130:132

It is also worth mentioning that there are numereaports on transition metal
complexes with organic ligantf$, or even polymeric complexes of transition métilThey
also display a wide array of colors based on tlwecehof the transition metal and the ligands.

Some MOF$®>13%have also been reported to show electrochromisepties.

Despite the extensive research available on orgdactrochromic materials, it seems
that they have not often been considered for a cemmial application to smart windows. This
may be due to the fact that organic thin films ao¢ always thermally stable, and can be
difficult to process at the industrial scale. Lidinased deposition methods are the only
available options, and although they work well ital, they are not always adapted for the
industrial scale, as it can be difficult to contiftd morphology of the films produced with these
techniques. Moreover, in the case of smart windimwbuildings, the surfaces over which the
materials must be coated are quite large, makiagah more difficult to ensure films of good
quality by wet coating methods.

Inorganic electrochromic materials: Prussian blue

As stated before, Prussian blue played a crucbd m the initial research on
electrochromism. Ever since the first report oneisctrochemical (de)coloration as a thin
film*¥’, numerous studies have been produced on the adbovmic properties and
performances of Prussian blue, and on those ofriakstesimilar to it. Prussian blue and
Prussian blue analogues (PBA) share the generaufarMj[M"(CN)¢]«- nHO, where M' and

M" are transition metals, and j, k are integers.

Prussian blue is characterized by various redabest associated to different coldfs
140 Full oxidation of the ferrous cation in Prusskdne will lead to the formation of Prussian
brown, a golden yellow compound (Equation 1.9); méale, as a bulk material, partial
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oxidation of the ferrous cation in Prussian bluelds Prussian green, also known as Berlin’s

green (Equation 1.10).

1.9
(Fe'"[Fe(CN)4])~ = (Fe''[Fe (CN)g])+ €~
Prussian blue Prussian brown
3(Fe!"[Fe"(CN)g])™ — (Fe5'[Fe (CN)4],[Fe (CN)g]) + 2e” 1.10
Prussian blue Prussian green

Although these two reactions can be associatetetdrechromism, the redox process that is
more interesting for an application to smart window the reduction of Prussian blue to
Prussian white, also known as Everitt's salt. Te@uction occurs by giving one electron to

the ferric cation in Prussian blue (Equation 1.11).

(Fel'[Fe'(CN)¢])~™ + e~ — (Fel'[Fe''[(CN)¢])?™ 1.11
Prussian blue Prussian white
As a thin film, Prussian white is transparent, asdvell suited for the bleached state of
electrochromic smart windows. Meanwhile, the ineebtue coloration of Prussian blue is
perfect to absorb incoming light. The reductiofPadissian blue to Prussian white is reversible,
and Prussian blue thin films are type-Ill electmmrhic materials, which means that coloration
changes are also persistent once the electricalitis opef*.

The redox processes in Prussian blue is ofterceded to the (de)insertion of cations
in the materid*>=*2 This is due to its crystal structure: in its idgtate, Prussian blue displays
a face-centered cubic, double perovskite structwéh wide interstitial sites that

accommodates the insertion of small cations (Figuté)4S.

In practice, the presence of defects (namely v@ean coordinated and interstitial
water, and inserted small cations) will often léad decrease in the symmetry of the structure,
from cubic to rhombohedral, tetragonal or monockHi*® In any case, this redox
(de)insertion process makes Prussian blue espeaiadll suited for the five-layer ECD
architecture described in Figure 1.3. Most devii@sed on this material found in the literature
use that five-layer architecture, with a monovaleation (Li", Na", K*) as the insertion
specie&*® 152 |n fact, Gesimat has already commercialized saahevice, with W@ and

Prussian blue as the cathodic and anodic electodbrmaterials, respectivéfz. Some
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studies are also looking into the electrochromidgrenances of PBAS*1% but so far it seems
that the original FgFe(CN)]s compound remains the best electrochromic materighis

family.
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Figure 1.11 — Ideal cubiem3m crystal structure of Prussian blueJFe(CN)]s. Fe" is in yellow, Fé is in red,
N is in blue, C is in black.

Inorganic electrochromic materials: transition mesades

Following the discovery of electrochromic propestiin WQ, the electro-optical
properties of many other transition metal oxidesemeharacterized in order to find other
materials with similar behaviors. Electrochromiansition metal oxides have for general
formula MOy, with M the transition metal, and x and y integgependent on the valence state

of M.

Various transition metal oxides have been showdigplay electrochromism (Figure
1.12). In addition to W@ cathodic electrochromism has been observed in'T40
Nb2Os"1%8 Ta,05™° and MoQ'®. As for anodic electrochromism, it has been regmbih
Cery161, Mnxoy162,163: FQO3164’165, RUQ]'GB, COd.G?,lGE? R"'EO3169, |eryl70’171, Ni0163’172, and
CuO'"3, V,0s can display both cathodic and anodic electrochsomidepending on the amount
of charges inserted into the matefialOf all these compounds, WMoOs, V20s, IrkOy, and
NiO encountered the most success, and are the shadied in the literature, most likely

because of their superior properties as electrostormaterials’™.

It is difficult to establish a general mechanisin the electrochromic phenomenon in

transition metal oxides, as the exact electrochahgicocess can vary from one oxide to the
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next. Overall, the redox process in these compoistdased on reactions with small cations
(H*, Li*, Na"...) or anions (OH to compensate the loss or the gain of electrasch is
associated to the oxidation/reduction of the ttasimetaf2® In that regard, transition metal

oxides are similar to Prussian blue, and thus a&leswited for five-layer ECDs (Figure 1.3).

Group
1 18
Period
1[H]| > DAnodicelectrochromism 13 14 15 16 17 |HE
2| Li IBe | Cathodic electrochromism BI|C[I[N|O]|F [Ne
3INalMg| 3 4 2> [AIfSI|P|S|CI|Ar

5 1
4| K [Ca|Sc| |V Zn|GalGe|As|Se|Br|[Kr

6 7 8 9 10 11
CrlMnfFelColNiCu
s|[Rb|Sr| Y |Zr|Nb[Mo| Tc [RufRh]Pd|Ag|Cd| in [Sn|sb| Te| I |xe

s|Cs|Ba| * |Hf|Ta| W [Re|Os[Ir] Pt |AulHg| TI |Pb]| Bi [Po| At |Rn
7| Fr [Ra|** |Rf [Db|Sg|Bh[Hs|Mt|Ds[Rg|Cn|Nh| FI [Mc|Lv|Ts |Og

Figure 1.12 — Periodic table showing transitionatsethat can yield electrochromic oxides. Elemastociated
to anodic electrochromism have a blue backgroumiewhose associated to cathodic electrochromiane a
red background. Lanthanides (*) and actinides &r§ not shown for the sake of simplicity.

The electrochemical behavior of any of these axidealso dependent on the type of
electrolyte used to charge/discharge it. The disbin is especially important between aqueous
electrolytes, for which the inserted ions will aftee H or OH7%-18 and polymer, inorganic
liquid, or solid electrolyted:1"118L for which the redox process often relies on tiseition of

an alkali cation like L.

One of the main strengths of transition metal egids the wide array of synthesis
processes through which they can be produce@y thin films can be obtained through liquid-
based techniqué&¥-'* and electrodepositidff, but also through vacuum deposition
technique¥®*®’ such as the magnetron sputtering method descehdikr in this chapter.
This is especially useful to obtain uniform films substrate with large surface area, and as a
consequence, transition metal oxides are used ist BG@Ds for commercialized smart

windows®.

In particular, WQ is almost always the cathodic electrochromic niaten these
ECDs?3-35489.1593 gwing to its great performances, the good undedihg of its
electrochemical mechanism, and its color rangem(fteansparent to dark blue), which is
pleasant for a building’s inhabitants. As for thedic electrochromic material, it can vary

from one brand of smart window to the next. Isiailso a transition metal oxide, it can either
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be NiO or IkOy, as they display better performances than othedianelectrochromic
oxided’®. However, the high cost of iridium seems to pusthlyesearchers and industrials
toward the use of NiO thin films as the counteettme in ECD¥® What is appealing about
having both W@ and NiO as the electrode materials in a five-1&y€D is the opportunity of
assembling the entire device using only one metimatked, if the electrolyte is an oxide (such
as TaOs or SiQ)) and a transparent conductive oxide (e.g. IT@ped as the current collector
for both electrodes, then the entire device canplapared using a vacuum deposition
technique. Each layer of the device simply needbeacoated successively, on the same

substrate, by changing the target mat&idl

Selecting an electrochromic material for a smarndew

Table 1.1 — Performances of a few electrochromitenads found in the literature.

. ) . Coloration Cycling
Material Anodic/Cathodic ~ Type nQ) (cm.C1)  AT(2D) (%) . Ref.
range stability
Methy| Cathodic Type-| ~ Colorlesse / / / 169
viologen Purple
Heptyl Cathodic Type-Il Colorlesse / / / L7
viologen Purple
PEDOT on
. . i Sky blue—~ 174.3 59.3 > 500 190
haloysite Cathodic Type-lll Dark blue (600 nm) (600 nm) cycles
nanotube
PANI/MXene . ) Gray « Dark 210.48 93 101
composite Anodic Type-lll green (1079 nm) (1079 nm) 1000 cycles
. . .,y Colorless— 44.9 > 150 143
Prussian blue Anodic Type-lll Dark blue 87.4 (680 nm) (680 nm) cycles
. Colorless— ~64 to 87 ~65 > 500 192
WOs Cathodic Type-lll “hark blue (528 nm) (528 nm) cycles
. Colorless— 193
MoOs Cathodic Type-lll Dark blue 13 (633 nm) 43 (633 nm) /
. . Colorless— 1000 104
NiOxHy Anodic Type-lll Dark brown 57 (650 nm) 21 (550 nm) cycles
. ) Colorless— > 2000 1
IrxOy Anodic Type-lll Blue-gray 26.6 (550 nm) 35 (550 nm) cycles

In the end, the choice of an electrochromic makdéor smart windows will depend on
numerous parameters: its electrochromic performgantelong-term stability, its coloration
range, how easy it is to process, its cost, etbleTA.1 summarizes some of the performances

for a few electrochromic materials.
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When comparing the electrochromic performancediférent types of materials, it
appears that if W@and NiO are better than other transition metadesj they are not
particularly superior to materials of different mas, such as conducting polymers and
Prussian blue. In fact, they usually display loweloration efficiency. However, W{and
NiO are transparent in their bleached state, aacienistic that sets them apart from conducting
polymers. Thus, the choice of transition metal egidor an application to smart windows
probably stems from a compromise between sufficelettrochromic performances, an

optimal coloration range, and an easy processingédgnetron sputtering.

1.C. Nickel oxide thin films: mechanisms and improgments

Using an electrochromic material for the countiecteode in an ECD-based smart
window, on top of the electrochromic working elecke, can greatly improve the performances
of the entire device, especially in terms of cdlimraefficiency and transmittance modulation.
For this reason, there has been extensive reseatchunderstanding and improving

electrochromic NiO thin films, to use them at ttositive electrode of ECDs.

An elusive electrochemical mechanism

Figure 1.13 — Ideal crystal structure of cubic sadkNiO. Nickel centers are in green, oxygen asraee in
red.

NiO thin films have been the source of many disagrents in the field of
electrochromism, and there is a lack of consensuth@ir electrochemical behavior, both in

agueous electrolytes and in non-aqueotischnducting electrolytes.

Theoretically, NiO has an ideal rocksalt-like aubtructure, crystallizing in them3m

space group with a lattice parameter of 4.178 Ay 1.13)°. In practice, there is always a
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slight deficit of nickel in the material; hencegetheneral formula Nig) with z > 1, is more
accurate to describe nickel oxide. This nickeldefmanifests itself by the formation of nickel

vacancies in the lattice structure of the compétfdranting it a p-type conductivity/.

In its initial Ni#* state, NiO is mostly transparent to visible lighis can be explained
by its band structure (Figure 1.14): NiO’s banddap,is roughly equal to 3.81 €%, and is
characterized by a charge-transfer excitation @®cdue to a strong hybridization of the
nickel’'s 3 orbitals and the oxygen'arbitals®®2% The maximum wavelength absorbed by

NiO due to its bandgap transitidn, can be estimated using Equation 1.12:
C
eEg =ho- 112

where e is the elementary charge of an electr@X1.0° C), h is Planck’s constant (6.63 x
103* J.s) and c is the speed of light (3 »® h@is?). For i = 3.81 eV \q is equal to 382 nm,
which is below the range of visible light (400 ned&@00 nm): NiO’s bandgap is too high to

efficiently absorb visible light.

E (eV)
Conduction band Byf \
E, = 3.81 eV I A
'--7---;7:7-_ Ni 3d

Valence band | €a1 tgl

-
O2p

O 2s

/L

Figure 1.14 — Simplified representation of the batrdcture of NiO. Edesignates the Fermi level angtke
bandgap. Majority spin states and minority spitestare represented byand|, respectively. Filled states are
shaded.

Things become more complicated when consideringehioxide thin films in their
oxidized state. Upon oxidation, NiO becomes darbwior and its transmittance across the

30



Chapter 1 — Electrochromism: devices, materiald,cnallenges

visible range decreadés However, the exact mechanism behind this redactien is

uncertain.

Coloration/bleaching mechanism of NiO in aqueoesteblytes

In the case of aqueous electrolytes, it has beggested that NiO thin films, in their
bleached state, are actually a mixture of oxide laydtoxide species, the latter being formed
due to direct contact with the electrolyte or atptemic watet®®?%! The Bode reaction
schemé’?2%3 offers a simplified explanation of how the oxidatiof the hydroxide species

occurs to form oxohydroxide NiOOH species (Equatidri3):

B-Ni(OH), < B-NiOOH + H* + e~
I 7 1.13
a-Ni(OH), < y-NiOOH + H* + e~

B-Ni(OH)2 anda-Ni(OH)2 display similar crystal structures: a layered lstag with an
hexagonal packing of hydroxyl ions, each layer g@ivade of alternating rows of edge-sharing
NiOe octahedra. Howeveun-Ni(OH)2 has a higher water content thguNi(OH)2 (its actual
formula isa-Ni(OH)2-nH20, with n between 0.41 and 0.7). The water molecurigercalates
themselves between the Ni(QHayers; as a consequence, the interlayer distentee o-
phase is higher than in tifiephase, and adjacent layers have little to no terydéo orient
relative to one anoth&f. Those two distinct Ni(OH)structures lead to two different NIOOH
phases upon oxidatior}-NiOOH for B-Ni(OH)2, and y-NIOOH for a-Ni(OH).. Nickel
oxohydroxides species are much more absorbeneinisible light range than their hydroxide
counterparts; indeed, NiOOH species have a loweddpp (1.5-1.8 eV) than Ni(OK3$pecies
(3.6-3.9 eV, similar to NiO). They can absorb alectagnetic radiation thanks to a band-to-
band transition, allowed by a charge transfer ped®tween oxygen anions and high valency

nickel cation&®.

Equation 1.13 supposes that the electrochemicehamésm in aqueous electrolytes is
based upon the exchange of protons. However, anatkeehanism, based instead on the
exchange of hydroxyl anions, has also been sughést€arpenter et d° (Equation 1.14)
and Delichére et &7 (Equation 1.15):
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Ni(OH), + OH™ © NiOOH + H,0 + e~ 1.14
bleached colored
Ni0O + OH™ < NiOOH + e~ 1.15
bleached colored

Interestingly, Delichére et al. proposed the mama shown in Equation 1.15 because
they believed their film, in its reduced state, digt contain any trace of nickel hydroxide.
Raman spectroscopy of their pristine “NiO” filmftlen an aqueous electrolyte (1 M NaOH),
did show the features of NiO, but not those of Ni{&© Meanwhile, the Raman spectra of the

same film after electrochemical oxidation cleatipwed peaks matching with NiIOGH

Another mechanism, reported by Avendafio and Giatttf?% extends the Bode
scheme described in Equation 1.13. Their idea,@tgq by X-ray Photoelectron Spectroscopy
(XPS) experiments, was that for hydrated NiO films)y the surface of the material is
transformed into nickel hydroxide, whereas the lyatkains nickel oxide. However, they also
observed that, upon application of an anodic cayiit* from the bulk oxide phase was
oxidized to N#*, on top of the Ni" from the surface hydroxide phases. Thus, theynebete the
Bode scheme, to add a reaction between bulk NiOsarfdce Ni(OH) upon the removal of

two protons, leading to the formation of absorlbmngkel superoxide NOs (Equation 1.16):

NiO + a-Ni(OH), < Ni,0; + 2H* + 2e” 1.16
bleached colored
Yet, in a later study by Ren et al., the ideaiok&l superoxide (or the mixed valency
Ni30s) forming during the redox process was dismissed,@d not explain the electro-optical
behavior of NiO thin film&°. They observed that when cycled in aqueous elgtésy NiO
thin films showed improvements in both current degrend transmittance modulation during
the initial cycles, which then slowly degraded uarher cycling (Figure 1.15a,b).

Instead of stating that either protons or hydraryls were (de)inserted into the thin
film, Ren et al. stated that both ionic speciesameyolved in the redox process. They proposed
a mechanism in three steps. First, the “evoluti@h”NiO into NiOOH according to
Equation 1.15; then, the reversible (de)insertibiH0 based on the reactions described in

Bode’s scheme (Equation 1.13); finally, the isalatdegradation of several parts of the active
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material, due to intercalated water being trappgd aesult of the reaction described by

Equation 1.14. This three-step process is sumnthiizEigure 1.15c,d.

a) st 300°c D) s00°C
Oxidation‘;.; =) 100+ -
"E 10} N P
2 P s 8 % [T
> 08r n‘{j/ 2 5 60} /’//,\/ /r
§ 0.0 R % o 74/ NiO evolution (Equation 1.15)
§ 05} | * ///ms NiO + OH™ = NiOOH + e~
3 . ; 20} ——1stC
L ) - - --200th ——90th B
1.0 llaeductmll .—350|th N . . ——90th C
00 02 04 06 08 400 500 600 700 . . .
Voltage (V) Wavelength (nm) Proton (de)insertion (Equation 1.13)
Q) I NiOOH + H* + e = Ni(OH),
Dg i
NiO 3 . . " P
EINI(OH), \ N/.OOH isolation (Equat'/on 1.14)
B NiOOH Ni(OH), + OH™ = NiOOH + H,0 + e~

Figure 1.15 — (a) Cyclic voltammetry (CV) curves &NiO thin film deposited by chemical bath defiosi
and annealed at 300 °C; the electrolyte was a OKIOW solution. (b) Transmittance curves for the Niin
film in its bleached and colored state, duringfiret and the 99 cycle. (c) Schematic representation of the NiO
evolution and the proton (de)insertion processS@)ematic representation of the NiOOH isolatiarcpss.
Black lines represent intercalated water. Figuaksn from referenée?.

In the case of aqueous electrolytes, the mechanigscribed through the years seem
to agree on three aspects: the coloration/bleagingess is due to the XiNi?* redox couple,
NiOOH is involved in the coloration of the film:y@the redox reactions occur at the surface
of the NiO particles. Besides these three constémtsnature of the inserted ion, whether the
active material is NiO or Ni(OH) and whether NO3 (or even NiOs) is formed during the

coloration process are still subjects which aréanmlebate.

Coloration/bleaching mechanism of NiO in non-agseelectrolytes

Meanwhile, for non-aqueous electrolytes, numer@uscles dealing with the
electrochemical mechanism of nickel oxide thin §limve been published. Like in aqueous
electrolytes, NiO goes from dark brown in its oxglil state to transparent in its bleached state.
Working with a non-stoichiometric N1 < z < 1.66) thin film and a 1 M LiClLOn PC liquid
electrolyte, Passerini et?4l proposed a mechanism in two steps, an activatiaation and a

reversible LT insertion reaction (Equations 1.17 and 1.18):
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NiOy +alit+ae - LiaNiOy 1.17
colored bleached

Li,pNiOy + b Li* + b e™ & Li,Ni0, 1.18
colored bleached

It seems that there are little reports in theditiere on the specifics of the “activation
reaction” (Equation 1.17); in fact, it is likely @hthe current density associated to this
“activation” was solely due to an imbalance betwde® amount of charges inserted and
extracted during the initial discharge/charge cyéldndeed, Passerini et al. worked with a
relatively low potential window (1.0 to 3.5 V vs'Llii). Working at potentials below 2.0 V vs
Li*/Li is likely to introduce irreversible parasitieactions between lithium, oxides, and the
electrolyté!-213 passerini et al. might have simply interpreted ofithese parasitic reactions

as an “activation reaction”.

As for the reversible “lithium insertion” reactiqiquation 1.18), it has also been a
contentious subject. It is obvious, when lookindhe crystal structure of cubic NiO (Figure
1.13), that it does not accommodate for the insertf ions: it lacks efficient diffusion
pathways. Campet et al. believed that lithium @&rtion could occur nonetheless: they
argued that, if the grain size of the material wasll enough, Lications could diffuse along
grain boundaries, rather than in the bulk of tredrgf'*.

However, following Passerini’'s and Campet’s wodeyeral studies have highlighted
the importance of surface reactivity in the eledtromic properties of nickel oxide thin films
cycled in non-aqueous electrolytes. Adsorptionrotgns on oxygen sites and O&hions on
nickel sites can readily occur at the surface @ fhin films in the presence of atmospheric
water!®, Boschloo and Hagfeldt suggested that, in a simikay, cations from the electrolyte
could replace protons at the surface of the fililey observed that the position of redox peaks
for NiO thin films cycled in non-aqueous electre@ydepends on the cation present in said
electrolyte, and suggested a mechanism in whicloxisation/reduction of nickel cations is
coupled to the desorption/adsorption of electrolgé&tions, following a pseudocapacitive
behavior. As a consequence, the redox potentialhefNF*/Ni?* couple should directly
depends on the energy required to desorb/adsodiradige cations, thus explaining the
differences in redox behavior betweeri-tonducting and tetrabutylammonium-conducting
electrolytes in their study (Figure 1.38)
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Figure 1.16 — (a) CV curves for a nanostructure@ Miin film working electrode cycled in 3-
methoxypropionitrile with 0.2 M Li-triflate (dashemlirve) or 0.2 M tetrabutylammonium-triflate (sotidrve).
The counter electrode was a Pt wire, the scanwase10 mV.3. Taken from referené¥. (b) Schematic

representation of the adsorption/desorption meshaxiescribed by Boschloo and Hagfeldt.

Boschloo and Hagfeldt stated that anion adsorfutesorption was not significant in
the electrochemistry of NiO thin films, as they didt notice any difference between CV
experiments performed in lithium triflate and lilm perchlorate electrolytes. However,
several papers suggest to the contrary, showingfpitat electrolyte anions may also
participate in the electrochromic effect in NiOrtfilms*217218 |n particular, Da Rocha et al.
demonstrated that a significant electrochromicatfteuld be observed in NiO thin films, even
with a salt-free electrolyte (1-ethyl-3-methylimmbdium bis(tri-fluoromethanesulfonyl)imide
or EMITFESI). Moreover, this specific study furth@nfirms that the electrochromic behavior
of NiO thin films does not have to be tied to thikide)insertion of small monovalent cations,

such as L or Na™®,

The fact that surface reactions are an esserrabpthe electrochemistry of NiO, and
that cations and anions do not adsorb to the sde®s suggest that preferred orientation has a
strong impact on the performances of NiO thin filahkis was demonstrated by Wen et al.,
who worked on non-stoichiometric NiQthin films (z = 0.16, 0.25, 0.32) cycled in a LiGIO
PC electrolyté®’®. They noted that higher current densities andstrattance modulations were
obtained in CV experiments for Ni@ films with z = 0.32. They also observed that itm$
with a higher oxygen content, there was a prefeorgehtation for the (111) plane of nickel
oxide’s cubic face-centered structure, which hagher density of atomic sites than the (100)
plane prominent for less oxidized films. Therefoteey concluded that the improved
performances of Nigs2 compared to Ni@is and NiQ 25 was due to its preferred orientation,
which offered more adsorption sites for cation$, (H") and anions (OKHCIOs). Wen et af8!

also noted that, starting from the open-circuitagé (OCV), a Ni@:; thin film could be either
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fully colored by the application of an anodic scarfully bleached by a cathodic scan. They
explained this ambivalence in the first half-cylolesuggesting that Oldnions desorbed from
the film’s surface if the CV began with a cathodtan; meanwhile, if the CV began with an
anodic scan, the current density would instead civame the desorption of H{Figure 1.17).
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Figure 1.17 — CV curves for Ni@s thin films immersed in a 1 M LiCl@in PC electrolyte. Reference electrode
and counter electrodes where Li foils. (a) CathaedEn and (b) anodic scan for the first half-cyldapted
from referenc®l

It must be pointed out that most of the mechanisraposed for NiO thin films in Lt
conducting electrolytes deal with aprotic liquiéa&lolytes. Less information is available for
these thin films in inorganic solid electrolytesoriétheless, it can at least be ascertained that,
if the electrochemistry of NiO thin films is due &m ion adsorption/desorption process, no
anions would be available to participate in arsalid-state electrochromic device.

Improving the performances of NiO thin films: natrastures and mixed oxides

The exact mechanisms behind the electrochromipepties of NiO, whether in
agueous or non-aqueous electrolytes, remain thggubf numerous debates, although
significant progress has been made since researshemted studying this material for its
optical properties. Despite the lack of a completechanistic picture, there have been

significant efforts to improve the electrochromarfermances of NiO thin films.

Indeed, in order to prepare efficient ECDs witlo telectrochromic electrodes, both
electrode materials need to have matching capscifi# the charges extracted from one
electrode during the coloration/bleaching processtrit in the opposite electrode material.
On top of that, if both electrode materials disptmod optical properties (i.e. transmission

modulation and coloration/bleaching times), therallé&CD is also going to be more efficient.
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Thus, if one wants to make an ECD using Y@d NiO as electrode materials, NiO needs to
be as good as W¥Ofrom both electrochemical and optical viewpoints.

Afirst approach to improve the performances @ Miin films is to increase the surface
area of the electrode through micro-/nanostruatuma® his approach is in line with the general
observation that the electrochemistry of NiO rebessurface reactions. On top of increasing
the active surface area of the material, the mmrogity of some nanostructured electrodes is

supposed to facilitate the diffusion of electroliygas to active sites.

There are many examples of nanostructured NiCfillms to be found in the literature.
Cao et al. were able to obtain nanowall arrays @, Nusing hydrothermal synthesis, and
reported an increase in the current density, thesmission modulation, and the coloration
efficiency compared to a dense NiO electrfddigrigure 1.18a). Scherer and Steiner used a
polymeric template to perform the electrodepositba 3D gyroidal NiO thin film; its high
surface area led again to increased optical mdduoladnd to fast switching times compared to
other reportst = 0.053 s, 1c = 0.063 ¥ (Figure 1.18b). Xie et al. performed a one-pot

synthesis of NiO nanocrystals, which were then-gpited on ITO in a pyridine solution in

order to prepare an electrochromic thin film with ienpressive coloration efficiency when
cycled in a LiClQ-PC electrolyte (114 cAC? at 550 nm¥! (Figure 1.18c). The detailed
performances for these three examples and sevbeasare listed in Table 1.2.

Figure 1.18 — (a) Scanning electron microscopy ($EhMges of nanowall arrays of NiO. Taken from
referencé®. (b) SEM image of interconnected gyroid NiO thimf Taken from referené&. (c) Low
magnification transmission electron microscopy (THMages of NiO nanocrystals; inlet is a pyridiméugion

containing the nanocrystals. Taken from referéice

In general, these nanostructured films show gogtical and electrochemical
performances, which makes them very attractiveafoapplication in ECDs. However, most
of the methods used to prepare them would be diffito apply to the preparation of
electrochromic windows. Chemical precipitafieh hydrothermal synthegi€22322% spin-
coating?!, solvothermal syntheg® and other solvent-based method are not alwaystediap
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to the deposition of uniform coatings over subssawith large dimensions (i.e. > 12)At°.
Moreover, the use of templates to create precisglygred nanostructures introduces a few
more steps in the synthesis process of the thinsfilmaking the process overall more
complex?0:227.228 The jssue is that these unique nanostructures odly on these liquid-based
techniques to be made.

Table 1.2 — Electrochromic performances of a ssel#éiction of nanostructured NiO thin films. A * shol near

a reference number indicates that the system wadgestin a Lf-conducting aprotic electrolyte; otherwise, the
system was studied in an aqueous electrolyte.

Structure Synthesis method AT (%) To/Tc (S) n@®) (cm.C?) scgglill?tg Ref
Nanowalls Hydrothermal 77 (550 nm) 2.512 49 (550 nm 3000 219
Gyroid Electrodeposition ~ 79.6 (630 nm)  0.053/0.063 40 (630 nm) 1000 220
Nanocrystals O”ecg)a"t‘in?p'” 415 (550 nm)  2.91/1.7 114.7 (550 nm) ~2000 2
Nanotubes Hydrolysis 78.5 (550 nm) 3.43/3.92 5598 (nm) 1000 223
“Dandelions”  Chem. precipitation ~ 68.1 (555 nm) 45184 88 (555 nm) / 222
Nanostacks Hydrothermal ~42 (550 nm) 0.65/2.50 ~530 nm) 25000 229
Nanoflakes Hydrothermal 68 (650 nm) 517 57.2 (660 n 14000 224
Nanoparticles Solvothermal 63.6 (550 nm) 9.5/11.5 2.84550 nm) 1000 225
Porous Sol-gel 51 (550 nm) 5/7 40 (550 nm) 3000 227
nanopattern
Nanosheets Template synthesis  40.1 (550 nm) 3.6/5.4 43.5 (550 nm) / 228

Another approach to improve the performances @ ISito incorporate other cations
to prepare mixed oxide thin films. As the electmachic properties of NiO heavily depends on
its band structure, the introduction of “foreignéments can disturb its crystal structure and
thus greatly affect its electrochromic propertidsseminal paper on the matter, written by
Avendarno et al., shows for example that magnetpattsred NiM-O (M = Mg, Al, Si, Zr,
Nb, Ta) have a higher luminous transmittance thae pliO thin films. On the other hand, Ni-

V-0 and Ni-Ag-O thin films have a lower luminouamsmittance than pure NiO thin filhi$

Several studies looked into the effect of heavyaimetions (namely Ta and W) on the
structural and electrochromic properties of NiOtdrms of structure, the incorporation of these
heavy elements disturbs the long-range order istaline NiO; NixWy oxide films with x >
0.1 are usually amorphoiti$2®3 and a similar observation can be made for Ni-T&iD

films?34235 As for the electrochromic performances of thes&WNand Ni-Ta mixed oxides,
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the results can vary depending on the type of systidied (i.e. the type of electrolyte).
Although some studies report improvements in theec density and optical modulation of
these heavy metal systems compared to pure NiQibimis?31232 their most striking feature is

a stark increase in cycling stabifity?33234Figure 1.19). However, the cationic fraction of W
(or Ta) in the film has to be finely tuned to obté#his increased durability: incorporating too

much of a heavy element in the NIiO thin film esgdiyt suppresses its electrochromic

properties.
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Figure 1.19 — CV curves for (a) NiO and (b) Ni-W&omic fraction of W: 10 at%) thin films prepareg
pulsed laser deposition technique. The films wegded in a 1 M KOH aqueous electrolyte, with a jplam
foil as the counter-electrode. Taken from referéHce

Lithium is another element that has often beershygated for the preparation of nickel
mixed oxide thin films. In Li-Ni-O thin films, th&i* cations occupy substitution sites and
replace Ni*. In order to maintain charge neutrality, somehef temaining Ni" cations have

to be oxidized to Ni". Hence, the general formula of a Li-Ni-O thin filcan be written as

Li Nii5,Ni2"0. For x < 0.3, the material retains the cubic radkstructure of pure NiO; its
lattice parameter decreases as the amount of tdase$*238 Because the addition of lithium
to the material increases the amount of" \i its pristine structure, its transmittance irtlbo
bleached and colored states will usually be lowantfor pure NiO thin film&%241 Aside

from this characteristic, the improvements broughti-Ni mixing are not always obvious.
Some studies describe clear increases in the trtasoe modulation of Li-Ni-O thin films
compared to pure Ni€F240242 (Figure 1.20a), whereas others present less irsipees
performances® 24 (Figure 1.20b). These variations from one stud§éoother may very well

stem from differences in synthesis methods andimgyctonditions. As forwhy the
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incorporation of Li improves the performances of NiO thin films in sooases, it is there

again quite a mystery.
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Figure 1.20 — (a) Evolution of the transmittanc&%® nm during a CV experiment for NiO and Li-Nitkn
films prepared by reactive magnetron sputterings films were cycled in a 1 M LiCI&2PC electrolyte at a scan
rate of 100 mV.3, between -1.5 V and 1.5 V vs AgCI/Ag; the courgletrode was a platinum foil. Taken
from referenc&?’. (b) Evolution of the transmittance at 550 nm Jtapd of the current density (bottom) during
a chronoamperometry experiment for NiO and Li-Nik@ films prepared by surfactant-assisted ultrason
spray pyrolysis. The films were cycled in a 0.5 MIO,4 in PC electrolyte, between -1.4 V and 1.4 V vs

AgCI/Ag; the counter-electrode was a platinum féhken from referenég-

Other elements have been used to try to impriogeskectrochromic performances of
NiO thin films. A couple of examples are given iable 1.3, with other works mentioned

previously.

In general, the electrochromic performances obthilor doped/mixed oxide NiO are
not as good as those observed in nanostructuredilims (Table 1.2), possibly because the
former lack the porosity and the high surface arfeihe latter. However, doped/mixed oxide
thin films have the significant advantage of beiogmpatible with vacuum deposition
techniques such as magnetron sputtering. Thusctiregasily be deposited on large substrates

for commercial applications to smart windows.

Thus, an ideal electrochromic system based orehamide would present both the high
optical performances of nanostructured thin filraed the large-scale deposition methods
available for mixed oxide thin films. These two esis are reunited in a few co-doped
magnetron sputtered systems described in thetlitef&-24° Gillaspie et al. prepared a Li/W
co-doped NiO thin film by RF magnetron sputterimgth general formula Li2NiWo.10,
which displayed a unique nanocomposite struéfti@igure 1.21a). The nanocrystallites,
roughly 5-10 nm in size, are caught in an amorpmoaisix, and their crystal structure matches

with the cubic rocksalt structure of NiO. In terofslectrochromic performances, when cycled
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in a 1 M LiCIQs-PC electrolyte with a lithium metal counter-electe, the film displays a
coloration efficiency at 670 nm of 28 é@* after 180 cycles. Moreover, its transmittance
modulation over the entire visible range is quitgghh (AT(550 nm) = 60 %;
AT(670 nm)= 45 %), and it possesses a high transparency liteigehed state (Figure 1.21b).

Table 1.3 — Electrochromic performances for a sseliction of doped/mixed nickel oxide thin films.

Element : ® 5 o1 Cycling stability
added Synthesis method AT (%) n) (cm?.CHh (% initial AT) Electrolyte Ref
W (10 at%) F:j“'sed.'f"‘ser / / ~ 4000 1MKOH 231
eposmon
W(~1ate) DCmagneron .o gasim) ~30(633nm) 1000 (- 88 %) M LICIOain 55

sputtering PC

DC magnetron

Ta (~ 3 at%) ~60(532nm) ~30(532nm) 1000 (~ 100 %) 0.1 N\OMa 23

sputtering
Li (~ 19 at%) Sol-gel spin-coating ~ 20 (500 nm) .2¢00 nm) ~ 50 (~ 50 %) 0.1 :\r/ll FL,ié;IO“ 239
Ti(~ 11 at%) Sol-gel spin-coating ~ 25 (500 nm) .51&00 nm) ~ 100 (~ 40 %) 0.1 :\r/1| FL,iglo‘l 239
Li U“&fp"()“;ﬁgﬁray 50 (670 nm) 33 (670 nm) / TMLICI0dIN 222
Li Dipnﬂiiﬂﬁg"” 66.5 (550 nm)  36.3 (550 nm) / TMLTIOdIn 220
Li (~ 6 ato%) U'”S;forl‘)ifs;pray 435 (550 nm)  41.2 (550 nm) 100 05 I'\r/]' FL,ig'O“ 241
Li (~ 11 at%) F:j“e';i‘s"it'fc‘fner 36 (550 nm) 15 (550 nm) 1000 (~ 92 %) 1MKOH 238
Sn(~4at%)  REMAGNEUON ooy ooy 301 (550 nm) 500 (~729%) L MUCIOIn

sputtering PC

Although this nanocomposite material did not caetgdl outperform other single-
doped nickel oxide thin films (Table 1.3), a follmg work by Lin et al. presented the
performances of another co-doped nickel oxide nafemwith higher transmittance
modulatio**245 Testing different compositions of Li/Zr co-dopddiO prepared by
magnetron co-sputtering @@ and Ni-Zr targets), they obtained a thin film lwigeneral
formula Lii.9edNiZro.23:10«. Similarly to the Li-Ni-W-O thin film prepared b§illaspie et al.,
this Li-Ni-Zr-O thin film is characterized by a nacomposite structure, with nickel oxide-like
nanocrystallites trapped in an amorphous matrigufa 1.22a). When used as the working
electrode in a CV experiment with a standard 1 KIOs-PC electrolyte, the film displayed a
very high transmittance modulation after an actoraperiod of 50 cycles. From cycle 50 to
cycle 200, the transmittance modulation at 670 ras @f roughly 70 %, and the material was
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highly transparent in its bleached state 190 %) (Figure 1.22b). However, the coloration
and bleaching timegd{ = 56.4 s andy, = 13.6 s after 100 cycles) for the material weungeq
slow compared to other electrochromic thin filmssdxh on NiO; but this drawback is
acceptable in the context of an application forsmwandows.

1.09 Li; ;NiW, 1O, bleached
Liy ,NiW, ,O, as grown
Liy ;NiW, 1O, dark

----------- LiNiO, bleached

=== LiNIO, as grown

0.8 LiNiO, dark

o
£
1

Transmittance

=]
IS
1

300 400 500 600 700 800 900 1000
Wavelength/nm

Figure 1.21 — (a) High resolution TEM image of agmetron sputtered nanocomposite ANiW o 10x thin film.
Two nanocrystallites are highlighted by black diaaie. (b)Ex situtransmittance measurements for magnetron
sputtered Li2NiW, .10« (grey) and LiNiQ (black) in various optical states: as-grown (ddstted lines),
bleached (dotted lines), and colored (solid lif@ken from referenéé

The works of Gillaspie and Lin brings to light seal crucial notions. First, it is possible
to use magnetron sputtering to create nanostruttNi® thin films, by mixing nickel with
lithium and another cation. Second, the electratiicgerformances of these nanostructured
films depend heavily on their composition, and egdly on the lithium content (Figure
1.22b). Third, Lin et al. demonstrated through X-rabsorption spectroscopy (XAS)
measurements that doping NiO with Li and Zr (or Mfreased the number of oxidized Ni
sites compared to pure Ni@hin films, and suggested that the improved etetiromic effect
in the co-doped films was related to this phenomé&ioThey proposed that the amorphous
matrix serves as an efficient diffusion pathway lfor cations to the electrochemically active

NiO nanocrystallites.

In short, the nanocomposite co-doped NiO thin dilpresented in these studies are
interesting hybrids of the nanostructured matemaépared by solvent-based syntheses, and
the dense thin films usually obtained by magnesqauitering. With their high electrochromic

performances and their simple synthesis procesapted to large substrates, these
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nanocomposites are great candidates for the peslictrode of ECDs in smart windows.
Even so, there seems to be almost no reports @e tlypes of co-doped nanocomposites
applied to electrochromics in the literature.
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Figure 1.22 — (a) High resolution TEM image of theesdNiZro.2310x magnetron sputtered thin film. Cubic
rocksalt nickel oxide-like nanocrystallites arect#d in white. (b) Evolution of the transmittandes@0 nm
during a CV experiment for different magnetron poitered Li-Ni-Zr-O thin films. For each film, thmower of
the Ni-Zr alloy target used to prepare it was 8@ W; only the power of the 10 target was modified to
change the composition. The green curves correspottd Li oed\NiZro.23:10x composition. The CV experiment
was performed in 1 M LiCIQPC, with a lithium metal counter electrode andansrate of 20 mV-s Taken
from referenc&®.

Saint-Gobain’s standard magnetron sputtered Li-NOwhin film

This thesis revolves around such nanocompositersigs prepared by Saint-Gobain.
They are NiO thin films, mixed with lithium and tgsten. Those films are prepared on
ITO/Glass substrates, following a three-step prad@siring the first step, a Ni-W alloy target
is used in an Ar/@reactive atmosphere to sputter the transition imetathe substrate. Then,
the second step is the sputtering of lithium on ¢bghe Ni-W-O layer in an inert argon
atmosphere. Finally, the sample is taken out obivatand heated between 300 and 500 °C,

for several minutes, under an airflow. The entim@cpss is summarized in Figure 1.23.

Inductively coupled plasma mass spectrometry (M$)-measurements show that the
Li/Ni ratio in the final film is roughly equal to.®, while the Ni/W ratio is roughly equal to 2.
As for the nanostructure of the film, it was aseddsy differentiated differential phase contrast
scanning transmission electron microscopy (dDPCM)IEa nanocomposite structure is
clearly visible, similar to those reported by Gijtée et al. and Lin et 3t324>(Figure 1.24).
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Figure 1.23 — Schematic representation of the ggiglprocess of Saint-Gobain’s magnetron sputlerdi-
W-O thin films.

Li,Ni,_,O
nanocrystallites

Amorphous matrix

Figure 1.24 - dDPC-STEM image (left) and schem@resentation of the nanostructure of a pristine
magnetron sputtered Li-Ni-W-O thin film (right).l&t is the electron diffraction pattern of the tffilm.

Nanocrystallites of cubic rocksalt nickel oxide aaught in an amorphous matrix; they
are possibly lithiated and about 2 to 5 nm in dieneElectron diffraction measurements
confirm that the crystallites have a face-centegulc lattice, with lattice parameter 4.2 A;
the rings of the electron diffraction pattern ange diffuse, in accordance with the nanometric
size of the crystallites.

As for the electrochromic behavior of this Li-Ni-@ thin film, it was qualitatively
assessed by galvanostatic charge-discharge expgsimeith a lithium metal counter-
electrode and a 1 M lithium hexafluorophosphatd’f) in EC/DMC 1:1 (vol) electrolyte
(Figure 1.25). The film is pale yellow in its piist state, and becomes dark brown upon
oxidation. This process is quite reversible, imtemoth of optics and electrochemistry; it is
referred to as the “main reaction”, and occurs wtyaling the film between 2.0 and 4.5V vs
Li*/Li. If the films is reduced from its pristine stafit will also become dark brown; but this
overlithiation process is far less reversible. Tilme usually remains dark brown, even if it is
oxidized back to its initial OCV. These irreversilseactions, occurring at low potentials (1.0
to 3.2 V vs Li/Li) are simply called secondary reactions.
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Figure 1.25 — Galvanostatic charge-discharge cuiores magnetron sputtered Li-Ni-W-O thin film cegdlin
1 M LiPFRs EC:DMC 1:1 (vol) electrolyte against a Li metaliober-electrode. The typical colorations of the
film at different states of charge are shown onritjlet of the graph.

The goal of this doctoral project is to obtainestér fundamental understanding of the
relationships between the composition, the (hanggire and the electrochromic properties

of Saint-Gobain’s magnetron sputtered Li-Ni-W-O oemmposite thin films.

1.D. Conclusion of the chapter

Electrochromism is a centuries-old phenomenon, ibtituly started attracting the
attention of materials scientists in the middletted 20" century. Its application to dynamic
optics, and in particular to smart windows, is tdaj interest for solar control in the buildings
sector. If used correctly, electrochromic smartdews could allow significant energy savings,

specifically when it comes to cooling loads in suen@nd in environments with warm weather.

These energy savings depend on numerous factorond them, the intrinsic
performances of the two electrode materials useithenwindow’s ECD are key aspects to
tackle. Numerous electrochromic materials have lwmreloped through the years: organic
molecules, conducting polymers, Prussian blue @amdmalogues... In the case of smart
windows, electrochromic oxides thin films are th®tg choice: they are transparent in the
bleached state, display good transmittance modulagind can easily be processed through
vacuum deposition techniques. For the negativerelgée of the ECD, cathodic electrochromic
WOs is the usual pick; but it can prove more diffictdtselect its counterpart on the positive

side.
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Anodic electrochromic NiO is a good candidate ib that role. However, the
mechanisms behind its electrochemical and optiocapgaties are still uncertain, whether in
agueous systems or aproti¢4conducting electrolytes. It seems that the colondbleaching
process is associated to thé"Mili%* redox couple, and that surface reactions plagrifsgant
role as well. Thus, a direct path to improve thegenances of electrochromic NiO is to
develop nanostructured thin films. An interestimgl &fficient approach, compatible with a
magnetron sputtering process, is to prepare nanpesite thin films by mixing NiO with
lithium and another metal cation.

The rest of this manuscript focuses on such acwnposite material, a magnetron
sputtered Li-Ni-W mixed oxide, meant to be usedLiitbased ECDs. The synthesis and the
properties of LiNi2W20s, a phase related to the Li-Ni-W-O thin film by ihgroximity in the
Li2O-NiO-WGQs ternary phase diagram, are presented in Chapter 2.
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Chapter 2 — Solid-state synthesis,
crystal structure, and properties of
Li 2Ni2W 209

Part of the results presented in this chapter wal#ished in the following articles: Redor et
al.J. Am. Chem. So2023 145(23), 12823-12836° and Redor et aPhys. Rev. B024 109
(5), 054105
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2.A. Motivations

In order to gain more insights into the relatiapshbetween the composition, the
nanostructure, and the electrochromic propertiehefstandard nanocomposite Li-Ni-W-O
thin films described in Chapter 1, a first approaels to synthetize crystallized powders in the
Li2O-NiO-WGOs ternary phase diagram. The goal was then to carthar properties of these
powders with those of the thin films.

Figure 2.1 shows the X-ray diffraction (XRD) pattdor a powder prepared by solid-
state synthesis from 1COs, NiO, and WQ. The chemical composition of the powder is meant
to be identical to that of the Li-Ni-W-O thin film.

Lix\NiyW,0, powder
* Thin film composition
Experimental pattern

* Unknown phase

* Li,WO,, R3
Calculated pattern

Intensity (arb. units)

A " AL\ AAA A }l}\ | T o Y bk ik _h
o NiO, Fm3m
* Calculated pattern

|

10 15 20 25 30 35 40 45 50 55 60 65
20 (0)' ACu, Ka

Figure 2.1 — Experimental XRD pattern for a powpierduced by solid-state synthesis (600 °C, 12 h,
+5 °C/min), with a similar chemical compositiontt@ Li-Ni-W-O thin film (top). Below are the calated
patterns for trigonal LWQO, and cubic NiO.

The powder’'s XRD pattern features peaks thatradieative of a mix of three phases:
trigonal lithium tungstate (kWOs, R3)?48-249 cubic rocksalt nickel oxide (NiGm3m)%>°, and
a third phase, unidentified at the time. Understagnthe nature of this unknown phase and its
properties was critical to the comprehension oflLilaNi-W-O thin films; a strategy based on
the exploration of the kO-NiO-WGQs ternary phase diagram is only valid if all the gd¢m of

interest are uncovered.
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This chapter deals with the synthesis of this mpdase, LiNi2W20e, and with the
modeling of its crystal structure using diffractisathniques. Then, various properties of the
material are discussed. Its electrochemical praseim Li"-conducting electrolytes is studied
by galvanostatic charge-discharge experimentsimazils, andperandaXRD grants insights
on the variation of structure of the material upde)lithiation. The electrochromism of
LioNi2W20g is also established, usirgperandooptical reflection microscopy. Finally, the
magnetic properties of tNi;W209 are assessed, through bulk magnetic measuremeahts a
neutron diffraction, and are compared with the props of materials with a similar crystal

structure, the “429” compoundsl{A>09, M = Co, Ni, Fe, Mn, etcA = Nb, Ta).

2.B. Solid-state synthesis and structural charactezation of
Li 2Ni2W20g9

Solid-state synthesis
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Figure 2.2 — (a) Heating process used in an expatito determine the temperature required to form
Li2NiW-0qg by solid-state synthesis in air. (b) Picture ofglizNi,W-Os. (c) XRD patterns for the powder
obtained at the end of different steps of the hggtrocess shown in (a). The phases detected inpedtern are
listed on the right. The major peaksRifcnLi2NiW20Og are highlighted in blue, along with their Millerdices.
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The solid-state synthesis of2Ni2W209 can be performed in air, by mixing together
LioCOs, NiO, and WQ precursors and heating them at 700 °C for sevenals. Equation 2.1

represents the synthesis reaction:

The resulting powder may need to be ground anda@ne few more times to obtain high-
purity LioNi2W20e. High intensity ball milling is required to ensuméhomogeneous mix and

small particles, with a high reactivity.

The final pure powder is light green (Figure 2.2bhe heating temperature is
important, as LNi2W>09 cannot be fully formed below 700 °C; even with thght
stoichiometry, high amounts of impurities will remaf the sample is heated at lower

temperatures; in fact, the phase may not forml §Emjure 2.2a, c).
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Figure 2.3 — Rietveld refinements obNi-W,0g from the synchrotron XRD pattern (top) and neutron
diffraction pattern (bottom) at room temperatureQ¥). The red circles, black continuous line anttdim blue
line represent the observed, calculated, and diffeg patterns respectively. Vertical green ticlslzae the
Bragg positions.
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The crystal structure of tNi;W20O9 was studied through X-ray and neutron powder
diffraction. As little information was known abahis new phase, the structure had to be solved
ab initio. First, the X-ray diffraction peaks were indexacn orthorhombic unit cell using the
DICVOL progrant®}, with a volume of 632.29(2) ¥and lattice parameteas= 8.69523(8) A,

b = 5.06407(5) A, and = 14.34517(2) A. The observed reflection condii@re consistent
with the Pbcn space group. Thus, this space group was used Ive $ioe structure of
Li2Ni2W20g with the FOX softwar®? The calculations were initialized assuming acitme
built on NiGs octahedra. This led to an initial structural agreat with the X-ray powder
diffraction pattern. Li atoms were placed in theisture using bond valence maps, which were
calculated using the GFourier program from the Faif Suité>3 Their positions were
confirmed through neutron powder diffraction. Theaf structural model was obtained through
Rietveld refinement8* simultaneously from the neutron and synchrotromayX-powder
diffraction patterns (Figure 2.3). Electron difftamn patterns (Figure 2.4) are in good
agreement with thBbcnspace group and the lattice parameters deternfiaedsynchrotron
powder XRD data.

Figure 2.4— Electron diffraction patterns for iNi-W-Oy, indexed in thé>bcnspace group. They reveal a
pseudo-hexagonal structure based on an ABAB oxglpse-packing, reminiscent of a corundum-like dtice
Cation ordering introduces the orthorhombic supecstre.

The crystal structure of the ANi2W-Og phase is shown in Figure 2.5, and the main
crystallographic parameters can be found in TaldePhe LpNi2W-0O9 phase is nearly pure:
two low-intensity peaks, a2= 5.72° and @ = 9.11° on the synchrotron XRD pattern (Figure
2.3) indicate the existence of a small amountP&fc nickel tungstate (NiW@ ICSD
n° 158525 as an impurity (less than 2 wt%). The relativeitguf the synthetized material
and the homogeneous distribution of Ni and W wdse aonfirmed through STEM-EDX

compositional maps (Figure 2.6).

LioNioW-Og displays a layered structure (Figure 2.5a). Tlyerlm are composed of
chains of edge-sharing Ns@ctahedra; in a given layer, these chains alteripetween a lower
and an upper z-coordinate along thaxis (Figure 2.5a,c). The chains are linked tdheatber
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by O1 oxygen atoms, and by face-sharing dd@ners located between each chain as well.
Each WQ octahedron shares three edges with asigl@in (01-0O4, 04-03, 03-02), a corner
with another chain (O3) and a face with anothersW@ahedron (03-03-01) (Figure 2.5c).

Table 2.1 — Results of the Rietveld refinements¢iyotron powder XRD and neutron powder diffrackifor
PbcnLizNi2W20s. For oxygen atoms,i8 values were all set equal. BVS: Bond valence sum.

Element  Wyckoff site x/a y/b zlc Biso (A%  Occupancy BVS?®

Li 8d 0.340(2)  0.522(4)  0.4947(6)  1.8(19) 1 0.944(2)
Ni 8d 0.6633(2) 0.5005(6) 0.81315(9) 0.364(17) 1 1.982(1)

w sd 0.5242(4) 0.000(13) 0.6441(16)  0.022(4) 1 5.891(5)
o1 4c 1/2 0.281(11) 3/4 0.207(14) 1 1.989(2)

02 & 0.5083(4) 0.6791(7)  0.9091(2)  0.207(14) 1 1.933(3)
03 8d 0.6494(4) 0.8518(7) 0.7469(2) 0.207(14) 1 1.945(2)

04 o 0.8426(5) 0.6635(6) 0.8952(19) 0.207(14) 1 1.881(2
05 8d 0.3386(5) 0.1539(6) 0.9257(19) 0.207(14) 1 2.114(3)

Space groupPbcn.Lattice parameters a = 8.69523(8A / b = 5.06407(5) A/ ¢ = 14.34517(2) A
V = 631.928(1) A Z = 4.Reliability parameters: 2 = 1.95, Rragg= 2.74 % (Synchrotron X-Ray) /
y? = 2.70, Rragg= 3.41 % (Neutron).

Interestingly, the W@octahedra are heavily distorted: the W-O bondstpw toward
the interlayer (W-O2, W-04, W-05) are much shotian those pointing toward the Ni-W-O
layer (W-0O1, W-0O3, W-03) (Figure 2.5a). The oppesiend is observed when looking at the
Ni-O bond lengths for the Nigbctahedra: the Ni-O bonds pointing toward theriayer (Ni-
02, Ni-O4, Ni-O4) are longer than those pointingha opposite direction (Ni-O1, Ni-O3, Ni-
03). However, the distortion is less significant the NiQ; octahedra than for the WO

octahedra.

The distortion for an octahedron can be quantifigd looking at its quadratic

elongatior®’, given by Equation 2.2:
w13 (Y .
G i\l '

wherel, is the vertex-to-center distance for a regulaaloetiron of equal volume to the
distorted polyhedron, with bond lengthsFor (A) = 1, the studied octahedron displays no
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distortion. The quadratic elongation for a \Y/@rtahedron in the kNi2W209 phase is 1.06,
whereas it is merely equal to 1.02 for a Bi@tahedron. These values highlight the severity
of both the bond angles and bond lengths distatiorthe WQ@ octahedra compared to the
NiOs octahedra. Such distortions may arise from a skcoder Jahn-Teller effect, which is

rather common for high-valencé cationg>82°°

2.128(4) A Vz.uus) A

4.1366(14) A fﬁlh —2.075(4) A

2.021(5) A )
o 1 Mo
/LA O\ 4 2.030(4) A
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Figure 2.5 — Crystal structure of.Ni>W>Oq. Lithium atoms are represented in yellow, nickehas in green,

tungsten atoms in blue, and oxygen atoms in r@dRr@ection along [010] of the layered structyiy.Bond

lengths for the W@ NiOs, and LiQ; octahedra. (c) Projection along [001] highlightthg NiQ; chains in the

Ni-W-O layers. Atoms in a paler color have lowecanrdinates. (d) Projection along [001] highliglgtithe
lithium honeycomb configuration in the interlayer.

One of the most interesting features aNipW2Oq's crystal structure comes from the
lithium ions, which occupy the interlayer spacenimg a “honeycomb” pattern (Figure 2.5d).
Each lithium ion is located directly above or belawmickel ion, with a distorted octahedral
coordination. Here, the longest Li-O bonds, Li-Qpgint toward the neighboring NiO

octahedron, in such a way that thé tations are always closer to one Ni-W-O layer tthen
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other. In particular, the Liions are always closer to the®Wons than the Nf ions (Figure
2.5a,b,d). This could be explained by the highnvayeof the VW* ions, which have to get closer
to low-valence cations (L) to maintain local charge neutrality; this woulgagjustify why the
W®* cations seem to deviate from the'Niations (Figure 2.5¢)*2°°

Figure 2.6 — HAADF-STEM images and EDX mappingstfeo different areas of a il\i,W»Og powder
sample. Tungsten atoms are in red and nickel atoes green in the EDX mappings.

KR
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Figure 2.7 - HAADF-STEM images along (a) the [1@@kction and (b) the [010] direction for aNi>W>Oq
crystallite. The inlet in (b) comes from the sam@ADF-STEM image, in inverted contrast and zoometbin
highlight the positions of the Ni cations. (c, Bypjections of the nickel and tungsten atoms pwsstior the
refinedPbcnLi>Ni2W>Oq structural model, along the (c) [100] directiorddd) [010] direction.

In order to validate the solved structuresNipW>Og was further analyzed by atomic
resolution HAADF-STEM imaging (Figure 2.7a,b). Ohese images, the brightest dots
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correspond to the tungsten atoms, which possedsghest atomic number; nickel atoms can
be seen as slightly dimmer dots in Figure 2.7thiuih cannot be detected due to its very small
atomic number. In Figure 2.7a, we can observe mwgight dots which are two-dot wide,
and correspond to atomic columns consisting of Inatkel and tungsten atoms. These rows
of dots are separated by a dark space correspotudihg interlayer gap described before. This
placement of the tungsten and nickel atoms fullycmes with the structure obtained through
Rietveld refinement (Figure 2.7c). In Figure 2.%p-atom wide rows of bright dots (W) are
observed when the structure is viewed along th8][@ikection. A pair of dim dots (Ni) can
be seen between the bright dots of each row; tegipo of each of these “dim pairs” alternates
between the top and the bottom of the row. Thidigaration for the Ni and W atoms also
matches quite well with the configuration founde refined crystal structure (Figure 2.7d).
Moreover, the W-W distance along tkeaxis can be estimated to roughly 4 A from the

HAADF-STEM images, in agreement with the distanalewated from the structural model.

The crystal structure of tNi2W>Og derives from the corundum structure, with a
pseudo-hexagonal lattice. Materials with simildti¢a structures can frequently be found in
the litterature, the most prominent being the afmetioned corundum, also known @s
AlL,052%, |n fact, it is very easy to transform the lattife-Al 203 (R3c) into the orthorhombic,

Pbcnlattice (Li2Ni2W20g) through the following set of equations:

Appen = Ag3e — br3c 2.3
bppen = agzc + Di3, 2.4
Cpben = Cp3e 2.5

However, the positions of the atoms in the ortbarhic lattice of LiNi2W>0O9 do not
completely match with those of the atomsiAl 20s. Hence, LiNi2W209 can only be qualified
of “pseudocorundum” or “corundum-like”. Besides,Ni-W>0Oq is a compositionally mixed

oxide.

There are many examples of binary or ternary axidesplaying a corundum or
corundum-like structure (GNb0g?®  NisTeO:?2, MnmScTa@?®®  LioMgaW20e2%4
Li.GeTeQ?® etc.). In fact, the crystal structure obNi2W-Oy matches with that of another
compound, MgNiNb,Og?¢, which displays (Mg,Ni)-honeycomb layers caughtineen Mg-
Ni-Nb-O layers made of octahedra chains, in a pat@milar to what can be seen in
Li2Ni2W-20q (Figure 2.5). A few reports have been made on madgavith a MgNiNb2Oo-type
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structuré®”-2%8 (also known as a “ramsayite” structure); howewsrfar as we know, none of

them display “pure” lithium layers (without any atic mixing).

Thus, what truly sets bNi;W>O9 apart from other corundum or corundum-like
materials is a combination of characteristics: aesered structure, an interlayer suitable for

lithium diffusion and an electrochemically active t8ansition metal.

Many insertion materials studied for an applicatas cathode in lithium-ion batteries
display a layered structure: LiCe®®2?C NMC materials (Li[NiCop-2Mnx]O2)%71272
LiIFeSQOH?"3 and LiVO(PQw)2>"* to name a few. However, although it is also arege
compound, its corundum-like structure makeNi}W-Os quite unique compared to what can
be found among other cathode materials. As suslejeéctrochemical properties as a potential

electrode material for Li-ion batteries were stddie

2.C. Electrochemical properties and electrochromism of
Li 2Ni2W 209

Electrochemical behavior in half-cells

The electrochemical performances of:NibW-0O9 were studied in coin cells.
Li2NioW209 powder was mixed with carbon black (80:20 wt%)piepare the cathode
electrode, which was then cycled at 10 mAagainst lithium metal through a galvanostatic
charge-discharge process. The resulting curvesactagistic of a faradaic behavior, are shown

in Figure 2.8.

When cycled between 2.5 and 5.0 V v¥lLiat a current density of 10 mAlgLNWO
displays two distinct plateaus in its first chargee appears at around 4.55 V v¥Liiwith a
capacity of 23 mA.h:¢, while the other one appears above 4.8 V V4_Licontributing a
capacity of 18 mA.h¢(Figure 2.8a). In the following discharge, two sleran be observed,
but in a much narrower potential region: the filsppe appears between 4.6 and 4.5 V VAL
and the other between 4.5 and 4.4 V Véllii This behavior indicates that we have two disti

redox couples.

The electrochemical activity is certainly duehe hickel cations: Nfi is the only cation
that can be oxidized in the pristine compound. T¥as confirmed bgx situandpost-mortem
XAS measurements, during which four samples wenepeawed: pristine LLNi,W>0o, charged
Li2Ni2W200 (1%t cycle and 58 cycle), and discharged ANi2W2Os (1% cycle).(Figure 2.9).
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Figure 2.8 — (a) Galvanostatic charge-dischargeesuand (b) dQ/dV curves forNi»W,0g + 20 wt% carbon
black, cycled at 10 mA:fagainst Li metal at room temperature; the elegtieolvas a solution containing 1 M
LiPFsin a 1:1:4 (vol) EC:PC:DMC mix. (c) Average discgea capacity (green dots) and average coulombic
efficiency (black diamonds) for three coin celleled according to the conditions set in (a).
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Figure 2.9 — Ni K-edge XAS. (a) XANES spectra abfirhagnitude of the FTs of the EXAFS oscillation fo

pristine LbNi-W,0q (blue), LbNi-W,0q cycled against lithium after one charge (oranggr one charge and

one discharge (green) and after th& Bbarge (red). The spectra for NiO (black, dashed) NaNiQ (black,

full) are shown as references in (a):NibW2Oo was cycled against lithium metal, at 10 mA.getween 2.5
and 5.0 V vs Li/Li, in a Swagelok cell.
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The energy shift of the X-ray absorption near-estgecture (XANES) spectra between
pristine LbNi2W2Og and charged kNiW-Qyq in Figure 2.9a proves thatNis oxidized during
galvanostatic charge; however, this shift accoonty for a 2.3+ oxidation state, whereas a
2.5+ oxidation state would be expected for the nemhof 1 Li* equivalent during the first
charge. This discrepancy between the expected laseheed valence state of nickel after one
galvanostatic charge to 5.0 V vs'lLii could be explained by a self-discharge phenaméh
or a partial reduction of nickel during the prepiama of the ex situ samples for XAS
measurements. A small difference in the edge posit observed when comparing a sample
charged once and a sample charged after 50 cyagsponding to a slightly reduced Ni
oxidation state after 50 charges. This matchestiélextended X-ray absorption fine structure

(EXAFS) results (Figure 2.9b); however, the origfrthis difference remains unclear.

Moreover, the Ni oxidation state shifts back toiftitial 2+ state, as confirmed by the
XANES and EXAFS analysis after one full charge-desge cycle, despite the electrochemical
irreversibility observed in the first cycle on ttycling curves (Figure 2.8a). The local structure
around the Ni cations is very similar for all fdLieNi2W20O9 samples, as we can observe by a
direct comparison of the magnitude of the Fouran¢forms (FTs) of the EXAFS oscillations
(Figure 2.9b), meaning that the local environmemuad Ni remains mostly unchanged

throughout the charge-discharge process, even&diteycles.

Thus, it is clear that the NiNi?* couple is involved in the redox processes of
Li2Ni,W200. However, the potentials at which the reactiorgioare significantly higher than
for other layered, nickel-active battery materias: oxidation potential ranging from 3.8 to
4.3 V vs Li/Li is usually expected for the NiNi?* redox coupl&*2?72276.277The increase in
the active potential range of2Ni2W209 may be explained by an inductive effect between th
Ni2* cations and the W¢bctahedra, similarly to what can be found in LiRiP8-280

Looking at the dQ/dV curves (Figure 2.8b), thestfiredox couple is initially
characterized by a 100-mV polarization; this vaheeases slightly in the early cycles due to
a shift of the reduction peak to lower potentitddewever, this peak goes back to its initial
position after cycle 50, and a 100-mV polarizatisrobserved again. For the second, high-
potential redox couple, the polarization decreasmiich more significant: between cycle 2
and cycle 50, the polarization goes from more #@d mV to around 80 mV. This indicates
that there is a kinetic limitation to the secondae couple, which decreases through an
activation process after several cycles. Becausexidation potential diminishes steadily, the
charge associated with the second oxidation plateaeases: at cycle 50, the plateau fully
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appears in the charge profile. Overall, the advaprocess of LNi>W20Ogleads to variations
in discharge capacity: it decreases from 34 to 20hng! between cycles 1 and 7 before
steadily increasing back to 31 mA.R.im the subsequent cycles (Figure 2.8c). Afterdades,
the material displays a capacity retention of 8#vPen compared to the'Tycle; this value
increases to 98 % if cycle 50 is taken as the eefsr point. Although this activation process
is reminiscent of what has been reported on elelstnmical grinding in other materi&t§ the
capacity increase is actually quite small, and SiiMures taken before and after cycling
(Figure 2.10) show no clear evolution of the maiési morphology correlated to the

polarization decrease.
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Figure 2.10 — (a) & vs x curves for a galvanostatic charge-dischaxgerment at 10 mA:gusing
Li2NiW204:C (80:20 wt%) as a working electrode and 1 M LiRFEC:PC:DMC (1:1:4 vol.), in a Swagelok
cell. (b) SEM picture of a pristine Ni2W»09:C (80:20 wt%) powder sample. (pst-mortenSEM picture of
a cycled (30 cycles) kNiW-0q:C (80:20 wt%) powder sample, taken from the Swalgelcled in (a).

Finally, an irreversible capacity of ~7 mA.H.gs observed in the first cycle. The
irreversibility decreases through the cycles, asceted by a decrease in the slippage of the
cycling curves (Figure 2.8a), and by a steady am®an coulombic efficiency (Figure 2.8c).
However, this efficiency remains below 99 %, indilog that some irreversible processes are

still occurring during charges, even after 100 egclSuch residual irreversibility could be
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associated with electrolyte decomposition, whichuldonot be surprising considering how

carbonate-based electrolytes suffer from high-patkaycling?®?

Crystal structure changes during cycling

In order to get a better picture of the electrocisammechanism involved in the
(de)lithiation of LbNi2W20e, anoperandoXRD experiment was performed, using the same
cycling conditions as before, in a cycling cell ggped with a Be window. The results of this

experiment are shown in Figure 2.11.

Upon removing lithium from LNi2W209, we observe that the (Q(eaks shift toward
lower Bragg angles (Figure 2.11b), whit&@) peaks shift toward higher Bragg angles (Figure
2.11a), which matches with an increase inctettice parameter, and a decrease irathend
b-lattice parameters, respectively. The lattice espan along the-axis is easily explained by
an increase of the coulombic repulsion between ND\dyers upon Liremoval. Meanwhile,
the oxidation of Ni* leads to a shortening of the Ni-O bond lengthspoesible for the lattice

contraction along tha- andb-axis.
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Figure 2.11 — Focus on the (a) (110) + (200) peaki(b) (004) peaks of aperandoXRD experiment on
LioNi,W-0q. The scans taken during charge are in red; ttads@ntduring discharge are in blue. P: peak for
pristine LbNioW-0e. a:: peak for LiNi2W-0s. B: peak for LgNi2W>0s. (c) Cycling curve (ke against time, 10
mA.g?, 20 wt% carbon black) for th@perandoXRD experiment.
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Moreover, after removing roughly 0.27lequivalents from the material, new peaks
start to appear indicating a biphasic system, niagchvith the first redox plateau. This
underlithiated phase crystallizes in tRbcn space group, similarly to the pristine phase;
however, the underlithiated lattice is elongatemhglthec-axis (Table 2.2). As the peaks for
the pristine phase have fully disappeared afteoxéng 0.5 to 0.6 L, the chemical formula

for the underlithiated phase can be written @bli2W>0o, with a between 1.4 and 1.5.

Table 2.2 — Lattice parameters calculated by Rigtafinements of the pristine INi2W»09 XRD pattern
(synchrotron powder XRD), and of underlithiatedNipW2O0s.

a(A) b (A) c(A) V(A9
Li2NisW,0g 8.69523(8) 5.06407(5) 14.34517(2) 631.928(1)
LiaNizW20g 8.630(12) 5.0534(6) 14.605(17) 637.0(14)

When more lithium is removed (up to 1.04).the peaks of LNi;W-Ogkeep shifting,
and new shoulder peaks start to appear at positiwgashing with the (002) and (004)
reflections. These could correspond to anotherdsrand an even more underlithiated phase,
LigNi2W20o, with B < a < 2. However, these shoulder peaks are not asetefas for the
Li «Ni2W20g/Li2Ni2W209 system. Thus, the existence of this second biphasiot as clear-
cut, even though it would match pretty neatly wilie second set of plateaus/peaks observed

in Figure 2.8a,b.
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Figure 2.12 — (a) XRD pattern of a discharged (Bes, 2.5 to 5.0 V vs FALi) Li 2NiW20g:C (80:20 wit%)
powder sample (see Figure 2.10a). The experimdatalis in red, the refined pattern is in blacle(®eld
refinement), the Bragg positions are in green aedlifferential curve is in blue. (b) Focus on (B@4)

reflection of the XRD pattern shown in (a).

An opposite trend in the evolution of the XRD patts is observed when reinserting

lithium, indicating that the structural changes wecng in the LpNi2W2>0O9 electrode are
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reversible. This reversibility is only partial, hewer, as the peaks associated NLIW-Oq
do not fully disappear at the end of the dischafdes slight structural irreversibility accounts
for the 0.2 LT that cannot be inserted back in the material dutive first discharge and is
responsible for the 7 mA.higrreversibility in the first cycle. In general dlerystal structure
of the material does not appear to deterioratdhéurpast the first cycle (Figure 2.12). This
could explain the good reversibility and capac#yention observed for tNi>W-0g, and it
would indicate that structural irreversibilities dwoot contribute much further to the
electrochemical irreversibility after the first qua of cycles.

Electrochemical behavior at lower current densiied lower potentials

The electrochemical behavior shown in Figure 28&sdnhot significantly change when
(de)lithiating LbNi2W-.0q at a lower current density (Figure 2.13). Goingnfr10 mA.g* to
1.5 mA.g%, the two plateaus still appear both in charge diadharge. This suggests that the
biphasic system exposed by thgerandoXRD experiment is not due to kinetic limitatione(i
cycling the cell too fast). The only significantfdirence observed when cycling at 1.5 niA.g
is that the coulombic efficiency decreases, andstippage in the charge/discharge curves is
more significant. This is likely because the slowate of cycling leaves more time for
irreversible electrolyte oxidation to occur.
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Figure 2.13 — (a) f vs x curves for LiNi;W.0q cycled in a coin cell at 1.5 mAlgagainst lithium metal, using
1 M LiPFs in EC:PC:DMC (1:1:4 vol) as electrolyte. (b) Disebe capacity (full markers) and coulombic
efficiency (empty markers) vs cycle number fosNipW,Os cycled at 10 mA g (green) and 1.5 mAY
(purple) against lithium metal.

A similar set of electrochemical characterizatiares conducted on #\i2W209 with

a lower potential range (1.0 to 3.0 V) to inspeetélectrochemical behavior of the phase upon
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overlithiation. The results suggest that an irreNme conversion reaction occurs when cycling
Li2Ni2W20g in this potential window (Figure 2.14), and thengmund is probably transformed
into an amorphous mix of different phases after fite¢ discharge to 1.0 V, which is not
unheard of for a nickel-tungsten mixed oxftie
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Figure 2.14 — (a) Galvanostatic charge-dischargemment with LiNi,W,0g as the working electrode and
metallic lithium as the counter-electrode. The entdensity was of 20 mAlgthe coin cell was cycled at room
temperature and the electrolyte was a solutionadoimg 1 M LiPk in a 1:1 (vol) EC:DMC mixBelow:
OperandoXRD experiment in a Be cell with #Ni,W»0g as the working electrode and metallic lithium faes t
counter-electrode. Cycling conditions are identtoahose used in (a). The discharges are in rddl@charges
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Electrochromism in LNi,W,Oq: insights from operando optical reflection

microscopy

The operandoXRD measurements demonstrate that the reversibtdr@echemical
behavior of LiNi2W20g at high potentials is also associated to revershiuctural changes.
Considering this, one might wonder if reversibléicg changes are not occurring as well when

lithium is inserted or removed from the material.
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Figure 2.15 — (apperandooptical reflection microscopy setup. (b) Galvaatistcharge-discharge curvesE
vs time, 10 mA.g) for the working electrode during the operanddagbtmicroscopy experiment. (c, d, e, f):
Optical microscopy pictures taken before the expeni (c), at the end of the charge (d), at theadride
discharge (e), and 2 h hours after the end ofxberement (f), respectively. (g): Detailed represdion of the
operandooptical cell.
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In order to assess the electrochromic propertfeki #Ni2W20s, we performed an
operandooptical reflection microscopy experiment. As shoimnthe reproduction of the
experimental setup (Figure 2.15a), the images wétained from the collection of light
reflected by the imaged sample. A self-standingtedele (LbNi2W20Oq: 94.8 wt% / Carbon
black Super P: 5 wt% / PTFE: 0.2 wt%) was cyclegirag} lithium metal in a cell designed for

this type of experiment (Figure 2.15%)%%

The cell was cycled from 2.5 V to 4.85 V vs/Li (Figure 2.15b), granting an insight
into what is happening optically toaNi>W>Og during Li" (de)insertion, but only for the first
redox plateau. The optical microscopy images ctdtbby the CMOS camera (Figure 2.15c,
d, e, f) clearly show a general decrease of thieatefd intensity () for the LbNi2W209
particles after the removal of lithium cations; tleflected intensity increases back after the
reinsertion of Li. Moreover, from transmission-like images of pristiand delithiated
Li2Ni2W20g particles aquireéx situ(in situ experiments in transmission mode are impossible
due to the electrode’s thickness), we see thatr#msmitted intensity is also attenuated upon
Li* deinsertion (Appendix A2.1). Since both refleceaad transmittance decrease duririg Li
deinsertion, this necessarily means that the absagbof light by the particles increases during
the delithiation process. Therefore, it is confichtleat LbNi>W>Og is an anodic electrochromic
material. On top of all this, the electrochromioerties of the material appear to be reversible,

at least on a couple of cycles (Figure 2.16).
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Figure 2.16 — Average reflected intensity (top) &nel(bottom) for the LiNi,W-Os self-standing electrode in
anoperandooptical microscopy experiment. For this experimémtee galvanostatic charge-discharge cycles at
10 mA.g* were performed to confirm that the electrochroh@bavior is maintained past the first cycle. The

charges lasted 500 s; the discharge were perfoumiéch 2.5 V vs Li/Li cut-off voltage was reached.
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Quantification of the electrochromic propertiesatistical and single particle

approaches

The reflection microscopy data was further treatedrder to quantify the intensity
reflected by each kNi2W20Og particle throughout the experiment and to perfarstatistical
analysis (Figure 2.17).
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Figure 2.17 — Top: distributions of the intensigflected by each particle of the optical microscpjpfure on
the three RGB channels. Bottom: relative variatbthe reflected green intensity (1 enfliefi,0) against particle
surface S (S is given as the number of pixels redub represent each particle; pixel size = 55. fithg
pristine particles were taken as referenggd)l (a, b): Pristine vs delithiated particles. (&, ®ristine vs
lithiated particles. (e, f): Pristine vs lithiatpdrticles after 2 hours at OCV.

The global trend qualitatively observed in Fig@r&5 is confirmed: across all three
RGB channels, there is a decrease of reflectedsitjeafter the delithiation and an increase
after the lithiation. Interestingly, we can alsosefve that there is a slight increase of the
reflected intensity when leaving the electrode &\VOfor two hours after the discharge,

compared to what is seen immediately at the enth@fdischarge (Figure 2.17c,e). This
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suggests that the lithium insertion inside the miatés kinetically limited, possibly by the
contraction of the crystal lattice along thaxis during lithiatioR®®. Despite this slight increase
of lrer after the resting time, the electrode does ndy fyod back to its original optical state: on
all RGB channels, the intensity reflected by thexebde is slightly lower after the experiment
compared to the pristine material (Table 2.3). Tapsical irreversibility matches with the
electrochemical (Figure 2.8) and structural irreumlities (Figure 2.11) displayed by the

material when cycled against lithium metal.

Table 2.3 — Results for the gaussian fits of distiibns of intensities reflected by each partiokethe three
RGB channels, during the first charge-dischargdecygttheoperandomicroscopy experiment. u: expected
value.c: variance. Number of particles (sample size): 425.

Channel Pristine Delithiated Lithiated Lithiated + OCV
Red p =113 pn =80 p =101 M =104
c=11 c=16 c=16 c =17
Green n =126 pn =85 p =110 p =114
c=8 c=16 c=16 c=18
Blue p=121 n=281 =100 M =107
=10 c=14 c=16 c=18

It is also interesting to see that in terms ofagptot all particles in the electrode behave
in the same way. This is especially noticeable wioeking at Figure 2.17b: the relative
intensity decrease between the patrticles in th&tipe and delithiated states can range from
5.6 % to 67 %, depending on the particle studiedt] tmsome extent, its size. This highlights
the importance of looking at what is occuring otiere at the single-particle-level, in order to
complete the information acquired from the glohatyre.

Looking at the evolution of the average refledi@eénsity at the single-particle-level
throughout the charge-discharge process (Figu®,2lie same general trends are observed:
a decrease in intensity upon delithiation, an iaseeupon lithiation. However, some particles
can be fully darkened in less than 1000 s (par&clearticlec), while others require close to
the entire charging time to go through the samecalptransition (particlé). There is not a
strong correlation between the electrochromic kiseand the particle size during the charge
(Appendices A2.2, A2.3). It is likely that the ccdtion rate depends on other properties of the
Li2Ni2W209 particles which are difficult to observe with teetup used in this experiment

(density, thickness, defects, etc.).

The similarity between the slopes of tha turves in charge and discharge suggests

that Li* cations are inserted, during the discharge, addhee rate as they are deinserted during
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the charge. However, irreversibilities in the ogli@sponse can be observed, and can be linked
to two phenomena: slow-lithium insertion kinetic¢dlae end of the discharge, and a delay in

the increase of the optical response during thehdige.
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Figure 2.18 — Optical behavior during the galvaatistcharge-discharge for different particlasly, c). From
left to right: gray-scaled optical microscopy pigun the electrode’s pristine states bnd Eye vs time during
the charge, andel and E.e vs time during the discharge

In some cases, such as partecl@igure 2.18a), two distinct slopes appear inciinee
of lrent VS time during the discharge. The second slopgeigker, indicating slow lithium-
insertion kinetics at the end of the dischargeileatb some irreversibility in the final reflected
intensity (Figure 2.18a). About 29 % of small paes are affected by this two-slope optical
increase. In comparison, 22 % of particles witteBveen 18and 10 px show a similar optical
behavior during the discharge. The proximity betw#es two percentages does not allow to

conclude on a possible correlation between parsizke and this two-slope phenomenon.

As for the “delay” phemonemon mentioned aboveait be observed when increasing
the particle size (particldsandc). More specifically, the recovery of the reflecietensity

during discharge happens less and less, and laddater from particl@ to ¢, and as such, the
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optical irreversiblities become larger (Figure 2.E&ure 2.19); for particle, the reflected
intensity barely increases at the very end of tlsehéirge (Figure 2.18c). A tmapping
highlights quite well the correlation between tlee0f a given particle and how late in the
discharge its reflected intensity increases (Figupe).
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Figure 2.19 — Evolution of the reflected intensitythe green channel for particke$ andc shown in Figure
2.18. len is given for the pristine particles, the particié®r charge, the particles after discharge aad th
particles two hours after the discharge.
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Figure 2.20 —¢tanalysis of th@perandooptical microscopy during the discharge. gahaipping of the
particles on the optical microscopy image of theNLiW.Og electrode. (b) Plot of against the size of the
particles (S, the size of the particles, is giverhe number of pixels required to represent thiggeon the
microscopy image. 1 px = 0.003025 f)nNumber of particles (sample size): 425.

In Figure 2.20, ¢ corresponds to the time for which the variationtloé intensity

reflected by a given particle increases aboveestiuld value (Equation 2.6):

2.6

(dIreﬂ

dIreﬂ)
dt

)t >02* max( Tt
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It indicates whends starts increasing upon lithium insertion. t =i6 defined as the beginning
of the galvanostatic charge; the discharge begitrs 2850 s in Figure 2.20. Overall, it appears
that 52 % of small particles (S <3x) start changing color early on during the &tion of
the LiNi2W-Qy electrode, between 3100 and 4000 s. Meanwhilggbiparticles (S > £px)
starts changing color after 4000 s, for the modt {@able 2.4).

Table 2.4 — Detailed data of themapping for the discharge shown in Figure 2.15b.

Size range (px)

to(s) [2.1¢, 107 [103 10 [104 107 [10% 1CF]
[3100, 3500] 83 (30 %) 3 (2 %) 0 0
[3600, 4000] 60 (22 %) 11 (9 %) 0 0
[4100, 4500] 36 (13 %) 32 (26 %) 2 (11 %) 0
[4600, 5000] 23 (8 %) 39 (31 %) 10 (53 %) 3 (100 %)
[5100, 5500] 17 (6 %) 26 (21 %) 4 (21 %) 0
No bleaching 59 (21 %) 14 (11 %) 3 (16 %) 0

Total 278 part. 125 part. 19 part. 3 part.

This trend can be explained by the poorérihsertion kinetics of the larger particles
during lithiation, which also affects the electromimic kinetics during discharge as both are
related to each other. Worth mentioning is thahdimnitations of the Li insertion kinetics,
which mostly happen during discharge, are actwally common for the layered Ni-containing
Li-ion cathode materia#8’-28° This t mapping also shows that no matter the particle, siz
significant number of particles become opticallyative after the first charge, probably due to
contact loss. This will also contribute to the gahelectrochemical, structural, and optical
irreversibilities in the LANi2W209 electrode.

The fact that variations inet do not occur immediately after the beginning of th
discharge for all particles can be explained byrpke top-to-bottom conversion model of the
particles (Appendix A2.4). Based on this modehrashold amount of Lineeds to be inserted
inside a particle before« starts increasing, because changegsidn only be observed once
a threshold thickness of lithiated phase (< 200 remains in the particle.

Going to higher voltage (above 4.9 V vs/Li) induces detrimental parasitic reactions
in the cell, and therefore, the optical changeateel to the second redox plateaus were not
studied.
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This operando optical microscopy experiments proves thabtNLiW209 is an
electrochromic material, and delivers numerousgimsi into its electrochemical and optical
properties. In particular, it gives several leads the origin of the electrochemical, structural,
and optical irreversibilities occurring in the maéupon (de)lithiation.

2.D. Magnetic properties and magnetic structure oLi2Ni2W20Og

Having described the electrochemical and electmult properties of LNi2W-Oo,
the rest of this chapter will focus on another prop granted by the 3delectronic

configuration of Ni*: paramagnetism.

A gquick reminder on magnetic properties

Magnetic properties in solid materials are oftetraduced by the presence of
paramagnetic ions, which possess at least onenedpailence electron. This occurs most often
in materials containing 3d and 4f elements. Anvigth unpaired electrons displays an intrinsic
magnetic moment; the magnetic properties of a nadtare produced by the interactions
between these magnetic mométits

When a paramagnetic material is exposed to amrmatteagnetic field, the moments
of the paramagnetic ions will tend to align thermeslwith the field, leading to a positive
magnetization (M) of the material. In usual corahs, this magnetization can be described by
Equation 2.7:

M = xH 2.7

in which H is the applied magnetic field, apt the magnetic susceptibility of the materjal.
describes the response of a material to a magfietat it is positive for paramagnetic
materials, and negative (and much less significemitnaterials without unpaired electrons
(i.e. diamagnetic materials). In this manuscripg molar susceptibilitym, the susceptibility
per mole of magnetic cation, will be used to discii® magnetic properties of2Nio\W20o.

At high temperatures, in a paramagnetic matetti@,interactions between magnetic
ions are weaker than the thermal energy: the magmeiments are disordered, and the material
is said to be in a “paramagnet” state. By decregtiie temperature, a symmetry-breaking
ordering of the magnetic moments can occur. The ofrdering will depend on the structure

of the material. There are two main magnetic ordense expected. Ferromagnetic order, in
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which the magnetic moments of the material arellghta one another, and antiferromagnetic
order, in which the magnetic moments are antipalr&édl one another. The type of magnetic

ordering can be determined by the shape of theeaara plot ofym vs T (Figure 2.21).

r Par i Antifer i Par
ordering behavior ordering behavior

Curie point

Xm (emu. mol~1. Oe™?)
Xm (emu. mol~%. 0Oe~?)
Xm (emu. mol~1. 0Oe™?)

Néel point

| | b)

T T T T T T T T T
0 20 40 Tc 60 80 100 0 20 40 TN 60 80 100 0 20 40 60 80 100
Temperature (K) Temperature (K)

Temperature (K)

- e
6666

o6 4o
booo ¢ o
XXX I XX
44 ¢

@-& @-@»

$ ¢ 7 &Y
$ ¢ N&zN
X &z¢¢z
¢ ¢doomYy
¢¢¢@¢ EENXN NN Y SN

Ferromagnetic ordering Antiferromagnetic ordering Paramagnetic disorder

Figure 2.21 — Top: typicai, vs T plots for paramagnetic materials displayiagd ferromagnetic ordering, (b)
an antiferromagnetic ordering, and (c) no magretiering. Bottom: two-dimensional representatiohthe
orientations of magnetic moments in a ferromagmetntiferromagnet, and a paramagnet.

When decreasing the temperature below the transgoint between paramagnet and
ferromagnet (the Curie temperature),there is a sudden increase in the valyg.pfollowed
by a plateau as the temperature keeps decreasmgeR.21a°1. On the other hand, when
going from a paramagnetic to an antiferromagnetieigym will sharply decrease below the
transition point (the Néel temperaturey) Teading to a cusp shape (Figure 2.299)n some
cases, the magnetic interactions are too weakedo @wercome thermal fluctuations, even at

low temperatures; in this case, no magnetic orgesmbserved (Figure 2.2%2}

Finally, assuming the paramagnetic properties ofagerial are mostly due to Curie-

Weiss paramagnetism, it is possible to fit thgml¥s T curve obtained from magnetic
measurements using Equation 2.8:
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C
Xm=Xot =——F%— 2.8

whereypo is a temperature-independent contribution to tiagmatic susceptibility in md| C

is the Curie constant in%iK.mol! andfcw is the Curie-Weiss temperature in K. Results from
these fits are extremely useful, as it is posdiblealculate the effective moment per magnetic
ion, pefr, using the value of C and Equation??9

-+/C ~ 800VC 2.9

where k is the Boltzmann constant (1.38 102 J.K%), Na is the Avogadro constant
(6.022 x 168 mol?), o is the magnetic constant(4 10° H.mY), and & is the Bohr magneton
(9.274 x 1¢*J1.TY). Moreover, the sign dicw determines the types of magnetic interactions
found in the material: ferromagnetic interactiomsdd/6cw > 0, antiferromagnetic interactions
yield 6cw < 0, and for a paramagriw = 0 (Figure 2.22).
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Figure 2.22 — Simplified representations of thedinfits expected for magnetic materials with

antiferromagnetic (light blue), paramagnetic (dalte), and ferromagnetic (purple) interactionsngshe
modified Curie-Weiss model, for ¥#-xo) vs T curves.

This quick reminder on the magnetic propertiespafamagnets is obviously non-
exhaustive: other types of paramagnetism origigafitom other phenomena exist, and
magnetic structures can be far more complex thawties described in Figure 2.21. However,
the notions given in this short paragraph are sieffit to study LiNi2W20s. On a final note,

the international system of units (8P will not be used in this section of the chapter;
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centimeter-grams-second (CGS) ufffiswhich are often encountered in the literature on

magnetic materials, will be applied instead.

The “429” compounds
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Figure 2.23 — Crystal structures obNi»W,0g (left), NiaNb2Og (middle), and CaNb,Og (right). Oxygen atoms
are red, tungsten atoms are dark blue, and niobtoms are sky blue; lithium atoms are yellow, nickems in
various shades of green, cobalt atoms in varioadeshof brown. For the double layer view, atorms paler

color are at lower z-coordinates.

The “429” family is a series of compounds with gext formulaMsA2O9 (M = Mg, Mn,
Fe, Co, Ni;:A = Nb, Ta). Described for the first time by Bertattl. in 1963°%/, these materials
sparked interest in recent years because of theignetic properties; especially their
magnetoelectric properti€€=32 The linear magnetoelectric effect is a couplietwezen the
electric and magnetic responses of a materiallestrie polarization of the material can be
induced by a magnetic field, and its magnetizatian be induced by an electric field. It has
been demonstrated that the existence of this effecmaterial relies on its magnetic structure,
and particularly its magnetic point symmétdz°7 Most 429-compounds crystallize in the
trigonal space group3cl, in a structure derived from that of corundum’{203)?°"2% This

often leads to magnetic structures with point symnie® compatible with the magnetoelectric
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effect, such as B in CaNb0o?%12%9-311 2/my and 2/m in FaNb:Os**? or 3m in

Mn4Nb2Og?%’, to give a few examples.

NisNb2Og is an outcast in the 429 family. Although its ¢aystructure is very similar
to corundum, slight differences in the Ni and Nbsigons make it crystallize in the
orthorhombicPbcn space grouf}® instead of the usual trigon®3cl seen in other 429-
compounds. NNb2Oy displays interesting magnetic properties origimgtfrom the 38
electronic configuration of Ni; specifically, it has been studied for its ferrgnatisni'43°
and magnetization reversal effééfs®*® However, the magnetic space group of this madteria
is Pb’cn’ with magnetic point groupn’m'm (#8.4.27), and thus, it does not allow a
magnetoelectric couplirg'.

A few studies have been conducted on exotic magmeiterials based on Mib2Oo.
These materials are usually prepared through thgapaubstitution of the Ni cations by
another divalent cation. Tarakina et al. reportedcompounds with the general formula
MgaxNixNb2Og (0 < x < 4), showing that for x > 2.75, tHebcn structure and the magnetic
properties of NiNb-Og were maintained, although planar defects wereodloited in the
structuré®. Later, Bolleta et al. worked on tuning the magagion reversal effect in
NisNb2Og through partial substitution of nickel with zinshowing significant changes of
magnetic properties in NiZnxNb.Os compounds, from x = 0 to x = 028 More recently,
Jiongo-Dongmo et al. studied the 80,09 — NisNb2Os phase diagram (NkCoxNb2Oo),
aiming to combine the linear magnetoelectric effeicthe former with the magnetization
reversal of the latter. They showed a nice tramsifrom thePbcn structure to theP3cl
structure for x between 2.2 and 2.5. However, iteal magnetoelectric effect could not be

observed in th@bcnstructure for this series of compoufids

Similarly to NuNb2Og, Li2Ni2W20g crystallizes in a corundum-likBbcn structure.
However, because Lations are arranged in a honeycomb configuratidretween the (Ni,
W) layers (Figure 2.23), the magnetic interactibesveen Ni* cations change radically in
Li2Ni2W209 compared to NNb2Oo.

Antiferromagnetism in LiNi,W>Oq

Molar magnetic susceptibility measurements peréarnon LpNi2W-0O9 powder, in
zero-field cooled (ZFC) and field cooled (FC) mods® shown in Figure 2.24.
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Figure 2.24 — Molar magnetic susceptibiligp) vs T curves and Ljg-xo) vs T curves for (a, b) H = 200 Oe,
(c,d) H=1kOe, and (e, f) H=10 kOe.

For an applied magnetic field H of 200 Oe or 1 k@we material displays a
paramagnetic behavior down to a temperatwreffoughly 8 to 9 K. At this Néel point, a cusp
can be observed, characteristic of an antiferromigiransition. However, such a transition
is no longer apparent when the applied field igeased to 10 kOe, suggesting that the
magnetic properties of the material are field-deleer. Magnetization measurements were

performed to confirm this observation, and are ldiggd in Figure 2.25.

At 100 K, the magnetization curve is linear, irading a fully paramagnetic behavior,
which does not seem impacted by the applied magfietd. In contrast, at 2 K, belownT

inflexion points can be observed in the magnetiraturve foitH| ~ 8 kOe, indicating a change
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in magnetic behavior. This behavior could be asgedito a metamagnetic transifith but
this needs to be confirmed through neutron diffoectneasurements in an applied magnetic

field, which were not conducted in this study.

A T =2K
£
3z
!
T=2K
2_.
1_
T = 100K

M, magnetization (pg/Ni)
o

—2

— 7T T T T — T T T T
-80 -60 —40 -20 0 20 40 60 80
H, applied magnetic field (kOe)

Figure 2.25 — Magnetization curves fopNi;W>Og powder at T = 2 K (dark green) and T = 100 K (ligreen).
The derivative curve for T = 2 K is displayed oe tipper part of the figure.

The curves for I vs T were fitted with a modified Curie-Weiss laigg{ation 2.8).
Results of the fits are shown in Table 2.5. Thenfit range had to be adapted from one
measurement to the next to account for deviatiooma the model due to magnetic impurities.
Interestingly, even though the shape of the susukfytcurves clearly proves that iNi>W->Og
goes through an antiferromagnetic ordering at kemgeratures (for H < 8 kOe), the values of
Ocw are all positive, which indicates that there drersy ferromagnetic interactions in the

material. Values of ¢4 were calculated using Equation 2.9.

Table 2.5 — Results of the modified Curie-Weiss fiitr the 1jfm vs T curves.

Ocw (K)  C (10°m3.K.mol?) Meft (U8) Fitting range (K)

H=2000e ZFC  15.09(2) 1.7228(9) 3.32(8) [50; 300]
FC  8.8(1) 2.208(6) 3.8(2) [50; 200]
H=1kOe ZFC 13.68(3) 1.680(1) 3.28(8) [50; 250]
FC  12.85(4) 1.731(1) 3.33(8) [50; 250]

H=10kOe  ZFC 13.99(3) 1.8303(4) 3.42(5) [50; 300]
FC  13.98(1) 1.8196(4) 3.41(5) [50; 300]
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Aside from the aberrant 3.& palue calculated for the FC curve at H = 200 Oleitv
is probably related to impurities in the samplie$, ¢alculated values otgifor the NF* cations
in Li2Ni2W209 range from 3.3 to 3.4 g4 These experimental values land between the
theoretical values for Ki in an octahedral coordination, with and withoubital angular
momentum (4.47 and 2.83 respectively); thus, there must be some weakritorion from
the orbital angular momentum to the magnetic monins matches quite well with empirical

values previously reported in the literaft§fe°

The frustration index for kNi2W20,, f, characterizes competing interactions and
geometric frustration in the magnetic lattice. d#ncbe calculated froricw and T, using
Equation2.1Q

eCW

f= |2
Tn

2.10

Estimating that i is roughly equal to 8 K leads to values of f rauggirom 1.1 to 1.9:

the magnetic structure is not heavily frustrated.

Magnetic structure of kNi;W,0q

To obtain a better understanding of the resultinbd from the bulk magnetic
measurements, the magnetic structure eNi2W209 was solved using low temperature
powder neutron diffraction experiments. Neutrofirddtion scans were performed between 15
K and 3.5 K, above and below the Néel point (Figugs6).

Starting at 7 K, a peak appears @t 2 16.06°; this peak is not present in the
diffractogram for T = 15 K, and it keeps increasasghe temperature gets lower. This confirms
that there is indeed a magnetic ordering below 8Sikilarly, another peak seems to increase
in intensity as the temperature is decreased at 255°. Aside from these changes, there is
no significant shift in positions or intensities e nuclear Bragg peaks upon the sample’s
cooling down, indicating that the nuclear crystalsture remains the same below the magnetic

transition temperature.

LioNi2W-Og crystallizes in the orthorhombRebcn space group. The positions of the
noticeable magnetic reflections &t=29.55° and = 16.06° in the neutron diffraction patterns

match with the (001) and (100) Bragg positionstf@ parent space group, in the same unit
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cell as the nuclear structure. Therefore, the pyapan vector for the magnetic structure is

k = (0, 0, 0), as the magnetic and nuclear uniscak identical.

Intensity (arb. units)

15 K

I35k-15K

wu o >

T T T T T T T T
5 10 15 20 25 30 35 40 45 50
20 (°), A = 2.4395A

Figure 2.26 — Powder neutron diffraction scand faNi,W»Og powder, from T = 15 K (light green) to T = 3.5
K (blue). The difference between the diffractogrdorsT = 3.5 K and T = 15 K is plotted in blackthe bottom
of the figure.

Based on the Miller indexes for the magnetic peg¢R®1) and (100), it can be
ascertained that components of the nickel catior@jnetic moments are perpendicular to the
reciprocal space basis vectars and a*; for an orthorhombic space groug, anda* are
collinear to the real space vectarand a, respectively. Simulations, based on the nuclear
stucture of LiNi2W>Os, were performed using the FullProf softwitén the eight Shubnikov
magnetic space group®lfcn Pb’cn, Pbc’'n, Pbcn’, Pbe'n’, Pb’cn’, Pb’c’n, andPb’c’n’),
which are compatible witk = (0, 0, 0) and a magnetic atom in tlee(8,y,z) site. Only two
magnetic space groups lead to the appearance @Qhgand (100) diffraction peaks (Figure
2.27, Figure 2.28, Appendix A23% Pbcn with two magnetic components aloagandb
(Figure 2.27a), anBb’c’'n’, with two magnetic components aldngndc (Figure 2.27b, Figure
2.28)%2 However, the best Rietvélt refinement was obtained when using the lattehas t
model for the calculations (Figure 2.29, Figure0}¥%.

The symmetry oPb’c’n’ allows all three magnetic moment components feiNhsite,
but the data showed no evidencenof and it was fixed to zero in the final refinemenhe
results of this refinement can be found in Tab 2and the resulting magnetic structure in
Figure 2.31.
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Figure 2.27 — Experimental neutron powder diffractilata at T = 3.5 K for kNi2W-Oq (black, top), and
simulated patterns for k = (0, 0, 0) in the Récnand (b)Pb’c’n’ Shubnikov space groups (colored, bottom).
For each simulation, each magnetic componenthgeéqual to O glor to 1 |; the non-zero components for a
given simulation are annotated above its corresipgruattern. Note that in (a), the (001) and (1,0€9ks
appear for two magnetic components alarandb, while in (b) the same peaks appear for two magnet
components alonly andc.
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Figure 2.28 — Experimental (black curve, top) aintlgated (colored curves) diffraction patterns of
Li>Ni2W-0s, The simulated curves were plotted with m0.5 5 and m = 1.5 k. Theoretical data for the 8
magnetic space groups were taken from the MAXMAGRvgare’® of the BilbaoCrystallographic Servef*-

306

All nickel cations have a small component along lifaxis (m, = 0.51(6) ) and a
larger component along tleeaxis (m = 1.49(5) ), for a total magnetic moment of 1.58(5)
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U per nickel cation. This is in reasonable agreemeétit the expected 2gufor Ni%*, with

S =1 in a 8electronic configuration. The spin-sequence aloig)(+- + - — + - +), and it is

(+ +--- -+ +) alongc. This leads to a canted, antiferromagnetic strectin accordance
with the antiferromagnetic transition observedha bulk magnetic measurements. Moreover,
the nickel cations can be paired in such a waytttemagnetic components of each cation in
a pair are reversed, and their coordinates sysaeenspposite to one another. Such pairs are
Ni(1)/Ni(5), Ni(2)/Ni(6), Ni(3)/Ni(7), and Ni(4)/Ni8). This indicates that the magnetic
structure contains a time reversal center, as ageln inversion center; the combination of

these two symmetry elements is required in lineagmetoelectric materials.

Pbcn o Experimental data
T=35K —— Calculated data
~ M, = 02(4) Mg — Yaalc — Yexp
%a M; = 1.43(6) Ug | Bragg positions
3 |Rgragg = 7.86 % g
2 RBragg, mag — 79.1 % i
T
2
A
c k
‘2 VN
- | | | hm

T T
10 15 20 25 30 35 40 45 50
20 (°), A = 2.4395 A

Figure 2.29 — Rietveld refinement of the neutrdiraittion pattern of LiNi,W-Os powder at T = 3.5 K, using
thePbcnShubnikov space groups for the calculations.

To get into more details, the magnetic structureéieNi2W209 can be broken down
into three different scales: chain, layer, andlstaiclayers. Inside a Ni-Ni chain, a parallel
alignment of the magnetic moments is observed. Mbde, inside a Ni-W layer, the magnetic
moments of two neighboring chains display weak lpgralignment along thé-axis, and a
comparatively stronger antiparallel alignment aldimgic-axis. Finally, these layers are piled
into stacks along the-axis; the resulting magnetic moments of two neaghiy layers in a

stack are antiparallel to one another alongotais (Figure 2.32).
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Figure 2.30 — Rietveld refinement for the neutromwger diffraction data of LNi;W,Og at T = 15 K in the
Pbcnnuclear space group (top) and at T = 3.5 K inRh&’'n’ Shubnikov space group (#60.425) (middle).
Bottom: Rietveld refinement against the differenaeve between the neutron powder diffraction déta o

LioNi;W>Ogat T=3.5Kand T = 15 K.

Table 2.6 — Magnetic structure ofNi>W,09 as deduced from the Rietveld refinement of thenoau
diffraction pattern measured at 3.5 K.

Shubnikov magnetic space grolb’'c’n’ / k = (0, 0, 0) / Bragg= 7.07 % / Bragg, magr= 13.5 % f? = 10.2
Cation Coordinates x/a y/b zlc My (Ls) me (Us)
Ni(1) X, Y,z 0.6648(5) 0.512(11) 0.8136(18) +0®1(  +1.49(5)
Ni(2) X+1/2,5+1/2, z+1/2  0.8352(5) 0.988(11) 0.3136(18) -0.51(6) +1.49(5)
Ni(3) X,Y,z+1/2 0.3352(5) 0.512(11) 0.6864(18) +0.51(6) -1.49(5)
Ni(4) x+1/2,5+1/2,Z 0.1648(5) 0.988(11) 0.1864(18) -0.51(6) -1.49(5)
Ni(5) X,V,Z 0.3352(5) 0.488(11) 0.1864(18) —0.51(6) -1.49(5)
Ni(6) x+1/2, y+1/2Zz+1/2  0.1648(5) 0.012(11) 0.6864(18) +0.51(6) -1.49(5)
Ni(7) X,y, z+1/2 0.6648(5) 0.488(11) 0.3136(18)-0.51(6) +1.49(5)
Ni(8) X+1/2, y+1/2, z 0.8352(5) 0.012(11) 0.8136(18) +0.51(6) +1.49(5)
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Figure 2.31 — Magnetic structure obNi»W,0q. Magnetic moments are represented by green arfeavghe
sake of clarity, only nickel atoms are shown infibare.

Relationships between magnetic structure and magmetperties in LiNi,W>Oq

Table 2.7 — Geometric characteristics of the s@xehRange (Ni-O-Ni) and super-super-exchange (Ni-Q+D
paths for exchange interactions, and d. Ni-O-O-Ni is the dihedral angle in degrees far Super-super-
exchange path.

Path Distances (A)
d(Ni-Ni) d(Ni-O) d(0-0) d(O-Ni)
J - Path 1 - super 2.935(6) 1.982(7) - 2.047(6)
J - Path 2 - super 2.935(6) 2.104(5) - 2.118(7)
J - super 3.384(10) 2.033(6) - 2.033(6)
Js - super-super 6.051(8) 2.108(5) 3.19738(5) 2.108(5)
Path Angles (deg.)
Ni-O-Ni Ni-0-0 0-O-Ni Ni-O-O-Ni
Ji - Path 1 - super 93.51(17) - - -
J - Path 2 - super 88.07(16) - - -
% - super 112.7(4) - - -
J - super-super - 108.64(16) 108.64(16) 180.00

LioNi2W2Og's crystal structure leads to both super-exchamgjeOtNi) and super-
super-exchange (Ni-O-O-Ni) interactions in the mateAs the magnetic structure is long-
range ordered, three distinct isotropic exchangeractions need to be considered: an
intrachain double interaction (.93 A), an interchain interaction(3.40 A), and an interlayer

interaction 3 (6.05 A) (Figure 2.32).
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Between two closest neighbors in a Biéhain (), two super-exchange paths exist.
The super-exchange paths are characterized byO&d Ni9O-Ni angle (Table 2.7), leading to
ferromagnetic interactions in accordance to thedeaough-Kanamori-Anderson rufés32%
Similarly, for interchain interactiorp Jthe orientation of the magnetic moments of trokeli
cations (nb components parallel anmdc. components antiparallel) suggest some competition
between ferromagnetic and antiferromagnetic intemas. The former could be coming from
J’'s super-exchange path, as the 112.01° Ni-O-Niaimktloser to 90° than 180°, probably
below the ferromagnetic-to-antiferromagnetic catiangle described by Goodenogghbut
again, this is mostly speculative, and an analyased solely on geometry might miss some
other important factors influencing the magnetiudure. d's super-super-exchange path
leads to antiferromagnetic interactions betweeriXineV) layers without too much ambiguity;
this can be explained quite well, again, by the dgmmugh-Kanamori-Anderson rules, and by
the 180° Ni-O-O-Ni dihedral angle.
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Figure 2.32 — Magnetic interaction paths iBNipW20s. In (a), super-exchange and super-super-exchats p

are shown as black dotted lines. Nickel atoms laogva in green, lithium atoms in yellow and oxygéonas in

red. In (b), W@ and LiG; octahedra are respectively shown in pale blueirapdle yellow. Magnetic moments

with a positivemc: component are shown in dark green, while those aitlegativan. component are shown in
light green.
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In any case, the nature of these magnetic inierecexplains the unusual behavior
observed in the magnetization measurements: althalig structure is antiferromagnetic
overall, the Curie-Weiss temperature fosNibW-Og is positive because of the intrachain and
interchain ferromagnetic interactions. Moreoveokiog at the topology ofiJ%, and d (Figure
2.32b,c), it is interesting to observe that the nedig connectivity of the nickel cations leads
to hexagonal magnetic loops; as there are no atittdbops, the magnetic structure is not
geometrically frustrated. This observation matolwe# with the low values of the frustration

index calculated earlier.

iz mm mmNil
<\icmm mmNiz)
c iy i
T sl iNamm A
aA—’\ b
b a

Figure 2.33 — Magnetic structure that would be ldigpd by LeNi-W20g at T < Ty if its Shubnikov space group
wasPbcn For the sake of clarity, only the nickel atoms sihown. The green arrows represent the magnetic
moments.

These considerations not only fit with thb’c’'n’ space group, they also make it rather
unlikely that LeNi2W20Og's magnetic space group Rbcn the other possibility mentioned
earlier in this chapter. Looking at the theoreticegnetic structure associated with Biecn
Shubnikov space group (Figure 2.33), one can ndheé the magnetic moments of two
neighboring Ni cations in a chain would be mosthtiarallel to one another (strong
antiparallel alignment alonlg, very weak parallel alignment aloayy Not only would this go
against the Goodenough-Kanamori-Anderson rulesoitld also go against the experimental
results, namely the high ferromagnetic interactiobserved in the magnetic measurements.
Considering said measurements, and taking intouedtcthat J, as the shortest magnetic

interaction path is also likely to be the strongéstan be confidently ascertained that the
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intrachain interactions in ENi2W-Og have to be ferromagnetic. Thus, Biecnmagnetic space
group is ruled out, and onRb’c’n’ remains.
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Figure 2.34 — Phase diagram showing the possibigete ground states of INi,W-Og below Ty as a
function of the values of the exchange integral$Bnd J. k = (0, 0, 0) in all ground-states. The ground-state
magnetic structures observed experimentally froemiutron diffraction data shown in Figure 2.26 are

indicated in the purple and blue parts of the diagr

In Figure 2.34 is displayed a phase diagram shptiia possible ground-state magnetic

structures of LiNi2W20e, depending on the values of the propagation vdctand of the
exchange integralg,Jb, and J.

This phase diagram was calculated by using thgranas SIMBO and ENERMAG; El
Khayati et al. gave a full description of thesegueans and the theory behind them in other
works*?6-3% The magnetic ground state (or first-ordered ¥iatebtained, as a function kf
and the exchange integrals 1 is the eigenvector corresponding to the lowesgenvalue of
the negative Fourier transform of the exchangegnalematrix (Equation 2.11):

§i09= = ) Jj(Ry) €7k 241

where J(Rm) is the isotropic exchange interaction betweensiiias of atoms i and j in unit
cells separated by the lattice vecRw. As a convention, a negative value of the exchange
interaction j) means that there is an antiparallel coupling betwée spin§s andS, leading

to the expression of the pair interaction energyashin Equation 2.12:
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Ei= —J;S:.5; 2.12

To build the phase diagram, we used a procedurehwims applied to several magnetic
structures in the pagP331-3% |n a few words, the exchange integral matriggs J, %, k)
were calculated for values of, &, %k ranging from -100 to 100, and for each set of &sl(4,

%, k), the magnetic structure of lowest energy wascsede For all regions of the phase
diagram, the lowest energy was obtainedkfar (0, 0, 0); thus, only the spin sequence vary

from one magnetic structure to the other.

The magnetic ground state of2Ni2W20Os is split between two parts of the phase
diagram. Although it is clear that 3 O and J < O, the value of2Jis not the same depending
on the component of the magnetic moments whiclomsidered: indeed, 3 0 for mp, and
J < 0 forme. This, again, highlights the dual nature of thénferaction, both ferromagnetic

and antiferromagnetic.

Another point to comment on relates to the magregace group of kNi2W-20e, its
nuclear structure, and potential magnetoelectop@rties. It has been shown that the existence
of this property in a material is dependent ongbimt symmetry of its magnetic structéffe
307 In particular, then’m’m’ point group allows for the magnetoelectric effecianifest, as
the diagonal components of the associated mageetdel tensor are non-zéfo3% This
means that this effect could be present uNLIW20O9 because of it®b’c’n’ magnetic space
group. This is interesting because, as said eattiercorundum-like structure of AINi2W20g
is very similar to that of "429" magnetic compoutidsespecially NiNb2Og, which crystallizes
in the same orthorhombic nuclear space gtbugHowever, ferrimagnetic ordering in
NisNb2Og occurs in théb’cn’ magnetic space grotfy>'4 corresponding to the magnetic point
group m'm’'m (#8.4.27) which is not compatible with the lineaagnetoelectric effect.
Meanwhile, 429 compounds crystallizing in a trigorsmace groupP3cl (CoNbyOo,
CauTaOy, MmNb2Oy, MnsTaOy, etc.) wusually display linear magnetoelectric
coupling?®8:309337.338 Thys  LpNi,W.09 might be the gateway to the exploration of a

magnetoelectric effect based orfNn a corundum-like orthorhombic structure.

Compared to members of the 429 family, the magriesiosition temperature for
Li2Ni2W209 (Tn = 8 K) is much lower. E&b2Oo displays two temperatures of transitiong T
~ 90 K and Tz~ 80 K31312 |n CaNb2Og, the Néel point has been reported mtER7 K261339

meanwhile, in CgTa0, various studies find = 20 K337:340.341 Eyen NiNb.Oo, a material
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with Ni?* as the paramagnetic cation, displays a Curie temtyre T equal to 76 R87314315
These major differences suggest that the magmaécaictions are weaker inNi>W>0Og than

in the 429 compounds. This could be due to a numbfactors. First of all, the lower amount
of magnetic cations per formula unit could introsome sort of "diamagnetic dilution" effect.
Such a phenomenon was reported by Tarakina et BlgNisNb,09?¢. Another factor, related
to the one described above, is the differenceystal structure between dNi2W>09 and the
M4A209 compounds. Whereas Mib2Oo, for instance, displays two types of magnetic taye
(the (Ni2, Nb) double layer and the Nil single lgyparamagnetic Ni cations in LiNi2W20g
are only present in the (Ni, W) double layers, safgal by diamagnetic Linterlayers (Figure
2.23). As such, the distance along thaxis between two paramagneticNcations is much
longer in  LbNi2W20s (dig(Ni-Ni) = 6.051(8) A) than in NNbOy (d(Nil-
Ni2) = 2.659(3) A§%”. This means that the magnetic interactions arelylilmuch weaker
between two successive paramagnetic layers dNif\V>O9 than in other 429 compounds.
Finally, one may wonder whether or not replacirgXir*/Ta>* cations by W' cations has an
impact on the magnetic properties, even thoughdNb&Q;, and WQ are all distorted by the
same second-order Jahn-Teller efféfct®®

It is also interesting to observe that, althougtisplays the same antiferromagnetic
ordering as many of the 429 compouii§d°1:392340 i,Ni, W0y distinguishes itself by
displaying a positive Curie-Weiss temperatiee ~ 14 K, whereas all 429 compounds show
Bcw < 0. Even NiNb2Og displays a strongly negative Curie-Weiss tempeegiew = -233 K),
although it is distinct from other 429 compounds laving a parallel alignment of theNi
magnetic moments in its Nil single layer, and ok#hin its (Ni2, Nb) double lay&f# This
again shows how the introduction of the Lnterlayer changes the magnetic interactions in
Li2Ni2W209. Compared to NNb2Og, for which the Nil-Ni2 antiferromagnetic interawts are
the strongest in the material, the intrachain faagnetic Ni-Ni interactions dominate in
Li2Ni2W20o. Meanwhile, theP3cl structure of other 429 compounds usually leadstrting
antiferromagnetic  intralayer interactions and wealerromagnetic interlayer
interactiond!:312:340.342 A5 sych, the crystal structure of2NiW-2QOq introduces favored

ferromagnetic interactions in the antiferromagnetier usually found in 429 compounds.

2.E. Conclusion of the chapter

LioNi2W209 was synthetized through solid-state synthesis, &sd structural,
electrochromic, and magnetic properties were clariaed.
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The general crystal structure of this new compasmbt completely unheard off: it is
very similar to corundum, and matches exactly Withramsayite structure reported previously
in other materials (NNb2Og, MgNisNb20Oo...). However, LiNi2W-0g stands out by its lithium
interlayer, its ordered structure, and its eledtemgically active Ni* cations. This opens a wide
array of possibilities for the synthesis of new en@ls to use as cathodes for the
electrochemical (de)insertion of lithium. For insta, replacing the divalent nickel in
Li2Ni2W209 with another divalent transition metal, or tungstath another, lighter element,
would make for interesting synthesis prospectst Asa quaternary oxide, it might be possible
to tune the electrochemical and optical propemiethe material by changing one or more

elements in the composition.

On top of this, playing with the nature of the s#ion metals could open the door to a
new family of electrochromic materials. Howevepraper assessment of the electrochromic
performances of kNi>2W-Og still needs to be done. In order to do this, thkpgound must be

prepared as a thin film, and a quantitative studysptical properties will be required.

As it stands, LaNi2W-Oqg displays a reversible specific capacity of rougdlymA.h.gt
past its initial capacity fade, which is much tawlto compete with other Li-ion battery
cathode materials. This low specific capacity stenasnly from its very high molar mass
(642.89 g.mot). LiFePQ3** and LiNisMn1sCous02>* typically display specific capacities
between 160 and 175 mA.i.gvhen cycled in their standard potential windowyifg to find
materials with a similar structure tooNi>W>Oe, but with lighter constituting elements, could

be a path to the discovery of new interesting edetiemically active materials.

Finally, at low temperatures (below 8 K),2Ni2W-O9 also displays the interesting
combination of an antiferromagnetic ordering witlhhosg ferromagnetic interactions. Its
magnetic structure, ordered in thHeb'c’'n’ Shubnikov space group, should grant it
magnetoelectric properties; this possibility cédisfurther experimentations, to determine the

strength of this magnetoeletric effect inMiW-Oq.

Even though this work on iNi2W209 does not deliver direct information on the
Li-Ni-W-O thin films on which this manuscript focus, iagvworthwile for two reasons. First,
to unveil the intrinsic peculiarities of iNi2W20o. Second, for the completion of the
Li>O-NiO-WOs ternary phase diagram, which will be a very ustfal for the comprehension
of Li-Ni-W-O thin films, used in the following chagr.
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Chapter 3 — Understanding

L1-Ni-W-0O nanocomposite thin filims
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3.A. Motivations

T ~ 700 °C °,

XNio
(mol%)

Figure 3.1 — LiO-NiO-WQ; ternary phase diagram at roughly 700 °C. Thezeaé corresponds to the
composition range of the Li-Ni-W-O thin films (TR}.olored areas have been explored experimentdiysés
that are grayed out have not been studied in thisuscript.

OrthorhombidPbcnLi2Ni2W-0Oqg, described in depth in the previous chapter, cetepl
the LpO-NiO-WGOs ternary phase diagram (Figure 3.1). This diagrascdbes the Li-Ni-W
mixed oxide phases that can crystallize at highpeature (600 to 700 °C).

The general goal of this thesis is to understdmel telationships between the
composition, the structure, and the electrochropraperties of the magnetron sputtered
Li-Ni-W-O thin films described in Chapter 1. However, timocomposite structure of those
films makes it difficult to study them. For examptlee amorphous matrix, which constitutes a
significant part of the films’ structure, cannot ddeserved by XRD due to a lack of structural
long-range order. Consequently, it is difficult tmck how this matrix may change upon
(de)lithiation and thus, it is challenging to camd# on its electrochemical activity between 1.0
and 4.5 V vs Li/Li.

A roundabout way to glean information on the nxatmd on these mixed oxide thin
films in general is to look at similar systems the¢ easier to characterize. For example, high
cristallinity powders can easily be studied by XRiDis is where the ternary phase diagram

described in Figure 3.1 comes in. Knowing an apipnate atomic composition for the
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Li-Ni-W-O thin films, other phases in the diagram carsélected based on their proximity
with the thin films’ area (TF).

Following this strategy, four phases were sele(feglre 3.2):

« Trigonal R3 Li;WO4**°, which is one of the vertices of the area contajrthe thin
films’ composition (pale green triangle in Figurd 3

 OrthorhombicPbcnLi2Ni2W20¢?46, another vertex of the area containing TF.

« Triclinic P1 Li2Ni(WO4)2**¢ an impurity that can often appear in case of
inhomogeneous mixing in the solid-state synthesls ANi>W->Oo.

» Monoclinic P2/c NiWO4**', another impurity that can form in the synthesfs o

LioNioW-20:q.
Pbcn Li;Ni,W,04
R3 Li,WO,
) ' 4
L} 8

P2/c NiWO,

P1 Li,Ni(WO,),

LR AR AN S

“m@

a(r oot a

Figure 3.2 — Crystal structures RS Li;WO4, PbcnLizNisW20g, P1 LioNi(WO4),, andP2/c NiWO,. Lithium
atoms are in yellow, nickel atoms in green, tungst®ms in blue, and oxygen atoms in red.

In the first sections of this chapter, the eledtemical behavior of these four
compounds in Liconducting electrolytes will be studied and coneplao the behavior of the

nanocomposite Li-Ni-W-O thin films. Then, the resubf post-mortemXPS experiments on
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cycled Li-Ni-W-O thin films will be presented andalyzed to obtain more information on the

secondary reactions occurring when these matenialdischarged at low potentials.

3.B. Electrochemical behaviors of the LiNiyW:On powders in Li*-
conducting electrolyte

The four LkNiyW;On powders were synthetized by solid-state synth@sisir purity
was assessed by powder XRD (Appendices A3.1, A8323), and they were studied by
galvanostatic charge-discharge in coin cells, usmdalf-cell configuration. For the
electrochemical study, each powder was mixed watb@n Super P (20 wt%) in order to
prepare the working electrode material. A-tonducting electrolyte was used in each case,
usually 1 M LiPFk in EC:DMC (1:1 vol). The counter-electrode in ttedls was Li metal.

The behavior of the LINi,W,O, at high and low potentials

45 I =100 mA.g? — cycel 4.5 I = 100 mA.g? — Cycle1
w— CycCle 2 w— CycCle 2
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4.0 Cycle 4 4.0 = Cycle 4
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> >
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w w
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X in LiyWO,4 x in LixNiWO,
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X in LixNi(WO4)2 X in LixNi(W°4)2

Figure 3.3 — ke vs x curves for galvanostatic charge-dischargeengents using the LNi,W,O, powders as
working electrodes. (a) iVO4, 100 mA.gt, 1.0 to 4.5 V vs LH#Li. (b) NiWO,, 100 mA.g', 1.0to 4.5V vs
Li*/Li. (c) LioNi(WOa)2, 10 mA.g%, 1.0 to 3.0 V vs LLi. (d) LizNi(WOQa)2, 10 mA.g%, 2.0 to 4.7 V vs LLi.

Figure 3.3 shows the&vs x curves for the galvanostatic charge-dischaxgeriments
performed on LAWOa4, NiWOs, and LbNi(WO4). powder electrodes. When cycled against Li
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metal at 100 mAg, pure LbWOa (Figure 3.3a) does not display electrochemicaliigtat
high potentials (> 2.0 V vs tiLi). However, a small plateau appears in reductietween 1.5
and 1.0 V vs Li/Li; its counterpart manifests in a similar potahtiange during the oxidation
sweep, but delivers less capacity. The reductiantien seems to be incomplete, as the end of
the plateau is not reached with a lower cutoffagét of 1.0 V. This low potential redox couple
accounts for the reversible (de)insertion of aro0m¥ Li* eq., and a capacity of 7.6 mAH,g
much lower than what can be found for ¥ There is a slight slippage toward higher x
values through the cycles, possibly because of spgarareactions. Otherwise, the

electrochemical behavior of AWOQ; is quite reversible.

The low capacity of LWO4 is not surprising. It has been reported that teepd
electrochemical lithiation of tungsten trioxide desato the irreversible formation of AW/QOa,
which then acts as a lithium tf4p>°C The low reversible activity measured likely corfresn

the redox of a small amount of W sites.

Similarly to LbWOs, pure monoclinic nickel(ll) tungstate (Figure 3.3tisplays
faradaic activity at low potentials only (< 3.5 ¢ Li*/Li); Ni?* cannot be oxidized as there is
no lithium to remove from the material. There significant slippage through the cycles, due

to irreversible reactions occurring during the teges.

The amount of charges reversibly inserted in NDring the cycling process is
higher than for LiWO.. About 0.45 Li equivalents are inserted in the first discharge
(39.1 mA.h.¢"), of which 0.37 Li equivalents are deinserted in the following charge
(32.6 mA.h'Y). These values are too low to correspond to a teepeduction of nickel or
tungsten to another oxidation state: the convensiaation of Ni* to Ni° requires the exchange
of 2 Li* eq, while the reduction of ¥/ to WP* would require 1 Ui eq. Thus, although a
reduction of the NiW®@electrode occurs, it here again remains incomgléen using a lower
cutoff voltage of 1.0 V vs [iLi. Based on previous studies on N#**2and NiwQ?® anodes,
the electrochemical activity observed in FigurebXx8uld be attributed to the beginning of the
reversible conversion reaction of NiO to®NDperandoXRD on the same potential window
does not show anything of note, beside a very shigicrease in the overall intensity of the
NiWO4 peaks during lithiation, which would match witketheginning of a conversion reaction
(Appendix A3.4).

Similarly to NiWQ; and LeWO4, when cycled at low potentials, thgeB/s x curves of
lithium nickel bitungstate (LNi(WOa4)2) (Figure 3.3c) show significant slippage due stight
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irreversibility between the charge and the dischafgain, this is probably because of parasitic
reactions during the discharge. After 5 cycles,iatbl.56 LT eq. can be reversibly (de)inserted
in the material, a number which is more than famet higher than for NiW® The reaction
associated to the low-potential reactivity oNi(WOs)2 is unclear: anoperando XRD
experiment on this material cycled between 1.0Z0d/ vs Li/Li does not show any variation
in the crystal structure of the material, at aninpduring cycling (Appendix A3.5). Results
shown by Ge et al. suggest that, by going at Igva¢entials (0.5 V vs LiLi), a conversion
reaction occurs. Besides these observations, theriadalisplays almost no faradaic activity at

a higher potential range (2.5 — 4.7 V v&/Li) (Figure 3.3d).

Comparison with the electrochemical behavior ofrtaeocomposite Li-Ni-W-O

thin films
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Figure 3.4 — Galvanostatic charge-discharge cuiores sputtered Li-Ni-W-O thin film electrode cydl@gainst

Li metal in a 1 M LiPk in EC:DMC (1:1 vol) electrolyte. The cell was cgdlat ~ 100 mA g (assuming a film

density of ~ 7 g.cr). (a) First five cycles; (b) evolution of the ciyx} behavior from the launch to the death of
the cell.

There are some strong similarities among th&liLiV,O, powders when it comes to
their electrochemistry.

Firstly, none of them are electrochemically actbetween 3.0 and 4.5 V vs™lii.
Li>Ni2W209 does show electrochemical activity at high potdatdue to the reversible redox

of the NP*/Ni?* couple (see Chapter 2), but it only occurs betweénand 5.0 V vs [iLi.

This is above the potential range of the main readh the magnetron sputtered Li-Ni-W-O

thin films (Figure 3.4).
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Secondly, all of the powders containing nickel atectrochemically active on the
1.0-3.0 V vs Li"/Li voltage window. L}WQs is distinct from the nickel-based compounds, as
it only displays a weak faradaic activity at veoylpotentials (< 1.5 V vs [ALi). This might
indicate that nickel is required in order to digplstrong electrochemical activity in the

“secondary reactions” potential range.

Finally, in the three Ni-based compounds (Ni¥WO2Ni(WOa)2, LioNi2W20g), the first
reduction sweep against a lithium metal countectedele is characterized by a conversion
reaction. In general, following this initial congewn reaction, the behavior of the powder
materials becomes quite reversible in the subseayetes. More experiments (such as XPS,
XAS, or Raman spectroscopy) are required to obtaane details on the exact conversion

mechanism.

The study of the powders do not bring much infdramaabout the main reaction in the
magnetron sputtered Li-Ni-W-O thin films. The magaction between 2.0 and 4.5 V v&/Li
seems to be a phenomenon intrinsically relatedhecthin film structure. Reports on similar
Li-Ni-W-O nanocomposite systems suggest that this-pajantial reaction is likely due to the
oxidation of the NiO-like nanocrystallites containi@ the amorphous matfé-244:344
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Figure 3.5 — ke vs (Q — Q) curves for a galvanostatic charge-discharge éxgert on a Li-Ni-W-O film||Li
metal cell. The electrolyte used was 1 M LiRFEC:DMC (1:1 vol), and the current density wasghly
115 mA.g

Despite this lack of knowledge on the main reaxtibe low-potential behavior of the

LixNiyW,On powders brings valuable information to grasp tlEosdary reactions in
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Li-Ni-W-O thin films. The sputtered films’ behavior in thiest reduction sweep is distinct
from their behavior in subsequent cycles (Figu#aB. This could, here again, point to a

conversion reaction, similar to the ones obseradiWOsa, LioNi(WOa)2, or LioNi2W20e.

It is also interesting to quantify the charge assied to the secondary reactions in
Li-Ni-W-0O thin films. The exact amount of material tained in the thin films is impossible
to determine exactly without a proper density measent; the capacities reported in Figure
3.4 were calculated by assuming that the film hdsrsity close to that of NiO (~ 7 g.&n
Nonetheless, it is clear that, in the first cytie, capacity associated to the secondary reactions
in the film is 4 to 4.5 times higher than the cagaassociated to the main reaction. Let us
assume that the NiNi%* redox at the NiO nanocrystallites is responsibletiie capacity of
the main reaction. If the secondary reactions wgetely due to the NiO nanocrystallites and
the NP*/Ni° redox couple, the capacity associated to the sergreactions would only be
twice as high as the capacity of the main react8ince the secondary reactions’ capacity is
much higher than that, the amorphous matrix hasmtribute to the low-potential activity of
the thin film.

In any case, the secondary reactions in the LWN® thin films quickly leads to the
deterioration of the films. As is shown in Figurdl3 after a few cycles, new plateaus appear
in the cycling profile of the film, and the voltageeasured starts to become unstable after 36
cycles. Such a deterioration is not observed inLikidiyW-On powders, or when cycling the
Li-Ni-W-O films between 2.0 and 4.5 V vsllii to avoid the secondary reaction (Figure 3.5).

3.C. XPS study of Li-Ni-W-0O thin films

To support the information obtained from the elschemistry, a series of XPS
experiments were performed on the four referengdlil\V;O, powders and on a pristine
Li-Ni-W-0O thin film. Then, this technique was uggast-mortento track the evolution of the
valence states in the-INi-W-O thin films as the state of charge (SOC) varies.

Comparison between |Ni,W,0, powders and a pristine Li-Ni-W-O thin film

When looking at the Lils and Ols XPS peaks (Fi@ueg, it appears clearly that the
pristine LiNi-W-O thin film is very different from the kNiyW,On powders. The Lils peaks
for LioNi2W-20Og, Li2Ni(WO4)2, and LbWO4 appear at binding energies of 55.0, 54.7, and
55.5 eV, respectively. These values can be atatbwo lattice Li*>3 Meanwhile, for the
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pristine Li-Ni-W-O thin film, the binding energy fdhe Lils peak is slightly higher, at 56.3
eV. This value matches more closely to lithium fide (LiF)*** This is unexpected
considering than the thin film is not supposeddatain fluorine. Likewise, when looking at
the O1s peak, the binding energy for the foulNLiW,On powders ranges from 530.3 eV
(Li2Ni2W200) to 531.0 eV (LiWOg); these values match well with what is reporteddttice
oxygert>3, Although the pristine Li-Ni-W-O thin film displaya peak at 530.7 eV that can be
associated to lattice oxygen as well, it also @gpltwo other peaks in the O1s region: one at
532.3 eV, and the other at 533.4 eV. Those two peak be attributed respectively to the C-
O and the C=0 bonds in alkyl carbonates sp&tié¥ The presence of the peak of LiF in the
Lils region, and of those alkyl carbonates peatkéO1s region, indicate that the surface of
the pristine thin film was contaminated prior te tkPS measurements. This is not unrealistic,
as the sample was stored in a glovebox used toamepi-ion batteries: LiF and alkyl
carbonates are common species that can be fouhguid electrolytes for Li-ion systems.
Despite this impurity layer at the surface of tifthe presence of a peak associated to lattice
oxygen means that other elements in the Li-Ni-WRi@ film proper could be detected by XPS;
thus, the experiments continued undisturbed.

Lils Ols
Lattice O
530.3 eV
Li,Ni,W,0,
530.3 eV
Li,Ni(WO0,),

-

531.0 eV
Li,wo,
530.5 eV
Niwo,
C

Lattice O
530.7 eV

Intensity (arb. units)
Intensity (arb. units)

Sputtered
Li-Ni-W-O film

T T T T T T T T T T T
59 58 57 56 55 54 538 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Figure 3.6 — Lils (left) and O1s (right) regiongloé XPS spectra for ili,W,09 powder, LiNi(WO4)
powder, trigonal LiIWO. powder, NiWQ powder, and a pristine magnetron sputtered Li-NG&whin film.
Contribution from lattice oxygen are shown in radhe O1s region.
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This surface contamination of the pristine Li-NHW/thin film is also characterized by
the overlap of the Auger KLL peaks of fluorine witie peaks of Ni2g (Figure 3.7). In spite
of this overlap, it is still quite clear that thegition of the main Ni2g, peak is shifted to
slightly higher binding energies compared teNipW20o, Li2Ni(WO4)2, and NiWQ powders;
this is also the case for the Ni3p peaks of tha fit the Ni3p region. Moreover, the Ni2p
peak appears to be wider for the film than for plesvders. These differences in binding
energies and width could stem from a higher amofiNti®* species in the film, introduced by
the oxidizing atmosphere used during the magnesmritering process. Furthermore, the
positions of the Ni2g, peaks for all Ni-containing samples are closethtuse reported for
NiWO, (~ 856.2 eVJ®’ than for other Ni" species reported in the literature, such as pure o
hydroxylated nickel oxidé- 855.0 eV®8
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855.7 eV 67.9 eV

35.4 eV
855.9 eV 68.1 eV 35.4 eV
’/\JL“ \,___//\‘/_v_ Li,Ni(WO,),
. z

36.0 eV

-

-

Intensity (arb. units)
Intensity (arb. units)
Intensity (arb. units)

Li,WO,
c
855.8 eV 68.0 eV 35.4 eV
’_/\JLA A\“/—-/\\_A Niwo"
Ni2ps,,
HEE 68.6 eV 35.8 eV
. >\ RN Sputtered
= A\ Li-Ni-W-O film

T T T T T T T T T T
865 860 855 850 80 75 70 65 4. 42 40 38 36 34 32
Binding energy (eV) Binding energy (eV) Binding energy (eV)

i

Figure 3.7 — Ni2p (left), Ni3p (middle) and W4fdht) regions of the XPS spectra foeMi, W0 powder,
Li2Ni(WQ4). powder, trigonal LAWO,4 powder, NiWQ powder, and a pristine magnetron sputtered Li-NGW
thin film. Contributions from the Auger KLL electns of fluorine and from the Ni2p peaks are respectively
shown in orange and in blue in the Ni2p regiontif@r Li-Ni-W-O thin film.

This could indicate that there are weak electrtraiosfer from the Ni to the W cations
in the Ni-W mixed oxides. This is further supportgdthe binding energies of the WAfand
W4fs/, peaks for the kNiyW,On powders and the Li-Ni-W-O thin film. The shape g@udition
of the peaks correspond to®Win an octahedral configuration (i.e. \A{ike) for all the
samples. However, there is a significant shifthef peak to higher binding energy fop\MOa,
which may originate from the lack of Niin the material, and thus the lack of Ni-W elentco
transfer. The position of the W#fpeak (35.8 eV) in the thin film to a slightly higshbinding
energy compared to NiWALi2Ni(WOa4)2, and LbNi2W20q (35.4 eV) could indicate that there
are weaker Ni-W electronic transfer in the filmrha the powders.
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The exclusivity of the 6+ valence state of tungstethe sputtered Li-Ni-W-O thin film
is also noteworthy. In a previous study by Greeal.ain the XPS spectra of Ni-W mixed oxide
thin films prepared by reactive DC magnetron cottgping, the binding energies of the WA4f
peaks were reported to be much lower (< 35.0 eM),the peaks themselves to be wider, for
Ni/W ratios above ¥°. The authors attributed those observations tédtimeation of W* states
in the thin films for high amounts of nickel; bietNi/W ratio in the magnetron sputtered thin
film studied here is roughly equal to 2, and n&''Was detected. Hence, the lack of*\&tates
in the pristine Li-Ni-WO thin film may come from the significant amountlitfium in the

film, or the heat treatment that follows the spurtig process.

To summarize, the comparison of the XPS resultd fadNiyW,On powders and the
pristine Li-Ni-W-O thin film tells us that the thiiilm probably contains a mix of Kiand N#*,
and W*-O octahedra with a slightly different environméram what can be found in the

powders.

Post-mortenXPS on Li-Ni-W-O thin films at various states dfazge

Ni2p Ni3p

NI ristine
"\ -856.6 eV GEE eV
Pristine
Na2s
g;g?o eV 68.5 eV
4.5 V - Charge
68.4 eV
v/_/L 2.0 V - Discharge

NiF,

859.0 eV \<6.8 oV
Ni?
68.0 eV
853;5 &% 1.6 V - Discharge
1
852.3 eV Scraped

Intensity (arb. units)
Intensity (arb. units)

855.0 eV NI°
[N 671 eV N 653 eV .
852.0 eV 1.0 V - Discharge
) Scraped
BfISS 8€I30 BéS BéO 80 7I5 7I0 6I5
Binding energy (eV) Binding energy (eV)

Figure 3.8 — Ni2p (left) and Ni3p (right) regionfthbe XPS spectra for a pristine Li-Ni-W-O thinrfiland
Li-Ni-W-0 thin films in various states of charge. Qamition from the Auger KLL peaks of fluorine are i
orange, those from the nickel in the pristine fdne in light blue, and those from Niformed during the charge
are in purple. In the low potential samples, thaltoontribution of all nickel centers in the saewis in dark
blue, and the specific contribution of™Ng in dark brown.
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Next, XPS was used to see how the electrochemeeaitions occurring in the film

during Li* (de)insertion affects the valence states of niakel tungsten.

To accomplish this, four different Li-Ni-W-O thfilm samples were cycled at different
states of charge (~ 100 mALgl M LiPFs in EC:DMC 1:1 vol). All four samples were charged
up to 4.5 V vs Li/Li. Then, one sample was discharged down to 2\& \Vi*/Li, another to
1.6 V vs Li"/Li, and another to 1.0 V vs 1/Li. The final sample was not discharged at all and
taken out of its cell directly after the initialatge. XPS measurements were performed on all
these samplgsost-mortemin the cases of the samples discharged to 1.6 &nd vs Li/Li,

a CEl layer had started to form at the surfacénefdamples. It was gently scraped away with

a spatula in order to detect the surface of thHiEW-O thin film (Appendix A3.6).

The pristine thin film is characterized by a N§2jpeak at 856.6 eV and a Ni3p peak at
68.8 eV (Figure 3.8). In the charged sample, alsshalulder peak appears next to the Ni2p
peak, at roughly 859.0 eV. This peak contributestiout 21 % of the NiZp signal. The peak
does not disappear during the discharge: it stifesents 16 % of the total Ng&signal after
a discharge at 2.0 V vs’lLi. Since the cycling behavior of the thin filmdgsiite reversible at
high potentials (Figure 3.5), this peak cannot tebated to the reversible formation of i
centers, as it should become much smaller in thgkadischarged at 2.0 V if that were the
case. Moreover, a binding energy of 859.0 eV iy \egh for a nickel oxide species, even a
nickel(lll) oxide*®®, which suggest that the nickel cations contrititio this peak are
coordinated by ligands of higher electronegatititstn oxygen. Considering that the samples
were cycled in a fluorinated electrolyte, the preseof this peak may be due to the formation
of NiF2 on the surface of the electrééfe The formation of this phase on the surface of Ni-
based cathode materials in LiP#lectrolytes was reported by Li et*8:3%3and is likely the
result of a reaction with a decomposition prodifdhe electrolyte at high potential (H#,

Aside from the apparition of this Nifpeak at 859.0 eV, there are no major differences
between the Ni2q peaks in the pristine sample and those in thegeldesample or the sample
discharged at 2.0 V vs 1Li. The same can be said for the Ni3p area ofsihectra. This
suggests that the structure of the film remainshanged during the main reaction at high

potentials: this reaction is not associated to phamsitions in the film.

Looking next at what happens in overlithiated slasheir most striking feature is the
apparition in the Ni2p region of a small peak aR.85eV and 852.0 eV for the samples
discharged at 1.6 V and 1.0 V, respectively. Thpesks clearly match with values reported in
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the literature for the Ni2p peak of metallic nickéf®3%% The peak is also much more
prominent for the sample with the deepest lithratite NP peak represents 26 % of the total
Ni2ps.2 signal for the 1.0 V sample, whereas it is on§ % of the total signal for the 1.6 V
sample. This proves what has been observed fMiyW,On powders: the overlithiation
process of the Li-Ni-W-O thin film is associatedtie reduction of Ni" into N©. It also seems
that this reduction is incomplete at 1.0 V, liketle LkNiyW,On powders. The formation of
Ni® is also characterized by the apparition of a spedk at 65.3 eV in the Ni3p region for the
sample discharged at 1.0 V, and the apparitionpdak at ~ 0 eV in the valence band for the
sample discharged at 1.6 V (Figure 3.9).

Valence band waf

35.8 eV

Pristine

-

35.8 eV
4.5 V - Charge

Intensity (arb. units)
Intensity (arb. units)

35.7 eV
2.0 V - Discharge

35.4 eV
1.6 V - Discharge
Ni°, val Scraped
35.3 eV
1.0 V - Discharge
Scraped
3IO 2I5 2|O 1I5 1|O EIS (I) 44 4I2 4I0 3I8 3I6 3I4 32
Binding energy (eV) Binding energy (eV)

Figure 3.9 — Valence band (left) and WA4f (righgjioas of the XPS spectra for a pristine Li-Ni-W-@nt film
and LiNi-W-O thin films in various states of charge.

Finally, the WA4f peaks remain essentially the sdareall states of charge of the
Li-Ni-W-O thin films. As detailed before, the positiomxdashapes of the WA and W4§),
peaks can be attributed to®VVcoordinated by oxygen and in an octahedral candigon.
There is a slight shift to lower binding energies the overlithiated thin film samples, but it
probably stems from the drastic change in enviranndeie to the reduction of Nito Ni°.
Indeed, since no new peaks appear, it is unlikedy & subpopulation of reduced W centers is

formed on the secondary reactions potential winddtMs means that tungsten plays a
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structural role in the magnetron sputtered Li-Ni@\thin films, and is not electrochemically

active on the 1.0 M.5 V vs Li"/Li potential window.

3.D. Preparation of spin-coated LiNiyW;On thin films

Why study thin films and why use spin coating?

In the previous sections of this chapter, thetedebemical properties of powders in
the LbO-NiO-WOs ternary phase diagram were compared to thoseeahtgnetron sputtered

Li-Ni-W-O thin film this manuscript focuses on.

Although some useful pieces of information coudddbtained from that comparison,
one must admit that there are restrictive diffeesnbetween the two systems. On one hand,
the LikNiyW;O, powders are monophasic, highly crystallized systeon the other, the

sputtered Li-Ni-W-O thin films are biphasic, and stlp amorphous.

To find more information on the relationships beéw composition, structure, and
electro-optical properties in Li-Ni-W-O thin filmd,is necessary to compare them to similar
systems. This is particularly important to underdtéghe high-potential main reaction in the
nanocomposite films. However, the magnetron spatjeprocess described at the end of
Chapter 1 is adapted to prepare thin films witlyame definite atomic composition. It would
be very time-consuming to figure out the correaitsying parameters to prepare thin films
with various compositions, and then to performrigat characterizations (for example, ICP)

to ensure that said compositions are correct.

To circumvent this issue, spin coating was usgatépare LiNiyW;On thin films. Spin
coating is a wet coating method, meaning thateswussolution prepared ahead of the coating
process. The final composition of the spin-coatkd dlepends solely on the stoichiometry of
the coating solution, and thus on the amount ol gmecursor put in the solution. Therefore,
in the context of this study, it is much easiecemtrol the composition of spin-coated films
than magnetron sputtered films. This allows a simaotploration of the LD-NiO-WO3
ternary phase diagram, and an easy study of theahgh composition on the structure and the

electro-optical properties.

This rest of this chapter will first give a bridéscription of the spin coating process
used to prepare iNiyW-On thin films, and the different parameters that ke optimized
to do so. Then, the compositions of the various tiins prepared this way will be detailed,
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and their microstructure will be described usingMSBnd optical reflection microscopy
images, as well as profilometry measurements. Kindle electrochromic properties of these
thin films will be studied using results from awperando UV-Visible spectroscopy

electrochemical experiment.

General description of the spin coating process

Film thinning

o—-
Fluid
immobilization

Spinning Solvent
fluid off evaporation

Spread

Figure 3.10 — Simplified representation of the spiating process.

The spin coating process is based on the thirofiagluid on the surface of a substrate
by fast rotatiof®3” The substrate is placed on a rotating plate sthéld by a vacuum chuck
or a groove to avoid being thrown off the plateinlgirthe spinning process. The coating
solution is dispensed on the substrate, whichaa gpun by switching the rotating plate on.

The film is formed in three steps (Figure 3.10):

* The coating solution spreads evenly on the sulestha¢ to the centrifugal force.

* Once the solution has spread across the entiracgudf the substrate, it becomes
thinner as the centrifugal force throws some offlinel off the substrate.

* Once enough liquid has been spun off, the remaithind) becomes highly viscous and
is immobilized on the substrate. At this point, &< solvent starts evaporating, leading
to the final thickness of the film.

The film’s thickness after spin coating;, ltan be estimated using Meyerhofer’s

313 Vpe
he= _— 3.1
= ’2 (1 — ¢p)w?

in whichvog is the initial kinematic viscosity of the coatiaglution, e is the evaporation rate of

equatiori®® (Equation 3.1):

the solvent, and the angular speed of the rotating platerepresents the concentration of
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precursors in the solution, and can be expressed) wlse initial volume occupied by the
solvent (Lo) and the volume occupied by solid matter if adl thitial solvent were to evaporate
(So) (Equation 3.2):

So

= 3.2

Co

The main takeaway of Equation 3.1 is that thekiinéss of the film will increase for
slower outflow rates, and for higher precursor @mt@ations in the spinning solution.
However, it relies on the hypothesis that thegesgynificant outflow of liquid at the beginning
of the spin coating process; this hypothesis camdmslated by & 2.

Calcination

& annealing -
Li,Ni,W.0,,

— powder

Precipitate

@‘\0(\
n
CO@[/
9 . Li,Ni,W,0
- xN Iy V¥ zUn
Wet film Drying thin film

& annealing

—
Substrate

Solution

Substrate

Figure 3.11 — Simplified scheme for the preparatibdensified LiNiyW-O, thin films and LiNiyW,Oy
powders from a spin coating solution.

The process used for the preparation of the stdndagnetron sputtered Li-Ni-W-O
thin films (see Chapter 2) includes a heat treatrep after magnetron sputtering. To get as
close as possible to these standard film, the spated LiNiyW-On thin films are dried at
100 °C to remove excess solvent, and annealedmnffied furnace, both to burn away the
organic component of the film and to densify itgiiie 3.11). In order to get a similar
nanocomposite structure to the standard film, the soated films were annealed at similar
temperatures (between 380 °C and 450 °C), for@tminutes.

Once a film has been synthetized by spin coathgremaining solution can be used
to indirectly check the composition of the film.&kolvent is evaporated, at which point a wet
precipitate is formed; this precipitate is thencoad and annealed at high temperatures to
obtain a crystallized kNiyW;On powder (Figure 3.11). This powder can then be rsedrby
powder XRD in order to identify which phases it tons, and what is its elemental
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composition. Finally, this elemental compositionnche compared with the expected

stoichiometry for the spin coating solution and spe1-coated thin film.

This brief description of the spin coating procgissws that there are many parameters
to take into account when preparing thin films wilils method. The optimization of some of

these parameters will be detailed in the followpagagraphs.

Choice of the reactants

To prepare a spin coating solution for the synghes LixNiyW;On thin films, three
reactants are required: a source of lithium, ac®af nickel, and a source of tungsten. Oxygen
is provided by the organic solvent, or the atmosph&s the annealing of the thin films takes
place in air. Ethanol was used as solvent, asrielatively harmless, evaporates easily, and

displays good flow capabilities.

Hence, the initial criterion used to select thecpirsors was their solubility in ethanol.
Another point to consider was the possibility tgigaremove parasite species from the film
during the heat treatment. The candidates for tepgvation of the spin coating solution are
usually salts. However, only one ion from each gadtursor is of interest for the composition
of the thin film; it is important that the countemns are decomposed during the thermal

treatment.

For the Li(l) and Ni(ll) precursors, several catates are available in terms of
solubility: nitrates, chlorides, and acetates, a# as nickel sulfate heptahydréfté There are
less options when it comes to the W(VI) precursmly tungsten(VI) chloride (WG), and
tungsten(VI1) oxochloride (WOG@) are commercially available and soluble in ethanol

In this study, WG was selected as the tungsten source. This resttice choice of the
Li(l) and Ni(ll) precursors. Neither lithium chlake (LiCl) nor nickel chloride hexahydrate
(NiCl2.6H20) would dissolve in a solution containing WChs the Clconcentration was too
high. Of the remaining possibilities, lithium nitea(LiINOz) and nickel nitrate hexahydrate
(Ni(NO3)2.6H20) were arbitrarily chosen as the lithium and nidairces. They were picked

to limit the number of distinct counter-ion spedeshe solution.

The use of WGlas a tungsten source also requires the additiamather compound
to the solution: citric acid. Indeed, without aitacid, WC} readily reacts with ethanol to form
a dark blue tungsten(V) alkoxychloride precipit&té’*(Equation 3.3):
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1
WClg + 2C;HsOH > WCI3(0C,Hs); + 5 Clyg) + 2HCI 3.3

By adding citric acid to the solution, W§3hould instead form a stable derivative of

WOCLs in solutior”?, according to Equation 3.4:

WCl, + RCOOH - WOC, + RCOCI + HCl 3.4

The formation of a WOGlIderivative can be observed by attenuated totédataince
infrared spectroscopy (ATR-IR). It is characteribydhe apparition of a small absorption peak
around 950 cm (Figure 3.12). This peak is attributed to thetstrimg of the W=0 bond in
WOCIA™,

EtOH
LiNO3 + Ni(NO3), + EtOH + CA
—— LiNO;3 + Ni(NO3), + WClg + EtOH + CA (10 min)
—— LiNOs + Ni(NO3), + WClg + EtOH + CA (60 min)

A (arb. units)

I ' 1 ' 1 ! I ' 1 !
2000 1750 1500 1250 1000
Wavenumber (cm™1)

Figure 3.12 — ATR-IR spectra for ethanol absollitgh{ green), an ethanol solution containing LiO
Ni(NO3)2.6H20, and citric acid monohydrate (0.3 M, 0.3 M, 1.2 (Nght blue), and an ethanol solution
containing LINQ, Ni(NOs),.6H,O, WCk and citric acid monohydrate (0.3 M, 0.3 M, 0.3M8 M)
10 minutes (blue) and 60 minutes (dark blue) aftieting the WGl to the solution.

The formation of this stable WOf{Ckpecies is essential to avoid the immediate
apparition of a precipitate in the coating solutiBrecipitates can disturb the outflow of liquid

during the spin coating process, and yield noneuniffilms®®”.

However, it has been observed that citric acicha@ls not enough to prevent the
reduction and precipitation of the W(V) species.fdiially, an ethanol solution containing
only WCle and citric acid monohydrate (C.A.7M 2:1) will also precipitate. The precipitation
of W(V) species can only be prevented if a nitsd#t (LINO; or Ni(NOs)2.6H.0) and citric
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acid are present in the solution with WCThis suggests that the stabilization of W(VI) asc

through a mechanism slightly more complex thanotine described in Equation 3.4.

Citric acid to metallic cation ratio

The addition of citric acid, on top of the Li(Ni(ll), and W(VI) precursors, will lead
to a stable solution. However, its lifespan willpdad on the amount of citric acid added.
Empirically, a citric acid to metallic cation rati€.A./M?) of at least 2:1 yields a solution that
do not precipitate for seven days. After this pegiad time, a yellow precipitate will form; the
solution then becomes unusable for spin coatin@ Adture of this precipitate is unknown,
although it is clearly related to the addition of2Win the solution, as it does not form for
solutions containing only LiN§) Ni(NOs)2.6H20, and citric acid monohydrate (Figure 3.13).

LINO;  Ni(NOs),

-

Citric
acid

LiNO,  Ni(NOs),  Citric

- acid
PN i

Figure 3.13 — (a, b): Ethanolic solution containthg M LiINGs, 0.2 M Ni(NGs)..6H.0, 0.2 M WC§, and 1.2 M
citric acid monohydrate, (a) 0 days and (b) 7 dtexr complete dissolution/reaction of all the taats. (c, d):
Ethanolic solution containing 0.3 M LiN$O0.3 M Ni(NGs)..6H.0, and 1.2 M citric acid monohydrate, (c) O
days and (d) 10 days after complete dissolutionfiea of all the reactants.

For solutions with C.A./KI= 1:1, the formation of the yellow precipitaterttan less
than a day; C.A./K> 2:1 yield solution with longer lifespans, bus@higher viscosities.

Nature of the substrate

Beside the reactants contained in the solutianstibstrate used for the preparation of

the thin films is also important, for two reasons.
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The first one is the risk of contamination. Elensecontained in the substrate should
not diffuse inside the thin film. This is a sige#int point to consider, especially because the
spin coating process used in this study is followgd heat treatment step, which can favor
diffusion of cations from the substrate to the fiftnFor example, thin films with kNi2W;Oq
as the target composition that were directly degpdson glass were contaminated by sodium
during the heat treatment (450 °C, 30 min, airisMas observed by a XRD measurement of
the films in Bragg-Brentano configuration: peaksaasated to cubiéd3m NaWO4*'* are
clearly visible in the diffractogram (Figure 3.14bJThis contamination can lead to

heterogeneous and non-uniform coatings (Figurea3,&hd can deviate the thin films from

their target composition.

b ) ¢ Fd3m Na,wo,

Intensity (arb. units)

26 (°), Acu,ka

Figure 3.14 — (a) Top view SEM image of a thin flloomposition: LiNi-W,0Og) spin coated on a glass
substrate. (b) XRD pattern for the thin film shoinr(a). Peaks associated to cubicWé, are clearly visible.
Other peaks could not be attributed.

The second reason why the nature of the subssateportant in the context of this
study relates to the type of measurements that teebke conducted on the thin film samples.
Different types of measurements may call for défertypes of substrates; herein, the optical
and electrochemical properties of the thin flmgadéo be characterized. Thus, the substrate
has to be transparent, and has to be an electtonatuctor: a transparent conductive oxide

immediately comes to mind.

The substrate selected for the preparation ofpirecoated LiNiyW-On thin films was
an ITO/SIQ/NbO/Glass stack, prepared by magnetron sputtering.tite same substrate as
those used for the standard magnetron sputteredi-WW-O nanocomposite films. The
transparent conductive layer, ITO, is 400 nm iskhess. Si@and NbQ are anti-glare layers,
no more than 50 nm in total thickness. Finally, gheess pane is 2.2 mm in thickness. For the

sake of simplicity, this substrate will simply kaled “ITO/Glass” in the rest of the manuscript.
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Other parameters to consider and final descrigifcdhe spin-coating process

There are numerous parameters to consider whdarpaeng spin coating. The few
detailed prior to this point were specific to thmmpositions and the properties studied in this

paper. However, other aspects of the process iayeansidered and optimized, such as:

» the concentration of metallic cations, which imgaitte viscosity of the solution, and
which cannot be too high as it could lead to thensgneous formation of a yellow
precipitate.

» the rotation speed, rotation acceleration, andtauraf rotation for the spinning plate

of the spin-coater.

» the number of successive coatings on the sameratdysihich can slightly impact the
thickness of the densified film (Figure 3.15).

Li,Ni;W,0,

130 A
120 A
110 A

100 A

Thickness (nm)

70 A

2 3 4 5
Number of coatings

Figure 3.15 — Impact of the number of successiatiecgs on the final thickness of three differerm thiim
samples. Composition: iNi;W>0s. Concentrations: [I] = [Ni?*] = [W®] = 0.2 M. C.A./M = 2:1. Substrate:
ITO/Glass. Thicknesses were measured using a Dektdikometer; each data point is the average ¢dantt

three measurements on the same sample.

» the annealing temperature and annealing duratibighahave a strong influence on
the crystallinity and the density of a film, and lextension on its optical and
electrochemical properties. Thermogravimetric asialyneasurements (TGA) on the
calcined precipitate obtained from a spin coatiblgtson suggest that temperatures as
high as 400 °C are required to remove all orgamtcated, and chlorinated impurities
from the films (Figure 3.16).
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Figure 3.16 — Evaporation/calcination process legqtth the formation of a calcined residue from ia spating
solution (top), and TGA curve for the calcined des of a spin coating solution with compositioaNipW-Oq
(concentrations: [I] = [Ni%*] = [W®] = 0.2 M; C.A/M = 2:1).

The optimization of all these parameters led ®dkneral spin coating process used

for the preparation of LINiyW;On thin films. These parameters are fully described able

3.1.

Table 3.1 — General parameters used for the prémauaf spin-coated LNiyW,O, thin films.

Solvent

Reactants

Concentrations

C.A./IM*

Substrate
Rotation speed
Rotation acceleration
Rotation duration

Number of successive
coatings

Drying parameters

Annealing parameters

Ethanol absolute
LiNO3, Ni(NOs)2.6H,O, WC, citric acid monohydrate

The concentration for the majority cation was sed.2 M; other
concentrations were adapted to match the desiogchgimetry.

2:1; M? corresponds to the total metal cation concentnatio
([LiT+[Ni #]+[W*)

ITO/Glass, 5 x5 cm
3000 rpm
1000 rpm.3

30s
2; the second coating is performed after dryingfittse one

100 °C, ~ 10 min

380 °C to 450 °C, 5 to 30 min, + 5 °C.nijrair
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Having described the optimization of the spin o@aprocess, the rest of this chapter
focuses on the synthesis of varioug\ijW,On thin films, and on the impact of the composition

on the structure and properties of said films.

3.E. Compositions of the LiNiyW:On thin films studied

xNiO D
(mol%)

Figure 3.17 — LHO-NiO-WO;s ternary phase diagram showing the different coritipas tested for the
spin-coated LiNiyW-O, thin films. Compositions that are grayed out weoé studied as thin films in this
manuscript.

Several thin film compositions were explored irsthtudy (Figure 3.17). Films with
compositions LiNi2W209 and LbNi(WOa4)2 were prepared to match with the powders
presented in Chapter 3. Besides these two, fowar @mpositions were considered. Those
were selected by plotting a straight line betwe@d (fbwer right vertex of the ternary) and an
arbitrary composition in the composition range lué thagnetron sputtered Li-Ni-W-O thin
films (cyan area). The four compositions were pitka that line (dashed line in Figure 3.17),

which is mathematically described by Equationsahé 3.6:
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XNio = — 2'33XLi20 +1 3.5
XNio + XLiZO + XWO3 =1 3.6
in which X0, X.i,0, @and Xyo, are the molar fractions of NiO, 40, and WQ.

To simplify the discussions on these thin filnig following naming conventions will
be used in the rest of this chapter:

e NiO, Li2Ni2W209, and LbNi(WOa4)2 will be called as such.

* Films on the dashed line of the ternary will be rAMLNWOX”, where X is the
desired value ofyo for this sample.

* The standard magnetron sputtered Li-Ni-W-O thimfilthat will be used as a
reference, will be called MS-LNWO.

The complete list of all compositions studiedhswn in Table 3.2:

Table 3.2 — Names and compositions of the thin §tadied in Chapter 3.

MS-LNWO Magnetron sputtered Li-Ni-W-O (formula not given)
NiO NiO
Li Ni(WO4) Li Ni(WO4)2
LioNiW20g Li2NiW20g
LNWO23 Lio.edNio 230.4401 88
LNWO55 Lio.3dNio 58W0.2601 52
LNWO90 Lio.0dNio.00/N0.0601.12

The spin-coated films discussed in the rest &f ¢thiapter were all annealed at 450 °C

for 30 minutes during the heat treatment step.

3.F. Microstructural characterization of the LixNiyW:On thin films

Film surface

The surface quality of the spin-coated thin fikvess characterized by optical reflection

microscopy. Microscopy images for the various cosijpans can be seen in Figure 3.18.
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LNWO90, 450 °C, 30 min LNWO55, 450 °C, 30 min

100 pm 100 pm
] [

LNWO23, 450 °C, 30 min NiO, 450 °C, 30 min

100 um 100 pm
] [

Figure 3.18 — Optical microscopy images for spiated (a) LNWQO90, (b) LNWO55, (c) LNWO23, and (d)
NiO thin films.

Overall, spin-coated LINiyW-O, thin films display a continuous surface. However,
some defects can be observed. A network of crexldderrly visible in LNWO90 (Figure
3.18a). Nonetheless, these cracks should not bemeetal to the electrochemical
performances of the films; this is also the caseotber punctual defects, such as pinholes
(Figure 3.18b).

In the case of LNWO23, small microcrystals seenndwe formed across the entire
surface of the film during the annealing procesgufe 3.18c). Such crystalline features are

absent from the other films.

Top-view SEM images of LNWO55 and MS-LNWO weredakto confirm that the
microstructure of the spin-coated film is similarthat of the standard magnetron sputtered
film (Figure 3.19).

Both films seem to have a smooth, continuous sarfaith no significant micrometric
feature, besides some dust particles and, in tbe cBaLNWOS55, isolated cracks. All in all,
with the noticeable exception of LNWO23, the spoated LiNiyW-O, thin films are
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continuous and do not display any significant nrmoeetric feature aside from cracks and
pinholes, which are likely related to the spin-aogtheating process.

MS-LNWO : . LNWO55, 450 °C, 30.min

Figure 3.19 — Top-view SEM images of (a) MS-LNWQ@l&h) spin-coated LNWO55.

Profilometry

Thickness measurements were performed on theatff&iNiyW-On thin films, using
a Dektak profilometer. The results are listed ibl€288.3. The coating parameters are the same
for all the films. Hence, the variations in thicksecould be explained by a shift in the viscosity
of the solutions, due to their different composisoln particular, the coating solution for the
NiO thin film, which did not require the additiori W/Cle and citric acid, was evidently less

viscous than the others, leading to a thinner film.

Table 3.3 — Average thicknesses measured for diffespin coated thin films using a Dektak profildeneThe
thicknesses are averaged over at least threeditfeneasurements on the same sample.

NiO, 20+10
LizNi(WOu), 120 +20
Li2Ni W00 80 + 20

LNWO23 76 +9
LNWO55 60+ 9
LNWO90 82+9
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3.G. Electrochemical and optical properties of thé.ixNiyW:On thin
films

OperandoUV-Visible electrochemistry setup

Thin film @7 Li metal

l’ PTFE casing

Source a Detector
a Lightbeam H F
White light U

L Electrolyte

|—~ Steel current collector

Glass seal
Steel current collector

Li metal
Figure 3.20 — Experimental setup for@rerandoUV-Visible spectroscopy electrochemical measurdmen

The quality of the spin-coatedxNiyW-On thin films was deemed good enough to study
their electrochemical and optical properties. Tosdo a specifioperandosetup was used
(Figure 3.20). It allows the simultaneous collestad UV-Visible spectra and electrochemical

data for a thin film sample.

This setup takes the form of a three-electrodedigell. The positive electrode is a thin
film deposited on a transparent substrate, thetivegalectrode is a lithium metal ring, and the
reference electrode is a lithium metal disk. Theilil electrolyte, which is also transparent, is
1 M LiClO4 in PC, a very common electrolyte used in the stoidglectrochromic systems.
Pierced polytetrafluoroethylene (PTFE) plates aitcpd steel plates hold the positive and
negative electrodes into place. Thus, the celeEghed in such a way that an incident beam
of white light can travel through the thin film aitsl substrate, the electrolyte, the sealing glass
pane at the negative electrode, and be collectet akiting the cell. Specifically, the

transmitted light beam is collected by an optida¢ff leading to a UV-Visible spectrometer.

The UV-Visible spectra thus collected are thecosdly due to the entire (substrate +
thin film + electrolyte + glass pane) system. Hoerwpon electrochemical exchange of, Li
the only part of the system that is expected tecajpy change is the electrochromic thin film.

Consequently, by performing a blank measuremertt thié cell in its initial state, one can
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obtain the relative variations of transmissionttog thin film during cycling. Eventually, by
collecting apost-mortemUV-Visible transmission spectrum of the thin filithe absolute

transmission variations of the thin film during tgg can be calculated.

Electrochemical responses ofNi,W,O, thin films

Using theoperandoUV-Visible electrochemical setup, galvanostatiargfe-discharge
experiments were performed on theNiiW-On thin films. First, the cycling curves for MS-

LNWO are shown in Figure 3.21.
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Figure 3.21 — (a) & vs capacity and (b) dQ/dV curves for a galvanastdtarge-discharge experiment using a
100-nm MS-LNWO thin film as the working electrodéne active surface areas(pis equal to 4.91 cithe
density of the film was assumed to be ~ 7 gicand the current density)was set to be ~ 100 mAlg

Focusing only on the main reaction at high patst(2.0 to 4.4 V vs L[iLi), the
magnetron sputtered thin film displays a single paredox peaks between 2.5 and 4.4 V vs
Li*/Li. As explained before, these peaks are assumeoie from the Ni/Ni?* redox couple.
The electrochemical behavior of MS-LNWO is quiteaesible over 20 cycles, although there
is a slight difference between the redox peak effilst oxidation sweep compared to those of
the subsequent cycles. Finally, the film displays\ersible capacity of roughly 360 mA.h:ém
in its first cycle, which fades to 305 mA.h.@rin cycle 20.

Next, the cycling curves for the LNWOX thin filnase shown in Figure 3.22. The first
thing to notice is that the electrochemical behaMwery similar from one spin-coated film to
another, despite significant differences in comipasi All the films display redox activity at
high potentials, between 3.25 and 4.4 V vELii(LNWO23, LNWO55) or 3.0 and 4.4 V vs
Li*/Li (LNWO90). Based on the shape of the:Es capacity curves (Figure 3.22a,c,e) and the
peaks in the dQ/dV curves (Figure 3.22b, d, f), nobshe reversible capacity is likely due to
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a single redox couple. For this reaction, all sppated thin films show a low polarization.
There is also a significant irreversibility betwegimarge and discharge, probably stemming
from electrolyte decomposition. Similarly, the ohgkan irreversible electrochemical reaction

is visible below 2.5 V vs [iLi in discharge for the three compositions.
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Figure 3.22 — R vs capacity curves (left) and dQ/dV curves (right)LNWO23 (a, b), LNWO55 (c, d), and
LNWQO9O (e, f) spin-coated thin films. The films wetycled against Li metal using a 1 M LiGl@ PC
electrolyte.

The strong similarity between the cycling behavioff LNWOX thin films suggest that,
regardless of composition, the same phase playsotheof active material in all samples.

However, the capacity varies greatly with the cosifpan: the discharge capacities in the first
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cycle for LNWO23, LNWO55, and LNWO90 are of 32, 156d 88 mA.h.cr, respectively.

These variations suggest that the composition hasmpact on the amount of active material.

Another interesting detail is the fact that, aithb the specific capacity is more than
two times higher in MS-LNWO compared to LNWOX filptke cycling behavior for the high-
potential reaction is very similar between the ttypes of samples (Figure 3.21). The
deposition method has a great impact on the eldutoanic performance, but the active species
involved in spin-coated LNWOX and in magnetron sgnatd MS-LNWO thin films might be
the same. Thus, it becomes very important to tyinpoint what phase is responsible for the
high potential reaction. In order to figure thig,ahe electrochemical behaviors of two other
spin-coated thin films are considered: a pure Nitn film, and a LiNi(WOa)2 thin film
(Figure 3.23).
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Figure 3.23 — ke vs capacity curves (left) and dQ/dV curves (right)NiO; (a, b), and LiNi(WO.) (c, d)
spin-coated thin films. The films were cycled againi metal using a 1 M LiCl@in PC electrolyte.

Looking at the cycling behavior for the Ni@hin film, a reversible electrochemical
activity is observed in the same potential rang®athe MS-LNWO and LNWOX thin films
(between 2.5 and 4.4 V vs'llii). The main difference is that this electrocheatiactivity is
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characterized by two peaks in the dQ/dV curvesuileig3.23b), rather than one. Parasitic
reactions at high potentials in oxidation and lavtegmtials in reduction are also occurring. On
the other hand, the spin-coatedNi{WOa4) thin film does not display the same redox activity
as all the other films previously described (FigBr23c,d). In fact, its weak activity stems only
from the parasitic reactions previously mentionuls, the reversible electrochemical activity
in MS-LNWO and LNWOX thin films likely comes fromMiO-like phase, which is apparently
not present in the biNi(WOQa4)2 thin film.

XRD on LikNiyW,0, powders synthetized from spin coating solutions

To further confirm that a NiO-like phase is resgibfe for the electrochemical activity
of Li-Ni-W mixed oxide thin films, it is useful tgo back to the study of powders. Indeed, as
mentioned earlier in this chapter, the excess issluemaining after a spin coating process can
be evaporated, calcined, and annealed in ordeyrtthetize a LiNiyW:On powder with the
same elemental composition as the spin-coated(fligure 3.11). These powders can then
very easily be characterized by powder XRD. AltHoumulk and thin film materials are
evidently different systems, the phases crystalljizn a powder compound can give some

insights into the phase composition of its thimfitounterpart.

This powder synthesis process was performed onctaing solutions for the
LNWO55, LNWO90, and LiNi(WOQa)2 thin films, using the heating program described in
Figure 3.24.

650 - 700 °C
nnealing 12h

450 °C Crystallization
420 °C 2h
380 °C 2h

Tamb . XRD

Figure 3.24 — Heating process for the XRD studphaises in LiNiyW,O, powders synthetized from spin
coating solutions.
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The XRD patterns for the LNWO55 and LNWO90 powder&igure 3.25 show that
in the typical annealing temperature range useer &fpin coating (380 to 450 °C), cubic
rocksalt NiO crystallizes. The width of the NiO peaat these temperatures would even tend
to indicate that the crystallites are nanosizeds ttan be confirmed by using Scherrer's

equatiod’>3"¢(Equation 3.7):

K
5= Bcos(0)

in which s is the crystallite size, K is a shapetda characterizing the crystallites’ shape

3.7

(K~ 0.9 for spherical particles), is the wavelength of the -Kays used for the XRD
measuremeng§ is the full width at half-maximum in radians oktpeak of interest, arttlis
the Bragg angle associated to the peak of intekeglying this equation to the (111) and (200)
peaks of NiO for LNWO55 annealed at 450 °C (Figgi2ha) yields s ~ 20 nm. Applying it to
the same peaks in the XRD pattern of LNWO90 anudeate450 °C (Figure 3.25b) yields

s~11nm.
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Figure 3.25 — XRD patterns betweeh=235 ° and 2 = 45 ° for powders synthetized from spin coating
solutions. (a) LNWO55 powder annealed at 380 °©, 42, 450 °C, and 700 °C. (b) LNWO90 powder
annealed at 380 °C, 420 °C, 450 °C, and 700 °CLig®i(WO4), powder annealed at 380 °C, 420 °C, 450 °C,

and 650 °C.

On the other hand, the XRD patterns for the povadigained from the LNi(WO4)2
solution (Figure 3.25c) show that NiO never crystas, no matter the temperature. In fact, the
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only phase that appears, for temperatures as IG12@SC, is triclinic LiNi(WOa4)2, which is

not electrochemically active at high potentialse(Shapter 3).

These results show that the spin coated thin fdmplaying electrochemical activity
are also those whose elemental composition yiel@® mnocrystallites upon evaporation,
calcination, and annealing of the coating soluti®his further supports the idea that the

electrochemically active phase in Li-Ni-W mixed dgithin films is a NiO-like phase.

Electrochromic performances of the MS-LNWO and LNWin films
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Figure 3.26 — Transmission spectra for as-depogs@lit line), colored (dashed line), and bleacfdashdotted
line) Li-Ni-W mixed oxide thin films in their firstharge-discharge cycle. (a) MS-LNWO. (b) Spin-edat
LNWO23. (c) Spin-coated LNWO55. (d) Spin-coated LRD.

Figure 3.26 shows the evolution of the transmissieectra of the MS-LNWO and the
spin-coated LNWOX thin films during the first cyaobé their galvanostatic charge-discharge
in theoperandoUV-Visible electrochemical cell. All four films psented display an anodic
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electrochromic behavior: their transmission deaeapon oxidation (colored state) and
increases back to its original state upon redudtiteached state). However, it is obvious that
the optical modulation for the magnetron sputtehaa film is much higher than for the spin-
coated thin films (Table 3.4), even LNWO55 whiclsigpposed to have a similar composition.
Although part of this improved optical modulatioancbe explained by a slightly higher
thickness, it is the superior reversible capadityi8-LNWO that grants it good electrochromic
performances (Figure 3.21). Similarly, when compgthe three spin-coated LNWOX films,
LNWOS55 has the highest optical modulation and LNVB@#ie lowest optical modulation; this
can again be correlated to the fact that the LNW®@B5 film has the highest reversible
capacity of the spin-coated films, and LNWO23 thedst reversible capacity (Figure 3.22).

Table 3.4 — Optical transmittance modulations & @, 550 nm, 630 nm and optical luminous transmdté
modulation for MS-LNWO and the spin-coated LNWOXntfilms. Standard error on the measurements is
estimated to be 0.2 %.

MS-LNWO 47.0 42.7 36.2 42.4
LNWO23 4.4 3.3 2.4 3.3
LNWO55 135 125 10.4 12.3
LNWO90 9.5 10.1 9.2 10.1

When comparing the LNWOX thin films, it is inteteg to observe that LNWO55
appears to be the optimal composition to get that bptical modulation. This likely comes
from a compromise between two competing aspeatsntimber of electrochemically active
sites and how easily ions can diffuse to theses.sBecause it contains a relatively small
fraction of nickel, the number of NiBites in LNWO23 may be too low for it to displag@od
electrochemical capacity. On the other hand, in LOB®, the amount of NiOsites in the
material may be too high, to the point that it bmes too difficult for Li to diffuse to certain
parts of the film. Indeed, cubic rocksalt Ni® notoriously bad for the diffusion of idis””.
The stoichiometry of LNWO55, and by extension of MSWO, probably leads to a sufficient
number of electrochemically active NiGites, and to enough amorphous matrix farians

to diffuse to and from these sit&&2*4

The reversibility of the electrochromic behavior the MS-LNWO and the LNWOX

thin films over 20 cycles is shown in Figure 3.27.
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There are some signs of irreversibility, such agsteresis in the b* value of the light
transmitted through MS-LNWO (b}. Nonetheless, the electrochromic behavior offthe
thin films is quite reversible. The general colariation is also the same for the four thin films:
the light transmitted becomes less green and retidarg oxidation (af increases), and it also
becomes more yellow (b*increases). During reduction, the opposite behmagi@bserved.
However, as the transmittance modulation is higberMS-LNWO, the contrast in color
between its bleached state and its colored stalsasmuch more significant compared to the
LNWOX thin films (Figure 3.28).
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Figure 3.27 — Evolution of ks, T, a*r, and b% for (a) MS-LNWO, (b) LNWO23, (c) LNWO55, and (d)
LNWO90 during 20 cycles of a galvanostatic chargeftarge experiment. The curve ofr g plotted in a
darker color in each graph.

Finally, the coloration efficiency values are mathclose between MS-LNWO,
LNWO23, LNWO55, LNWQO90. This can be seen in FigBr29: the coloration efficiency for
the four films remains between 17 and 24.€1. Considering that it can reach much higher

values in other electrochromic materials (174.3.€rh at 600 nm for a PEDOT/haloysite
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composite for exampt®), the close proximity in coloration efficiency lbeten the four films
studied here suggest again that they follow theesalectrochemical mechanism.

MS-LNWO LNWO23 LNWOS55 LNWO90

L% = 92.3 L% = 93.4 ‘ L% = 93.5 L% = 93.6
Bleached a¥ =-2.4 Bleached a* =-0.8 Bleached a¥r=-2.1 Bleached a*r = -4.4
b*; = 2.9 b*; = 5.6 b*; = 9.5 b* = 10.7

L = 68.6 L% = 92.0 ‘ L% = 87.8 L% = 89.1
Colored a* =28 Colored a* =-0.5 Colored a* = 0.0 Colored a* = -3.3
b*r =13.1 b*; = 6.8 b*; =12.6 b* =12.1

Figure 3.28 — Colors and CIELAB coordinates for #i®-LNWO and LNWOX thin films in their bleached and
their colored states, in transmission. Data takemfthe first charge-discharge cycle of the expentshown in

Figure 3.27.

IA =550 nm
Q 25
E ¢
>
(%]
g . ] o
S 20 1
t 4
(]
c
S
el
E -
S 15 -
(=] L
S ]

&& s°°° s&” s&o’

RN S N3

)

QQ

Figure 3.29 — Coloration efficiency of the MS-LNW&Bd LNWOX thin films at 550 nm. Values calculated
from data collected during the first cycle of ttehv@nostatic charge-discharge experiments.

Electrochemical mechanism in Li-Ni-W mixed oxidéntfilms

Looking back at the electrochemical activity foe tspin-coated Nigthin film (Figure
3.23a,b), it can be noticed that despite containimdjthium in its initial state, the material is
active during the initial charge/delithiation. Tisigggest that the activity of the Ni@in film
is not based on a L{de)insertion process, but rather on an adsorgtioness, as it has been
discussed in previous studi®'s’16-218377 Thjs initial electrochemical activity could thbe
due to the desorption of surface protons, initiagorbed by contact with atmospheric water,
and/or to the adsorption of anions from the eléyteq CIOy).
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It is more difficult to reach such a conclusiomabthe Li-Ni-W mixed oxide thin films.
Indeed, as lithium is present in the pristine mateone could argue that the activity of these
films during the initial charge (Figure 3.21) confemm Li* (de)insertion. In order to gain a
little bit more insight into the electrochemical chanism of these nanocomposite systems, a
CV experiment was run using tbperandoUV-Visible cell. The CV response of the standard
magnetron sputtered MS-LNWO thin film at differestan rates was studied, from 2 to
100 mV.s!, between 2.0 and 4.4 V vs'llii. The resulting curves are shown in Figure 3.30.
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Figure 3.30 — (a) CV curves and (b)cEs time and T vs time curves for a MS-LNWOI||1 M LiCKPC||Li
electrochemical system, cycled at different sca@sré2 to 100 mV:3.

At every scan rate, the MS-LNWO thin film is chetexized by a broad peak in
oxidation and its counterpart in reduction, duehe activity of the Ni"/Ni?* couple. At 2
mV.s?, the oxidation of the film occurs above 2.5 V d@alds to a T of roughly 39 % in the
colored state; the reduction brings the film bazhkts original optical state (T~ 83 %) and
ends around 2.7 V. As the scan rate increasegdation peak shifts to higher potentials,
and the reduction to lower potentials. In oxidatithe peak’s apex shifts from 4.1 to more than
4.4 V when going from 2 mV’sto 100 mV.g, whereas it shifts from 3.6 to 2.5 V in reduction.
Moreover, the film does not become as dark inaotered state when increasing the scan rate;

its bleached state luminous transmittance remamsame, however (Figure 3.30b).

These observations indicate that the electroch@mmeechanism in MS-LNWO is
kinetically limited, likely by mass transport. Alset scan rates increases, ionic species such as
Li* do not have enough time to diffuse out of the fidnd allow the redox of the NiNi?*
couple, hence explaining the strong overpotenéintslower optical modulation at faster scan
rates. This behavior is in direct opposition withawwas reported by Da Rocha et’dland

129



Chapter 3 — Comparison between Li-Ni-W-O thin filarel mixed oxide powders

Wen et alt8 for pure NiQ thin films: they did not notice a strong increaséhe overpotential

or a decrease in the optical modulation with fastan rates.

It is probable that the kinetic limitation in MSNWO thin films comes from the
amorphous matrix. Although it allows the diffusiohLi* to and from the NiO active sites and
grants its electrochemical activity to the filmethi* diffusion coefficient of the matrix may
be lower than that of the liquid electrolyte. Thakshough it is difficult to know whether or not
Li* is (de)inserted in the NiO nanocrystallites dutimg coloration/bleaching process, it is still,
in a way, “deinserted” from the amorphous matrixh&f film (Figure 3.31). As a consequence,
and regardless of what is happening at the nan@adiitess, the overall behavior of the MS-
LNWO thin film is more akin to that of an insertiomaterial than to the capacitive response

seen for pure Nigthin films.

Pure NiO, thin film Nanocomposite Li-Ni-W-O thin film

Ll ]

Electrolyte
D Amorphous matrix

- - NiO, (inactive)
¢ NiO, (active)

AY

¢ "oy Y s
% 9‘ @ lonic species (Li*, etc.)
)

<« Diffusion pathway

Figure 3.31 — Schematic representation of the siiffu pathways of ionic species (namely)lduring
electrochemical charge-discharge of a pure N film (left) and of nanocomposite Li-Ni-W-Oithfilm

(right).
3.H. Perspectives on spin-coated kNiyW,On thin films

The challenges of spin coating

The synthesis and the study of the LNWOX thin §ilmere very useful to understand
the nanocomposite MS-LNWO thin film. However, theatrochromic performances of these
spin-coated thin films are lacking compared torthekgnetron sputtered counterpart. This is
clearly due to the major differences between thgmatton sputtering and the spin coating
process. Is it possible to decrease the gap betthese two techniques and, at the same time,
to decrease the performance gap between the fieysyield?

A significant difference between the two methaglghie control of the oxidation state
of nickel. During the magnetron sputtering processAr/Q gas mix is used to realize the
reactive deposition of the initial Ni-W-O layer és€hapter 1). By modifying the fraction of
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Oz in the mix, one can control the oxidation stat@iokef’®37® from N#* to Ni**. Following
the deposition of this first layer, the additionafayer of L? on top and/or the subsequent
thermal treatment reduces theéNiites to Ni*; this is supported by the almost identical optical
properties of MS-LNWO between its as-deposited fafigl reduced bleached states (Figure
3.26a). ltis likely that the electrochemicallyigetsites in the film correspond to the’Nsites

formed during the reactive sputtering of the ihikia\W-O layer.

Thus, a good control of the number offNsites may be essential to obtain good
electrochromic performances, and in particular, dyoaptical contrast in Li-Ni-W-O
nanocomposite thin films. However, the oxidaticatef nickel cannot be controlled so easily
during the spin coating process. Indeed, there dwmésseem to exist commercial Ni(lll)
precursors for the coating solutions. It may besfiis to introduce Nfi sites in a spin-coated
film by performing the heat treatment of the film an oxidative atmosphere (i.e2)Obut

literature on this specific aspect seems to bececar

This facilitated control of the oxidation state mtkel is another reason in favor of

magnetron sputtering when it comes to the prepmarati commercial ECDs.
High-crystallinity LiuNi,W,Oq thin films

As mentioned in Chapter 2, to properly quantifg #lectrochromic performances of
LioNi-W-0g, it must first be obtained as a thin film. Thisleavor comes with its own set of

challenges.

As explained at the beginning of Chapter 2NiiW>0Oq fully crystallizes at high
temperatures (~ 700 °C). This means thaNLAW-20Og thin films can only be prepared on
substrates that do not degrade at these tempeyatwe example, the ITO/Glass substrates
used for the LNWOX thin films is not a suitable datate, as the glass transition temperature
(the transition temperature above which a glasstnes viscous) ranges from 500 to 700 °C
for standard soda-lime silicate glas$§&s82

To avoid this issue, spin-coatecMNi>W-Oq thin films were prepared on fused silica
substrates (Si§); this substrate material possesses a higher gtassition temperature
(~ 1200 °C) and can withstand the crystallizatiemperature of LNi>W20s. However,
optical reflection microscopy and SEM images (F&gBr32) of LiNi2W200/SIO, samples
show that coatings prepared in these conditiongia@re€ontinuous. Instead, there is a severe

dewetting of the film, leading to the formationisélated particles on the surface of the SiO
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substrate. Since the film takes the form of a dispea of small particles, it scatters light and is
hazy at the macroscopic scale, which is detrimetatathe characterization of the optical

properties of the material. The same observatiamsbe made for a ti-W>Og film spin-
coated on an ITO/Sisubstrate.

Figure 3.32 — Top-view (a) optical reflection miscopy and (b) SEM images of the surface of2All.iW,0q
thin film prepared by spin coating on a fused SiGbstrate. Prepared from a solution withTE [Ni*] =
[W® = 0.1 M, with C.A./M = 2:1. Only one coating, annealed at 700 °C fom@tutes.

Formation of high-crystallinity oxide thin filmsylspin coating is not heavily reported
in the literaturd®® so the origin of this dewetting phenomenon iaNiiW20s remains
uncertain. It may be that the removal of the orgaeimponent of the film by combustion and
the significant densification of the material doetlie heat treatment lead to a non-uniform
spread of the Li, Ni, W, O atoms on the surfacthefsubstrate. In that case, it may be required
to play with the solvent, the amount of citric gaid the use of other additives in the coating
solution, in order for the densification of theito be less severe. There are many parameters
left to be played with in the spin coating proceédsey would warrant a deeper study of the
process developed in this chapter.

It may also be interesting to play with the nataf the substrate in order to try to form
the crystallized LiNi2W-.0Og. For example, in the case of blue light-emittingdegs (LEDs)
based on crystallized gallium nitride (GaN) thitm, Nakamura et a3 first had to
conceive an “amorphous” GaN buffer layer in ordeiobtain continuous, crystallized GaN
thin films. The buffer layer is meant to accommedé#te crystal structure of the high-
crystallinity layer; maybe a similar approach colld used in the case of >NioW20Oe.
However, in the case of Nakamura, a chemical vaamosition method was used, which
allowed to control the temperature of the substateng the coating of the GaN layers. This
permitted the successive deposition of the buéfged and the crystallized GaN layer. To adapt
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this to the spin coating process described inrtiasuscript, one would need to perform two

spin coating steps and two heat treatments atrdifféemperatures. This raise the question: is
it possible to obtain crystallized ANi2W>Og thin films using spin coating, or is another

deposition method (magnetron sputtering, chemieglov deposition, etc.) required? In any

case, the formation of high-crystallinity2Ni2W-Og thin films and the quantification of their

electrochromic performances are challenges waitirige tackled.

Absorbance spectra of INiyW,0, systems

Kubelka-Munk "absorbance" spectra
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Figure 3.33 — Shape of the absorbance spectraMiy\¥V.0, powders, obtained using the Kubelka-Munk
equation®®-388 Orthorhombic LiNi;W-0s (green), triclinic LiNi(WO4)2 (orange), monoclinic NiWQ(455
nm), trigonal LiWO, (blue).

Using the Kubelka-Munk equatiofi&38 (Equation 3.8) and UV-Visible reflection
measurements on thick powder layers, it is posdiblebtain the shape of the absorbance
spectra for compounds in powder form.

K (1-R%)

— =2 3.8
S 2R, kA

In Equation 3.8, K and S are the linear absorpéind scattering coefficients of the
powder sample, Ris the reflection of the sample, A is the absodeanf the material, and k is
a proportion coefficient. The Kubelka-Munk equatioely on the hypotheses that the layer of
powder used for the reflection measurements i& tamough to have a null transmission, and

that the scattering coefficient, S, is indepenaéithe wavelength.
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These equations were applied to reflection measemés performed on powder layers
made from the four reference compounds describédeabeginning of the chapter (Figure
3.33).

The Kubelka-Munk model is useful, because it alildhe determination of the shape
of the absorbance spectra (and thus, the colomatérials without knowing their refractive
index. Such is not the case for thin film systemich usually require ellipsometry
measurements and UV-Visible reflection/transmissgpectroscopy in order to perform
calculations leading back to their absorbance. ®aresting idea, which could not come to
fruition during this project, was to use the absoide spectra of the reference powders shown
in Figure 3.33 as “optical fingerprints” in orderitlentify the origin of the color of kiNiyW,On
thin films. By collecting optical data on the tHilms (ellipsometry, UV-Visible spectroscopy,
etc.) and knowing their thickness, it is possibldétermine their refractive index and simulate
their absorption spectra. Then, a comparison ofatierption spectra of the thin films with
those of crystalline powders could deliver someégims into the phases present in the films,

and their effect on the films’ color.

3.1.Conclusions of the chapter

In this chapter, the electrochemical activity @feral LkNiyW,On powders was studied
using galvanostatic charge-discharge experimehtgelphases were considered, on top of the
LioNioW209 compound described in Chapter 2: trigonalW®s4, monoclinic NiwQ, and
triclinic Li2Ni(WOQa4)2. In general, the nickel-containing species gougtoa partial conversion
reaction when cycled at low potentials, down to\M s Li*/Li; and at higher potentials, up to
4.5 V vs Li"/Li, none of the crystalline phases consideredeteetrochemically active. These
experiments, and the literature on the low-poténéidox of Li-Ni-W mixed oxides, introduce
the idea that the RI/Ni° redox couple might also be responsible for th@seary reactions
happening in the magnetron sputtered Li-Ni-W-O fiim.

To confirm this idea, a series of XPS experimevise performed on Li-Ni-W-O thin
film samples. A comparison of the XPS spectra pfigtine Li-Ni-W-O thin film and of the
four LixNiyW,On powders proves that the thin film contain§\\and a mix of Ni* and N,
with some weak electronic transfer between thedlgments. Then, the evolution of the XPS
spectrum of the Li-Ni-W-O thin film with its statef charge shows that the &/Ni° redox

couple is indeed involved in the secondary reactid@anwhile the tungsten centers maintain
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their 6+-valence state on the entire 1.0-4.5 V VSLL potential range, and solely play a

structural role in the film.

Unfortunately, neither the electrochemical stufiyhe LixNiyW,On powders, nor the
XPS study of the Li-Ni-W-O thin film samples gramuch insight into the main reaction
occurring at high potentials. It seems clear thatNF*/Ni%* redox couple is involved, and the
XPS results suggest that the film remains strultjummaffected by the main reaction at high
potentials. To push this study further, the eletttemical behavior of the standard
nanocomposite Li-Ni-\WO thin film was compared to other thin films withanous

compositions in the O-NiO-WQO;s ternary phase diagram.

To prepare these thin films, a spin coating/anngahethod was elaborated, based on
the use of LING@, Ni(NOz3)..6H.0, WCl, and citric acid precursors in an ethanolic soluti
The optimization of the solution and of the spiatoag parameters led to continuous thin films
of good quality. Yet, some questions remain, masthggards to the reactions occurring in the
spin coating solution after the addition of the \d/@ecursor. It is clear that the stability of the
solution relies on the simultaneous presence datacid and nitrate species in the medium
when the W is added, but further experiments are requiredirtderstand what keeps

precipitates from forming immediately.

The electrochemical behaviors of the spin-coatdtMOX thin films are very similar
among themselves, but also quite similar to thathef standard magnetron sputtered MS-
LNWO thin film. This was made clearer by lookingthé behavior of spin-coated NiO and
Li2Ni(WOa)2 thin films, but also at the phases formed in pawadbtained from the LNWOX
spin coating solutions. The MS-LNWO and LNWOX thilms are electrochemically active
on the same potential range as the NiO thin filkhsanwhile, the LiNi(WOa4) thin film, the
only one to not display a strong electrochemicapomse, is also the only sample whose spin
coating solution does not yield cubic rocksalt Niffer a calcination/annealing process. Thus,
the presence of NiO particles is required for a\i-M/-O thin film to display electrochemical
activity at high potentials. To further confirm shirend, it might be interesting to look at the

electrochemical behavior of other compositions waih amounts of W (4o, > 50 mol%).

When comparing the electrochromic responses o$pihrecoated LNWOX thin films,
collected thanks to aoperandoUV-Visible electrochemical cell, it seems thatrthés an
optimal composition in terms of optical modulatitNWO55. This composition might be a

good compromise between a high amount of active 8li€s, and a sufficient amount of
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amorphous matrix for ionic species to diffuse tesen active sites. TEM experiments showing
the nanostructure of the thin films could suppdris thypothesis, and looking at more
compositions along the NiO/MS-LNWO straight linetloé ternary phase diagram may further
confirm the trends observed here.

Finally, the electrochemical behavior of the MSWR thin film at high potentials,
when cycled at various scan rates in a CV experineesimilar to that of an insertion material,
and not to the pseudocapacitive behavior previoteghprted for pure Ni@thin films. This
might come from the fact that™Lhas to be “deinserted” from the amorphous matriedidize
the electrochemically active NiO nanocrystallitehjch introduces kinetic limitations related
to mass transport. All in all, a lot of work remsito be done in order to fully understand the
electrochemical mechanism of nanocomposites Li-NOwhin films, and especially what is
happening at the NiO nanocrystallites.
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The endeavor undertaken throughout this PhD projas the exploration and the study
of materials in the LO-NiO-WGQs ternary phase diagram, in order to get a bettéexstanding
of the electrochromic properties observed in lithinickel-tungsten mixed oxide thin films. In
particular, the goal was to uncover the relatiopstbetween the composition, the structure,
and the electrochromism of magnetron sputteredpc@nposite Li-Ni-W-O thin films,

comprised of an amorphous matrix surrounding NKe-hanocrystallites.

This initiative started with the solid-state syedls of LiNiyW-On powders, which led
to the fortuitous discovery of orthorhomiBbcnLi2Ni2W20s. The crystal structure of this new
material was solved, and found to match with a egits structure previously described for
other mixed oxides. To take it a step further, hadause the lamellar structure of the phase
was reminiscent of the layered structure of otlagh@de materials used in Li-ion batteries, the
electrochemical properties of Ni2W209 were studied. Conventional galvanostatic charge-
discharge experiments were performed, showingefersible redox of the RiVNi%* couple
above 4.5 V vs LiLi. Although the capacities displayed by:Ni-W,0Oq are far too low to
compete with regular Li-ion battery cathodes, @égearsible behavior and the activity of nickel
prompted the investigation of its electrochromi®oparties, using aroperando optical
microscopy setup. This experiment confirmed thaNLiW.Oq is an anodic electrochromic
material, and an in-depth image treatment highéighthe impact of particle size on the

reversibility of Li" (de)insertion in a LNi2W20gq electrode.

The study of this new phase brings forth sevasdihating prospects. From a materials
synthesis standpoint, although the pseudocorunduoctgre of LpNi2W20O9 has been
observed in other inorganic compounds before, dloethat it is a quaternary oxide calls for
the search of other isostructural materials. Omenc@nder what the partial or total substitution
of one of the three cations in2Ni2W209 would yield. A first path to follow would be the
substitution of nickel by other 3d transition metalamely cobalt or iron. It could be interesting
to see how the substitution of nickel by one okthelements affects the crystal structure of
the material. For example, Zn;W.Os crystallizes in theP3cl space grouf®, and
Li.Mg2W-0s displays strong cationic mixing between the Mg anditeg®*. As for the field
of electrochromics, the discovery of a quaternéagteochromic oxide opens new possibilities.
Indeed, most inorganic electrochromic oxides tlzatehbeen uncovered and studied so far are
binary oxides, or doped/substituted materials @erifrom binary oxides. This has obviously
restricted the field to a few efficient transitioretal oxides. The fact thatANi>W>Oo displays

electrochromic properties suggest that there are mlectrochromic oxides to unveil. Whether
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these hypothetical materials display good electamiic performancesnd are able to compete
with WOs, NiO,, and IrQ is another question. In the case 0iNipW20s, answering that
guestion requires preparing the material as aftinm a process that will likely come with its
own set of challenges, since the crystal structfréhe material, only formed at high
temperatures (> 700 °C) seems essential to itetdemical properties. Finally, toperando
optical microscopy setup used in the study oNiiW209 also offers interesting ideas that
could be applied to the investigation of cathod¢emals in batteries. Indeedperandooptical
microscopy has not been used often in the fielobdtery materials. Moreover, the few reports
made on the use of this technique are often limitethe scale of a single partitd&28®
Although this approach delivers significant insgyiito the electrochemical mechanisms of
cathode material, looking at an area comprisingissnundred particles allows for a statistical
data treatment, which highlighted interesting teeirdthe case of kNi2W20s. Applying this
statistical method to other cathode materials coudgbe shed light on the general effects of

particle size and particle morphology on electroagizal performance in batteries.

On top of its electrochromic properties, the maign@operties and magnetic structure
of Li2Ni2W209 were characterized and solved. The material disp&rong ferromagnetic
interactions in an antiferromagnetic lattice, biotroduced by paramagnetic®3uckel cations.
Furthermore, the point symmetry of the magnetiacstre in LpNioW209 allows the
occurrence of a linear magnetoelectric effect, Whidl need to be properly characterized in
the future. In the same way that it brings a freshlook on the study of inorganic
electrochromic oxides, the discovery ofMi2W209 may shake up the research on “429”
magnetic compounddA209; M = Fe, Co, Mn, Ni, etc.; A = Ta, Nb), which alpossess a

corundum-like or pseudocorundum crystal structure.

Once the study of kNi2W20g9 was completed, the electrochemical behaviors &8 X
spectra of this powder compound and of three oti{B& Li;WOs, P2/c NiWO,, P1
Li2Ni(WOa4)2) were compared to the data collected for the magneputtered, nanocomposite
Li-Ni-W-O thin film. From the comparison, it appeathat the main reaction seen at high
potentials in the thin film (2.0 V to 4.4 V vs™ii) does not manifest in any of the powder
compounds. This reaction can only occur in the filmt based on the XPS results, it is not
related to any strong changes in local structurthénmaterial. At low potentials, however
(1.0 V to 3.0 V vs Li/Li), the secondary reactions observed in the filmd in all the nickel-
containing powders could be associated to conversiactions leading to the formation ofNi

In the case of the thin film, the secondary reagtimbably involves both the amorphous matrix

141



Conclusions and perspectives

and the NiO-like nanocrystallites. Thest-mortenXPS results on thin film samples cycled at
different states of charge also proved that Nhe anly electrochemically active element in
the Li-Ni-W-O thin films, between 1.0 and 4.5 V ig/Li. W solely plays a structural role in
the material.

To complete this study based on a comparisonlwitkiyW,On powders, a spin coating
process was developed to prepardiyiW;On thin films, which can be compared more easily
to the magnetron sputtered Li-Ni-W-O thin film. $eal compositions were tested, and the
spin-coated films were characterized usingoperandoUV-Visible electrochemical setup.
The results show that the presence of NiO nanatiges is required for the main reaction at
high potentials to occur in NiyW;On thin films. This indicates that, for this high-patial
reaction, the nanocrystalline NiO-like particleg #éine electrochemically active phase in the
magnetron sputtered Li-Ni-W-O thin film. Moreovdoy comparing the electrochromic
performances of spin-coated films with differentrqaositions, it appears clearly that a balance
has to be found between having too few and too ma@ylike active sites in a nanocomposite
thin film. This balance can be reached by playinthw film’s elemental composition. This
also suggest that the amorphous matrix plays aorapt role, as it may allow Lications to
diffuse inside and out of the thin film, to and fitke NiO-like nanoparticles. In fact, the
electrochemical behavior of the magnetron sputteegsbcomposite Li-Ni-W-O is reminiscent
of an insertion material, while several pure Nt@in film described in the literature display a
pseudocapacitive behavior.

A characterization that is unfortunately missinghis study is the TEM imaging of the
spin-coated LiNiyW-On thin films. Indeed, it has been assumed thatpireated films were
nanocomposites, just like the magnetron sputteréd-\V-O thin film; TEM images, showing
the nanostructure of the films, would be a direciop of this hypothesis. Moreover, it would
be interesting to support the trends observedhieispin-coated thin films, by studying more

compositions in the appropriate areas of the tgrphase diagram.

The spin-coating process describes in this maiisaerorks well, although the
reactions involved in the preparation of the caasiolution remain uncertain, and might make
for an interesting subject of research. Nonetheli®se are still strong differences between
the films prepared by spin-coating and the magnesputtered Li-Ni-W-O thin film. These
are made obvious by the differences in electrocio@arformances between the spin-coated
and magnetron sputtered systems. Ideally, to reearie reliable conclusions, the exploration
of the LbO-NiO-WGQs ternary phase diagram should be performed usimgles prepared with
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the same magnetron sputtering process as the stidneldi-W-O thin film. This way, the only
variation in the synthesis conditions would be tlwemposition of the samples, and the
comparison with the standard material would be mmobeist. It would also be interesting to
prepare a thin film made of the amorphous matexoid of any NiO-like nanocrystallite. Such
a sample would allow direct measurements of theioonductivity and diffusion properties

of the amorphous matrix, and confirm its role ia ttanocomposite Li-Ni-W-O thin film.

Overall, although there is still a lot to be ddadully grasp the relationships between
composition, structure, and electrochromism innthaocomposite magnetron sputtered thin
films, the work presented in this manuscript repnés a good starting point to develop the

research on nanocomposite Li-Ni-W-O electrochrosystems
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AT: Transmission modulation

n: Coloration efficiency

Ocw: Curie-Weiss temperature

x: Magnetic susceptibility

xo: Temperature-independent contribution to the mwlagnetic susceptibility
¥m: Molar magnetic susceptibility

3D: Three-dimensional

a, b, c Lattice vectors of a direct lattice

a*, b*, c*: Lattice vectors of a reciprocal lattice

L*, a*, b*: Coordinates in the CIELAB color space

Biso. Debye-Weller factor

BVS: Band valence sum

C: Curie constant

CA: Citric acid monohydrate

C.A./M% Molar ratio of citric acid monohydrate to catianssolution
CELl: Cathode-electrolyte interphase

Chem.: Chemical

CV: Cyclic voltammetry

DC: Direct current

DMC: Dimetyhl carbonate

dDPC-STEM: Differentiated differential phase costrascanning transmission electron

microscopy
Er: Fermi level
Ey: Bandgap
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Ewe: Potential of the working electrode

EC: Ethylene carbonate

ECD: Electrochromic device

EDX: Energy dispersive X-ray spectroscopy

EtOH: Ethanol

eg.: Equivalents

EXAFS: Extended X-ray absorption fine structure

FC: Field-cooled

h: Thickness

HAADF-STEM: High-angle annular dark field scannimmgnsmission electron microscopy
ICP-MS: Inductively coupled plasma mass spectromnetr
ITO: Indium-doped tin oxide

lrefi: Reflected optical intensity

lrei,0; Initial reflected optical intensity

lref,avg Average reflected optical intensity

Is: Current density

k: Propagation vector

mi: Component collinear to any lattice vecitdor a given magnetic moment
NIR: Near infrared

OCV: Open circuit voltage

Q: Capacity

Qq: Discharge capacity

PANI: Polyaniline

PBA: Prussian blue analogues

PC: Propylene carbonate

PCD: Photochromic device
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PEDOT: Poly(3,4-ethylenedioxythiophene)
PPy: Polypyrrole

PTFE: Polytetrafluoroethylene

rf: radiofrequency

Sact Active surface area

SEM: Scanning electron microscopy
SOC: State of charge

Tc: Curie temperature

TL: Luminous transmission

Tn: Néel temperature

Tuis: Visible light transmission

TCD: Thermochromic device

TEM: Transmission electron microscopy
TGA: Thermogravimetric analysis

UME: Ultra micro-electrode

UV: Ultraviolet

XANES: X-ray absorption near-edge structure
XAS: X-ray absorption spectroscopy

XPS: X-ray photoelectron spectroscopy

ZFC: Zero field-cooled
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Experimental methods in Chapter 2

Reagents— Li2Ni2W209 powder was synthetized from nickel oxide powderQN
Sigma-Aldrich, 99 %), tungsten trioxide powder (W@lfa Aesar, 99.8 %), and lithium
carbonate powder (O3, Sigma-Aldrich> 99.0 %). The LiNi2W-Og self-standing film was
made from the preparedNi2W-.0q powder, carbon black Super P (C, Alfa Aesa89 %),
and a 60 wt% polytetrafluoroethylene dispersiowater (PTFE, Sigma-Aldrich).

Synthesis- Li2Ni2W209 was obtained through solid-state synthesis. Fgpiaal batch
of 2 g, NiO powder (435 mg, 2 eq.), W@owder (1350 mg, 2 eq.), and>CiOz powder
(215 mg, 1 eq.) were hand-ground together in ateagartar; acetone was used to ensure an
homogeneous mix. The mix was then ground for 3Qutesin a stainless steel jar containing
two stainless steel balls using a SPEX SampleFp6pN Mixer/Mill. The resulting mix was
then poured in an alumina crucible and heatedGardolite CWF 1200 muffle furnace. It was
first heated in air at 650 °C (heating rate: 5 °@j)nfor 12 h to ensure the decarbonatation of
LioCOgs, then to 700 °C (heating rate: 2 °C/min) for 24 he resulting powder was ball milled
for 30 minutes and was then heated again at 700 &0 (heating rate: 5 °C/min) for 24 h,

yielding a green powder.

Structural characterization — Synchrotron powder X-ray diffraction (XRD)
experiments were performed at the 11-BM beamlinthefAdvanced Photon Source (APS)
(. = 0.45898 A), at Argonne National Laboratory, J$AThe measurements were realized in
transmission mode. ThedNi>W-Og powder was mixed with crushed glass (1:1 voluntie)a
to decrease the absorption of the X-ray beam bgstem. The samples were poured in
borosilicate capillaries (0.7 mm in diameter), aedled in Kapton tubes.

Neutron powder diffraction patterns were obtainednf the Echidna diffractomefét
(A = 1.6220 A) at the Open Pool Australian Lightwg@PAL) reactor of Australia’s Nuclear
Science and Technology Organisation (ANSTO). Thasueements were performed at room
temperature using roughly 2 g of pristineNirW20s powder placed in a vanadium cylindrical

can.

All powder diffraction patterns were refined followg the Rietveld methde’, in the

FullProf software suiféL

Samples for the transmission electron microscoMY were prepared by grinding
the powder in an agate mortar with methanol anasiépg drops of the resulting suspension
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on a copper TEM grid with a holey carbon layer cilen diffraction patterns (ED), high-angle
annular dark field scanning transmission electracrascopy (HAADF-STEM) images, and
energy dispersive X-ray spectra in STEM-mode (STEMX) were collected with a probe-
corrected Titan Themis Z electron microscope opeérat 200 kV and equipped with a Super-
X EDX detector.

Electrochemistry~ Galvanostatic charge-discharge experiments wefenpeed using
coin cells in a half-cell configuration. The worgirelectrode was bkNi2W>09 mixed with
carbon black Super P (20 wt%), and the countetrelge was lithium metal. Aluminum foil
and a stainless steel plate were used as curridgttoos at the positive and negative electrodes,
respectively. Two layers of Whatman GF/D glassrfiideers were used as separator between
the two electrodes. The electrolyte was a 1 M gmtudf lithium hexafluorophosphate (LiB)F
in a 1:1:4 vol% mix of ethylene carbonate (EC), gylene carbonate (PC) and dimetyl
carbonate (DMC).

The measurements were carried out using a BiolLBGiS-805 battery cycler, and the
data was acquired using EC-Lab. The cells wereedybktween 2.5 and 5.0 V vs'ALi, at a
current density of 10 mA%Y at room temperature. Three coin cells were cyiletie same
conditions to verify the repeatability of the electhemical behavior, and to get some statistical

dispersion on these measurements.

X-ray Absorption SpectroscopyX-ray absorption spectroscopy (XAS) measurements
were performed at the ROCK beamfitfeof SOLEIL synchrotron (France). A Si (111) quick-
XAS monochromator with an oscillation frequency2oHz was used to select the incident
energy across the Ni K-edge. The quick-XAS spesteae collected in transmission mode

using a Ni foil to ensure the energy calibratiamj averaged over 10 minutes.

Samples were prepared by mixing 3 mg of active nateith cellulose and pressing
the resulting powder into 5-mm-wide pellets. In tase of electrochemically (de)lithiated
materials, those were retrieved as quickly as ptess$rom their electrochemical cells after
cycling, centrifugated three time in clean DMC (60Pm, 2 minutes) and dried in vacuum,
before being pressed into pellets inside an ardleafglovebox. The resulting pellets were
sealed in plastic film to avoid air exposure durk®S measurements. The energy calibration
and normalization of the XAS data was performeaigishe DEMETER packad®. The K-
weighted EXAFS oscillations were extracted at Ne#ge using a sine windows in the k-range
of [2.2-16.3] A and the refinement was done in the R-range 0f3%]3A. The &, S? and
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coordination number iNwere kept fixed, only the radial distancedRd the mean-square
relative displacements;? were allowed to vary. To refine the EXAFS oscitlas, we have
used the starting model obtained by the structepented in Table 2.1. The refined structural
parameters obtained by EXAFS analysis are repantégpendix A2.6.

Operando XRD — OperandoXRD measurements were performed in reflection mode
by using LpNi2W-O9 powder mixed with carbon black Super P (20 wt%)haes working
electrode in a specializegperandocell, sealed with a Be window (Figure A2.7). Tloeioter-
electrode was metallic lithium. Thin Al foil (thidess: 0.003 mm) and a stainless steel plate
were used as current collectors at the positivenagétive electrodes, respectively. Two layers
of Whatman GF/D glass fiber filters were used gmesors between the two electrodes. The
electrolyte was a 1 M solution of lithium hexaflophosphate (LiPdy in a 1:1:4 vol% mix of
ethylene carbonate (EC), propylene carbonate (lR@)danetyl carbonate (DMC). The cell
was cycled between 2.5 and 5.0 V v$/Li, at a current density of 10 mAlg at room
temperature. Electrochemical measurements werdedaout using a BiolLogic SP-50

potentiostat, and the electrochemical data wasacel with EC-Lab.

The XRD scans were performed with a Bruker D8 Adeamab diffractometer,
equipped with a Cu &source X1 = 1.54056 A and, = 1.54439 A) and a LynxEye-2 detector.

The measurements were performed in reflection modége Bragg-Brentano configuration.

Optical microscopy Operandooptical microscopy measurements were performed by
using a LiNi2W-20g self-standing film as a working electrode in anEOpto-Std optical test
cell from EL-Cell (Figure A2.8). The working eleatte was prepared by carefully mixing the
components (94.8 wt% Ni2W20o, 5 wt% Carbon Super P, 0.2 wt% PTFE) in etharsihgi
an agate mortar and an agate pestle. The respltwger was poured on a clean glass surface
and repeatedly flattened with a glass cylinderl anti0.5 mm film was obtained. This film was

then dried at 80 °C in vacuum overnight.

The counter electrode was metallic lithium. Thereant collector on the working
electrode’s side was an Al mesh, and one layer lshtwian GF/D glass fiber filter was used
as a separator between the two electrodes. Th&ayee was a 1 M solution of lithium
hexafluorophosphate (LiBFin a 1:1:4 vol% mix of ethylene carbonate (ECiopylene
carbonate (PC) and dimetyl carbonate (DMC). Thd wels mounted on an inverted
microscope (Axio Observer 7, Zeiss) and illuminabexin the backside through a 63x oil

immersion objective (Plan Apochromat, Zeiss, NA.4) by means of an unpolarized white
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light source. A CMOS color camera (Axiocam 705 cpKeiss) collected the reflected light
through the same objective. Each image was takematlgt, every 100 s, in order to maintain
the focus on the working electrode through the arpent. The cell was cycled between 2.5
and 4.85 V vs LYiLi at a current density of 10 mAlgat room temperature, using a CHI 760E

potentiostat from CH Instruments.

Transmission-like images (Appendix A2.1) of pristiand delithiated LNWO patrticles
were obtained by dispersing the electrode matéabon + LNWO, se&lectrochemistry
with a droplet of DMC on a glass coverslip, and fysitioning a 25 pm-diameter Pt
ultramicroelectrode (UME) above the particle, 10 jabove the glass surface, using an
EIProScan scanning electrochemical probe microsémme HEKA. The Pt UME acts as a
mirror reflecting the light transmitted by the pele towards the microscope objective.

The image analysis was carried out using homerRgthen routines. For the statistical
analysis, the images were first thresholded and skgmented into the different particles using
the skimage.measure.label function from the sakége library®®. From there, the average
reflected intensity,rdn, and the surface area in terms of pixels (pixat si 55 nm), S, were
extracted for each particle. The same method wed tes extract éqs over time for a given
particle, in the single-particle-scale study. Latedrift was corrected using the trackpy
library3®>. Due to the nature of the data treatment, a fatigmagglomerates were identified

as “single particles”; this is especially true fbe biggest agglomerates (S > pR).

Magnetic properties- The magnetic properties of2hi2W>09 were assessed using a
Quantum Design MPMS3 Superconducting QUantum leterice Device (SQUID). A few
milligrams of LeNi2W20e powder were compressed in a plastic capsule awtglin a brass

sample holder for the measurements.

Longitudinal magnetic moment (M) measurements vperdormed in a DC magnetic
field (H = 200 Oe, 1 kOe or 10 kOe), with temperaturanging from 1.8 K to 300 K; the
measurements were performed in field-cooled (FQ) aero-field-cooled (ZFC) modes.
Magnetization curves were obtained for T = 2 K &rel100 K, with H ranging from -70 to 70
kOe.

Neutron diffraction (magnetic structurey Neutron powder diffraction measurements
were performed using the Echidna diffractom@&fei. r = 2.4395 A ofrr = 1.6220 A) at the
Open Pool Australian Lightwater (OPAL) reactor ofusiralia’s Nuclear Science and
Technology Organisation (ANSTO). The measuremeri® \werformed at room temperature
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(A =Ar7), thenat T = 15K, 7 K, 5 K, and 3.5 K € A1), using roughly 2 g of LNi2W->0q

powder placed in a vanadium can.

The powder diffraction patterns were analysed @iting to the Rietveld methéef with
the FullProf suit#l The magnetic form factor of R was used to solve and refine the

mag netic structure.

Experimental methods in Chapter 3

Reagents (powder synthesis) LioWOas, NiWOs, and LpNi(WO4)2 powders were
synthetized from nickel oxide powder (NiO, SigmadAth, 99 %), tungsten trioxide powder
(WO3, Alfa Aesar, 99.8 %), and lithium carbonate powdesCOs, Sigma-Aldrich> 99.0 %).
The magnetron sputtered nanocomposite Li-Ni-W-@ fitim was provided by Saint-Gobain

Research Paris.

Synthesis- Li2WOa, NiWO4, and LeNi(WO4)2 powders were obtained through solid-
state synthesis. For each compound, stoichiomatrmunts of NiO powder, W{powder, and
Li.COs powder were hand-ground together in an agate martatone was used to ensure an
homogeneous mix. The mix was then ground for 3Qutemin a stainless steel jar containing
two stainless steel balls using a SPEX SampleFp6pN Mixer/Mill. The resulting mix was
then poured in an alumina crucible and heatedGardolite CWF 1200 muffle furnace. It was
heated in air at 600 °C ({WOs4), 650 °C (LENi(WO4)2) or 700 °C (NiWQ) (heating rate:

5 °C/min) for 12 h. The resulting powder was bailled for 30 minutes and was then heated

again at the same temperature as before (heatergbrdC/min) for 12 h, in air.

Electrochemistry — Galvanostatic charge-discharge experiments on th&/Qy,
NiWOg, and LbNi(WO4)2 powders were performed using coin cells in a balfconfiguration.
The working electrode was made by mixing the suligiewder with carbon black Super P
(20 wt%), and the counter electrode was lithiumahekluminum foil and a stainless steel
plate were used as current collectors at the pesitind negative electrodes, respectively. Two
layers of Whatman GF/D glass fiber filters wereduas separator between the two electrodes.
The electrolyte was a 1 M solution of lithium hdwafophosphate (LiPJrin a 1:1 vol% mix

of ethylene carbonate (EC) and dimetyl carbonatd QR

The measurements were carried out using a BioLBgi&-805 or VMP-3 battery
cycler, and the data was acquired using EC-Lab.cElie were cycled at a current density of
100 mA.g* (for LioWO4 and NiWQ) or 10 mA.g* (for LizNi(WOa4),), at room temperature.
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For the magnetron sputtered Li-Ni-W-O thin filrhetgalvanostatic charge-discharge
experiment was performed in a Swagelok cell. Thefirm served as working electrode, and
contact with the aluminum current collector at plositive electrode was provided by a strip of
aluminum mesh. The counter electrode was lithiurtain#s current collector was a stainless
steel plate. A single layer of Whatman GF/D glalserffilter was used as a separator between
the two electrodes. The electrolyte was a 1 M smtudf lithium hexafluorophosphate (LiB)F
in a 1.1 vol% mix of ethylene carbonate (EC) andetyl carbonate (DMC).

The measurements were carried out using a VMP+@ryatycler, and the data was
acquired using EC-Lab. The cells were cycled ati@eot density of roughly 100 mAlg
(assuming a film density of 7 g.cihat room temperature. This experimental setup alss

used to prepare the charged and discharged thirsimples for the XPS experiments.

XPS — X-ray photoemission spectroscopy (XPS) was perfdrmgh a THERMO
Escalab spectrometer, using focused &l idonochromatic radiation {h= 1486.6 eV). The
samples were entered through an argon-filled gloxeb order to avoid exposure to air and
moisture. Peaks were recorded with a constantgresgy of 20 eV. The C1s peak at 285.0 eV
was used to calibrate the binding energy scale.clinee fits for core peaks were obtained
using a minimum number of components. Prior tonle@asurements, cycled thin film samples
were carefully washed with DMC in an argon-filleb&pox, in order to remove electrolyte

residue.

Reagents (spin coating The spin coating solutions were prepared fromdithnitrate
powder (LING, Alfa Aesar,> 98.5 %), nickel(ll) nitrate hexahydrate (Ni(M@6H20, Alfa
Aesar, 99.9985 %), tungsten hexachloride powderlgy\Bigma-Aldrich> 99.9 %), citric acid
monohydrate powder gElisO7-H20, Sigma-Aldrich> 99.0 %), and ethanol absolutex{gO
or EtOH, VWR chemicals). The magnetron sputteredonamposite Li-Ni-W-O thin film,
ITO/Glass substrates, and glass substrates wexedpdoby Saint-Gobain Research Paris.
Fused SiQ substrates were obtained from Neyco; ITO/Sure prepared by magnetron

sputtering of 400 nm of ITO on a fused SKdbstrate.

Solution preparation— A typical spin-coating solution was prepared byiaddirst
Ni(NO3)2:6H-O and citric acid monohydrate to ~ 8 mL of ethandabte, in a polypropylene
bottle. The solution was magnetically stirred uthtéd solids were almost completely dissolved.
Then, the desired amounts of Libl@nd WC} were taken out of an argon-filled glovebox and
added to the solution, which was left under corgirsimagnetic stirring for a few hours (in
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general, 6 to 16 hours). The resulting solution w@ltected with a syringe, filtered using a
Whatman syringe filter (polypropylene, pore diamefe2 pm) and completed to 10 mL with
ethanol absolute. It was then stored in a polypiepy tube and used for spin-coating in the
following 24 h. LING, Ni(NOz3)2:6H20, and WC4 were added in stoichiometric amounts to
the solution, based on the desired elemental coitigoos For any given solution, the
concentration of the majority metal cation wastgd€t.2 M, and the concentrations of the other
precursors were adapted to fit the stoichiomethe €itric acid monohydrate to total metal
cation ratio (C.A./M) was 2:1 in every solution.

Spin coating process Prior to the spin-coating process, substrates wugrs® be about
5 by 5 cm and washed by sonication in diluted detetr (RBS 50, Sigma-Aldrich), deionized
water, and isopropanol.

Spin-coating was performed using a Polos Spinlai@tsoater. For a typical thin film
sample, the substrate was held into place by vacusmg a pump and a vacuum chuck. The
coating solution was dispensed by a syringe eqdippgh a Whatman syringe filter
(polypropylene, pore diameter: 0.2 um). About 40pgdr (~ 1 mL) were dispensed on the
substrate, which was then spun for 30 s, at 3000 with an acceleration/deceleration rate of
1000 rpm.3. After the first coating, the sample was driedaoheating plate at 100 °C, for
roughly 10 minutes. It was then coated again thnotlgg same process, and dried again at
100 °C for 10 minutes.

Following spin-coating and drying, the thin filmnsple was then heated in an AAF
1100 muffle furnace from Carbolite at 450 °C (hegtiate: 5 °C/min), for 30 minutes, in air.

Structural characterization— Scanning electron microscopy (SEM) images of ki t
films were collected using a FEI Magellan Microseofptical reflection microscopy images
were collected using a Zeiss Axioscope 5 microscegeipped with an Axiocam 105 camera.

Profilometry measurements were performed usinglkddBXT profilometer from Bruker.

Operando UV-Visible electrochemistry measurements— Electro-optical
measurements were performed on the thin film sasnpking a custom three-electrode
electrochemical cell described in Figure 3.20. $isvdesigned in such a way that a beam of
white light could cross the entirety of the catigluding the thin film sample. The light source
was an AvalLight-CAL-Neon from Avantes, emitting arspectral range from 337 to 1084.5
nm. The light exiting the custom electrochemicall egas analyzed with an AvaSpec-
ULS4096CL-EVO from Avantes. Incident light was delied to the cell by a silica optical
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fiber; light exiting the cell was collected by th@me type of fiber. The blank measurement for
the transmitted optical signal was performed with assembled cell placed in the optical
pathway, prior to the electrochemical measuremimost-mortentJV-Visible transmission
spectroscopy measurement was performed on the dcybie film with a PerkinElmer
Lambda950S spectrometer to calculate the absohltees of transmittance throughout the

operandoexperiment.

The working electrode in the electrochemical cedisvihe studied thin film sample
(4.91 cnt were electrochemically active); an aluminium steigs soldered to the film and the
ITO/Glass substrate to ensure the electrical cdiored¢o the potentiostat. The counter-
electrode was a lithium metal ring, and the refeeeslectrode was a lithium metal disk. The
electrolyte was 1 M LiCl@in PC. Due to the high volume of electrolyte reqdito fill the

cell, it was not changed between experiments.

For the galvanostatic charge-discharge experim#rgdjims were cycled between 2.0
and 4.4 V vs Li/Li, with a current density of roughly 100 mAtgassuming a film density of
~ 7 g.cn?, or ~ 6 g.crit for the LbNi(WOu)2 thin film), for 20 cycles. For the cyclic
voltammetry experiment, the MS-LNWO thin film wagcted successively at 2, 5, 10, 20, 50,
and 100 mV.3, with three cycles per scan rate. All experimemtse performed at room
temperature. The measurement were carried outiR:3 potentiostat from BioLogic, and

the data was collected by EC-Lab.

Powder synthesis from spin-coating solutiordor a given solution, a powder was
synthetized by first evaporating the solvent witlo@vapor. The resulting wet precipitate was
calcined at 200 °C (heating rate: 2 °C/min), fdr,2n air, using an AAF 1100 muffle furnace
from Carbolite. Then, the calcined black mass washed and ground in an agate mortar,
poured inside an alumina crucible, and successahealed at 380 °C, 420 °C, 450 °C, and
700 °C (or 650 °C for the solution used for theNi{WOg4) thin film) in the same muffle
furnace as the calcination step. For each interatediep, the powder was annealed for 2 h in
air, with a heating rate of 5 °C/min. For the firngjh-temperature crystallization step, the
powder was annealed for 12 h, in air, with a hgatate of 5 °C/min.

XRD scans of the powders were performed with a Brub8 Advance lab
diffractometer, equipped with a Cuaksource X1 = 1.54056 A and., = 1.54439 A) and a
LynxEye-XE-T detector. The measurements were paadrin reflection mode, in the Bragg-

Brentano configuration.
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TGA measurements were performed on the calcinecklpawders using a STARe
TGA/DSC 3+ system from Mettler-Toledo. The measweethhwas performed by placing the
calcined powder in an alumina crucible and heaiingp to 700 °C with a heating rate of
+10 °C/min.

UV-Visible spectroscopy measurements on powderdJV-Visible spectroscopy
measurements on ANi2W20o, Li2Ni(WO4)2, NiWOs, and LpWO4 powder sample were
performed with a PerkinElmer Lambda950 spectromé&tez samples were prepared by filling
a quartz groove with powder and sealing it withtheo quartz slide. The resulting powder
layers had thicknesses of 10, 20, or 50 um; thekmieiss was selected to ensure a null

transmission of the samples.
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Appendix

Part of the results presented in this appendix webdished in the following articles: Redor et
al. J. Am. Chem. So2023 145 (23), 12823-12836 and Redor etRihys. Rev. R024 109
(5), 054105.
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A2. Appendix to Chapter 2
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Figure A2.1 — Optical microscopy images of pristfagh) and delithiated (c,d) LNWO particles. Imadgsand
(c) were taken without Pt mirror (reflection miccopy), while (b) and (d) were taken with a Pt mifehind
the particle (“transmission-like” microscopy). Thalues of the reflectance on the green channglgfe
indicated on the bottom right of (a) and (c). Tlaues of the transmittance and absorbance on gsngr
channel (T and A) are indicated on the bottom right of (b) and (d).“Transmission-like” optical microscopy
setup (not to scale). (f) Optical model used far ¢hlculations of R, T and A (not to scale).

Figure A2.1 compares the reflection and the trassion of a double travel of light
(back and forth) for two different particles: agtime LbNi2W-Og particle, and a delithiated
one. The images of the pristine particle by reftectn Figure A2.1a and back-and-forth
transmission in Figure A2.1b show that the partieleen if partly reflecting light, is quite
transparent to the light beam. The same compafwuothe delithiated particle show that the

reflected or transmitted images are very similaggesting that the particle is not able to
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transmit as much light in its delithiated state,sinlikely because it absorbs more of the
incoming light. Based on Figure A2.1, the valuethefreflectance (R), transmittance (T), and
absorbance (A) are defined as the fractions ofitleedent light intensity @) which are
reflected, transmitted, and absorbed by the partrcithis optical configuration. Particularly
the light transmitted corresponds to light thatseasback and forth through the particle and is
collected through the microscope. R, T, and A a&fendd by the following equations:

R = Irefl T = Ltrans A= Laps A2.1, A2.2,
Iy Iy Iy A2.3
R+T+A=1 A2.4

Irefi, ltrans @aNd hos are the reflected, transmitted, and absorbed sittes, respectively.
The system defined in Figure A2.1f contains thé&NidW20s particle and the Pt mirror behind
it. This system is based on the approximation 10&t % of the light reaching the Pt mirror is
reflected. As such, the transmittance and absodbah¢he system do not match with the
transmittance and absorbance of theNLiW.Og particle alone. It is because, in our case, the
beam of light coming out of the entire system @} ltrossed the iNi2W20g particle twice.
The reflectance should be the same for thd&ikiW.O9 + Pt system and the ANi2W209

particle alone, however.

Therefore, the values of transmittance and absceba@n the green channal €
532 nm) reported on Figure A2.1b,d are the valoeshie LbNioW209 + Pt system. However,
the only difference between the optical system&igure A2.1b and Figure A2.1d is the
lithiation state of the LNi>W2Og particle. Therefore, the decrease in transmittdimozease
in absorbance) observed for theNibW2>09 + Pt system can be correlated to a decrease in
transmittance (increase in absorbance) of thidikW2Og particle when it is electrochemically
delithiated. Unfortunately, the absorbance andstratiance of the LNi,W20q particle alone

cannot be easily quantified.

The trend observed on the green channel can alsbderved on the red £ 632 nm)

and blue X = 450 nm) channels.
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Figure A2.2 —g analysis of theperandooptical microscopy during the charge. @iapping of the particles
on the optical microscopy image of theNi,W-Og electrode. (b) Plot of fagainst the size of the particles (S,
the size of the particles, is given as the numbeb@ls required to represent the particle onrttieroscopy
image. 1 px = 0.003025 AnNumber of particles (sample size): 425.

Table A2.3 — Detailed data of themhapping for the charge shown in Figure A2.2.

Particle size (px)
to () [2.1¢, 177 [103 10 [10%4 107 [10° 107
[0, 500] 68 (24 %) 9 (7 %) 1(5%) 0
[600, 1000] 133 (48 %) 71 (57 %) 13 (68 %) 2 (67 %)
[1100, 1500] 63 (23 %) 32 (26 %) 4 (21 %) 1 (33 %)
[1600, 2000] 13 (5 %) 10 (8 %) 1(5%) 0
[2100, 2500] 0 0 0 0
No plateau 1(<1%) 3 (2 %) 0 0
Total 278 part. 125 part. 19 part. 3 part.

In Figure A2.2 and Table A2.3, ¢orresponds to the time at which the variatiothef

intensity reflected by a given LNWO particle deesabove a threshold value:

(dI) <02 (dl)
JR— A —
dt/, max\ e

It indicates at which timereh reaches a plateau or a sudden slower rate ofifithi
deinsertion for a given particle. t = 0 s is defirss the beginning of the galvanostatic charge
in this specific figure; the discharge begins at2850 s. In Table A2.3, the row “No plateau”
corresponds to particles that do not reach a platea sudden slope change in the evolution

of lret @against time during the charge.

164



Appendix

] Toward Electrolyte Electrolyte Electrolyte

separator P 4+ P
& electrolyte +1 +L
~ I
1 -

Toward |Glass Glass [Glass

microscope

1.0
0.8 -
064 A
0.4

\\\\T

\\\

0.2 1 TS~

R\ ~~~~~~
0.0 : . . —== ===

0 100 200 300 400 500

Figure A2.4 — Top: “top-to-bottom” model for tharsformation of LiNiW2QOg to LizNiaW->0gy upon
electrochemical lithium insertion in a Li-metal lc@ottom: simulated reflectance (R), transmittaitpand
absorbance (A) curves plotted against the thickoé#se Li,NioW-Oq layer, based on the top-to-bottom model.
The thickness of the entire particle is set to 860

In the “top-to-bottom” model described in Figur@.A, it is assumed that during the
operandooptical microscopy experiment, and after the et@ttemical removal of lithium
from a LbNi2W20g particle, the material will have fully transformado Li,Ni2W20s. Upon
lithium reinsertion, since the Lions are coming from the electrolyte, thé tations are going
to be inserted in the side of the particle clogethe separator first. This would lead to a
transformation of the particle from the side clégeshe separator (“top”) to the side closest
to the cell’s glass window (“bottom”). This alscsames that the particle edges are less well
connected to the conducting paste than its topdadéor the thickness of the particle is smaller

than its lateral size.

Based on this model, and on the work of Byrneshitk non-coherent film$¢, the
evolution of the reflectance, transmittance, andodiiance as the underlithiated phase is
transformed back to the original fully lithiatedgs® were calculated. For these calculations,
the refractive indexes of glass and the electrolyee set to 1.5 and 1.4, respectively. The

refractive index (1.3) and extinction coefficieit3) of NeOz were used for the underlithiated

165



Appendix

phase ¢)*°’. For the original, fully lithiated phase (P), ttedractive index (2.6) and extinction
coefficient (0.06) of NiO were us&d. Although these values are not very reliable, tveye
considered sufficient, as the variations of théemance, transmittance and absorbance are

what is most interesting in this specific case.

In particular, it can be seen that the reflectarmmains constant even after the
transformation of LiNi2W20g9 into Li2Ni2W20e, and it starts increasing only when the
underlithiated layer of the particle becomes véry (< 200 nm). This could explain why
increases in reflectance for single particles (F@g2.18) can only be seen at the end of the
discharge during theperandooptical microscopy experiment: even though lithisnmserted
into the particle, if the underlithiated layer letparticle is too thick, the reflectance remains
constant. As such, themapping for the discharge shown in Figure A2.2lmamterpreted as
a qualitative thickness mapping: the thinner aigarts, the smallertwill be, as less lithium
needs to be inserted in the particle to reachhtteshold thickness that can be probed through

a measurement ofA.
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Figure A2.5 — Experimental neutron powder diffrantdata at T = 3.5 K for kNi2W2Oq (black, top), and
simulated patterns fde = (0, 0, 0) in théPb’cn (top left),Pbc’n (top right),Pbcn’ (middle left),Pbc’'n’ (middle
right), Pb’cn’ (bottom left), andPb’c’n (bottom right) Shubnikov space groups (coloredtdm). For each
simulation, each magnetic component is either egu@lis or to 1 |; the non-zero components for a given
simulation are annotated above its corresponditignpa
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Table A2.6 —Results for the refinements of the EXAFS oscillaiok is the photoelectron energy origin,

davg(Ni-O) the average Ni-O bond length, N is the camation number, R the radial distance, adds the

correlated Debye-Waller factor.

O1 02 Ni1 Wi W3 O3 Ni2
Pristine LNWO (B = -1.681 eV / dig(Ni-O) = 2.05 A / Reduceg? 129.208 / R-factor: 0.0085998)
N 3 3 2 2 1 3 1
R (A) 1.99385 2.10228 2.93942 3.05905 3.12913 3.39878 6738
¢2 (A?) 0.00109 0.00109 0.00366 0.00380 0.00380 0.00109 0366

Charged LNWO —%cycle (B = -2.130 eV / dig(Ni-O) = 2.00 A / Reduceg®: 131.593 / R-factor: 0.0094653)

N
R (A)
62 (A2

1 3 2 2 1 1 3
2.02725 2.05870 2.93002 3.05335 3.15630 3.47182 7638
0.00253 0.00253 0.00395 0.00477 0.00477 0.00395 0263

Discharged LNWO —sLcycle (B = -0.606 eV / diNi-O) = 2.06 A / Reduceg?: 210.266 / R-factor: 0.0162799)

N
R (A)
62 (A?)

4 2 2 2 1 3 1
2.02319 2.12651 2.94569 3.06477 3.14698 3.42347 66924
0.00191 0.00191 0.00334 0.00287 0.00287 0.00191 0364

Charged LNWO — 50cycle (B = -1.401 eV / digNi-O) = 2.02 A / Reduceg?: 139.697 / R-factor: 0.0097308)

N
R (A)
62 (A?)

1 3 2 2 1 3 1
2.08547 2.05459 2.93700 3.06094 3.16052 3.39198  853(
0.00251 0.00251 0.00392 0.00402 0.00402 0.00251 030D
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Figure A2.7 — Schematic representation obparandoXRD cell.
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Figure A2.8 — Schematic representation ofdherandoreflection optical microscopy cell.
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A3. Appendix to Chapter 3
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Figure A3.1 — XRD pattern and Rietveld refinementlfi,WO. powder sample. dggg= 17.8 %.
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Figure A3.2 — XRD pattern and Rietveld refinememtNiWO, powder sample. gagg= 2.97 %.
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P1 Li,Ni(WO,), o Experimental data
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Figure A3.3 — XRD pattern and Rietveld refinementlfi,Ni(WOa), powder sample. ggg= 7.97 %.
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Figure A3.4 — (a) XRD patterns and (h)cEs time curve for anperandoXRD galvanostatic charge-discharge
experiment in a NIWQC]||Li cell, using a 1 M LiPgin EC:DMC (1:1 vol) electrolyte.
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Figure A3.5 - (a) XRD patterns and (b)cfrs time curve for anperandoXRD galvanostatic charge-discharge
experiment in a LNi(WO4)2:C||Li cell, using a 1 M LiP§Fin EC:DMC (1:1 vol) electrolyte.

Ni2p waf
Niz 1.6 V - Discharge

Before scraping

2 0 1.6 V - Discharge

€ < Scraped

I S

s s

z z

g £ 1.0 V - Discharge

£ £ Before scraping
1.0 V - Discharge
Scraped

8(I55 8(I30 8.%5 8.’;0 44 4I2 4I0 3I8 3‘6 3I4 32
Binding energy (eV) Binding energy (eV)

Figure A3.6 — Ni2p (left) and W4f (right) regionktbe XPS spectra for magnetron sputtered Li-Ni-WhiD
film samples discharged to 1.6 V and 1.0 V V¥llij before and after scraping the CEIl layer of gamples. In
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Figure A3.7 — F1s region for the XPS spectra oNi-=M/-O thin film samples at different states of opa
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Cette these s’inscrit dans le contexte du récbandht climatique global. Les rapports
alarmants du GIEC appellent a une diminution imratediles émissions de gaz a effet de serre,
afin d’éviter une hausse de la température moyenmediale au-dessus de 2,0 °C entre la
période 1850-1900 et 2100. Le franchissement d&e dehite risquerait de causer des
événements climatiques extrémes, et aurait deségqaeaces deésastreuses sur la santé
humaine, la sécurité alimentaire, les infrastrueduta biodiversité, etc. Or, en 2019, le secteur
du batiment était responsable de 21 % des émisdmgaz a effet de serre mondiales. Il s’agit
donc d’un secteur-clé pour la lutte contre le réffement climatiqué

Une bonne stratégie pour diminuer les émissioes [htiments a long terme est
I'utilisation de matériaux a haute efficacité éréirgue. En outre, il faut que ces matériaux
soient adaptés au climat futur, qui sera caraéérag de fortes températures ; il sera donc
nécessaire d’assurer des températures intériaisssinables pour les habitants des batiments
de demaif Les vitrages électrochromes apparaissent alorsneodes candidats pertinents
pour remplir ces deux criteres. Ces vitrages dygaes ont la capacité de changer d’état
optigue (notamment de transparence) lorsqu’on &aplique une tension ou un courant
électrique. Cela permet de contréler la quanti#missions solaires visibles et infrarouges
rentrant dans un batiment, et donc de controldesgérature intérieure. Cette technologie
repose sur la présence d’'une pile de couches mpiaeée dans le vitrage, qui présente une
architecture similaire a celle qu’on pourrait treadans une batterie Li-ion : deux électrodes
(positive et négative), séparées par un électrodytderriere lesquelles se trouve un collecteur

de courant transparent.

Les matériaux d’électrodes dans ces appareilsétdomes sont critiques pour obtenir
de bonnes performances, notamment en termes deastenbptique : en effet, ce sont ces
matériaux d’électrode, dits matériaux électrochremgui changent de couleur lors de
'application d’'une tension ou d’'un courant élegiie, grace a des changements de degré
d’oxydation. L'objectif de ce projet de thése esipgporter une compréhension fondamentale
des propriétés électrochimiques et optiques préssrpar un matériau électrochrome pour
électrode positive: une couche mince d'un oxydextenilithium-nickel-tungsténe
(Li-Ni-W-0).

Historiquement, les premiers rapports sur desmaatéprésentant des changements de
couleur dues a des changements de degrés d’oxgdatitontent a 1706 et 1815, au sujet du

Bleu de Prusse (4Fe' (CN)e],)*? et du trioxyde de tungsténe (W, respectivement. Au
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cours des siecles qui suivirent, les rechercheseigenre de matériaux et leurs applications
ont progressé doucement. Mais en 1969, la rechesuhdes matériaux et les appareils
électrochromes a été propulsée en avant gracemidsau point par Deb de ce qui est souvent
considéré comme le premier appareil électrochraom;u sous la forme d’une pile de couches
mincegs. Aprés la publication des travaux de Deb, de nemnbitaboratoires de recherche et
entreprises se sont penchés sur la technologieapeareils électrochromes. Le design en
« pile » ou en « sandwich » proposé par Deb a radhée des structures les plus utilisées
pour les appareils électrochromes aujourd’huitriacsure en 5 couches : collecteur de courant
— électrode positive — électrolyte — électrode tigga— collecteur de courant. Ce type
d’appareil électrochrome réalise son changemerdodéeur par I'échange de petits cations
(souvent H ou Li") et d’électrons d’'une électrode a l'autre. Un eglrest donné dans les
Equations R.1, R.2, R.3 :

Electrode négative: WOz, + xLit + xe™ - Li,WO3 R.1

transparent coloré

Electrode positive : NiO,) + XLi"+ xe™ = LixNiO,, R.2
coloré transparent
Appareil . W03(5)+ LIXNIOZ(S) - LiXWO3(S)+ Nioz(s) R.3
transparent coloré

Le changement d’état d’oxydation va permettrehangement simultané d’état optique
aux deux électrodes. A I'électrode positive, oma@te un matériau électrochrome anodique,
qui se colore lorsqu’on I'oxyde ; a I'électrode aége, se trouve un matériau électrochrome
cathodique, qui se colore lorsqu’on le réduit. loanbinaison des deux permet a I'appareil
électrochrome complet de passer de transparetbi@@n échangeant des ions et des électrons
d’une électrode a l'autre.

Cette technologie électrochromes a permis de nemsks innovations dans différents
domaines : les vitragg®=>° mais aussi les affichnages dynamid8es les rétroviseurs
automobile®’, des dispositifs de visié® etc. Ce manuscrit se concentre tout
particulierement sur les matériaux électrochrontdisés dans les vitrages intelligents. Parmi
tous les types de matériaux électrochromes quétntécouverts et développés au cours des

derniéres décennies (Bleu de Prii&s& viologénes'®, polyméres conductedrs2 etc.),
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ce sont les oxydes de métaux de transition qui smtplus utilisés dans les vitrages
électrochromes, car ils peuvent facilement étredyite sous formes de couches minces a
I'échelle industrielle grace a des techniques dedpisation magnétrdi*861.62 En particulier,
WOs est tres souvent utilisé pour I'électrode négaties vitrages électrochromes, car il
présente d’excellentes performances en tant quériaatélectrochrome, et les mécanismes a
l'origine de ses propriétés électrochimiques eiqueis sont bien compris. Pour I'électrode
positive, I'oxyde d’iridium (IrQ) et I'oxyde de nickel (Nig) sont de bons candidats, la encore
grace a leurs bonnes performariéed 'oxyde de nickel est cependant moins cher, edesc

plus souvent choisi par les industriels pour lettrages électrochrom&$.

Toutefois, les mécanismes derriere I'électrocheon@ de Ni@ sont beaucoup plus
controversés que pour WQIs sont d’autant plus compliqués a élucider geg mécanismes
changent selon le type d’électrolyte utilisé daapgareil électrochrome étudié. Dans les
électrolytes aqueux conducteurs de protons, ildgsincertitudes sur les phases formées au
cours du processus d’oxydation-réduction de RF3206.207.209 gans les électrolytes
aprotiques conducteurs d’ions lithium {},ila question est plutét de savoir si I'oxydorétite

repose sur l'insertion ou 'adsorption des ionsa.i’électrodé?!210214.216,377

En dépit de ce manque de clarté sur le mécanidesrachrome de Nig) de
nombreuses recherches sont menées pour amélismed®rmances du matériau, notamment
en termes de contraste optique et d'efficacité deration. Deux types de stratégie se
démarquent pour accomplir cet objectif : nanostmagt NiG,, ou le doper avec d’autres
eléments. Situés a l'interface entre ces deux @pesy quelques articles présentent des oxydes
mixtes lithium-nickel-tungstene, dotés d’'une stmuet nanocomposite : des nanocristaux
d’oxyde de nickel entourés d’'une matrice amofftrd? Ces systémes nanocomposites sont
intéressants car, contrairement a d'autres filmsostucturés décrits dans la littérature, ils
peuvent étre préparés par pulvérisation magnéfiosi, ils sont faciles a produire a I'échelle

industrielle.

Ce manuscrit est ainsi dédié a une étude ass€raje€mes propriétés électrochromes
des oxydes mixtes lithium-nickel-tungstene, maiss@pécifiguement a celles d’une de ces
couches minces nanocomposites susmentionnéesx gelations entre la composition, la
structure et les propriétés électrochimiques eigqaps de cette couche mince. Le systeme
étudié ici est préparé en trois étapes : la pudaéion magnétron d’'une cible métallique Ni-W
sous atmospheére ArgBur un substrat d’ITO, puis la pulvérisation magmé d’'une couche
de Li métallique sous atmosphere inerte d’argoenéh un traitement thermique entre 300 et
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500 °C, pendant plusieurs minutes, sous air. L&l®umince ainsi préparée présente un ratio
Li/Ni de 0,7 et un ratio Ni/W ~ 2. Des mesures deroscopie €lectronique en transmission
prouvent qu'elle présente bien une structure namposite, avec des nanoparticules
semblables a du NiO cubique (~ 3 nm) prises daesnuatrice amorphe. Au niveau de ses
propriétés électrochromes, lorsqu’elle est cycléasdune cellule électrochimique avec du
lithium métalligue comme contre-électrode, la cauahince réagit sur deux plages de
potentiels : a hauts potentiels (2,0 a 4,5 V véLl), et a bas potentiels (1,0 a 3,0 V vs/Li).

La premiere plage de potentiels est associée adaction principale », qui est d’intérét pour
I'application de la couche mince dans des vitragdestrochromes, tandis que la seconde plage
de potentiels est associée a des « réactions sapesmel, moins utiles pour une application
commerciale. Lorsqu’elle est oxydée a haut potenkée couche mince passe, de fagon
réversible, d'un état jaune transparent a un état foncé plus opaque. Lorsqu’elle est réduite

a bas potentiel, la couche mince devient aussi e et plus opaque.

Une premiere stratégie adoptée pour essayer depreadre un peu mieux les
mécanismes de coloration-décoloration dans cetteheomince nanocomposite Li-Ni-W-O a
été de synthétiser et d’étudier des poudres dérdiffes compositions dans le diagramme de
phase ternaire kO-NiO-WQs. Or, au cours de ce processus, un nouveau coregstslin a
été identifiée a l'issue d’'une synthése par voiamégue. Ce composé, NioW20e, a été
synthétisé a I'état pur, puis sa structure cristall été caractérisée par diffraction des rayons
X synchrotron et diffraction de neutrons. Un affirent des données par la méthode Rietv&ld
a permis de modeéliser sa structure cristallinecaraposé cristallise dans le groupe d’espace
orthorhombiquePbcn et présente une structure lamellaire, dans l&gjgalternent des
feuillets composés de chaines linéaires d’octaddi®s et de diméres ¥Dq, et des feuillets
d’octaedres Li@en nid d’abeilles. Ce modéle structural a pu éwrdirmé par des mesures de
microscopie électronique a transmission. Grace tée dructure lamellaire, qui rappelle
d’autres matériaux d’insertion couramment étudegssde domaine des batterieNipW209
présente une activité électrochimique a trés hpatentiels (4,5 a 5,0 V vs 1Li). Cette
activité est associée au couple rédoX/MNii>* et présente une trés bonne réversibilité (84 % de
rétention de capacité entre le cycle 1 et le ci€lé d’'une expérience de charge-décharge
galvanostatique ; 98 % entre le cycle 50 et leeyd0). Toutefois, la capacité spécifique
réversible du matériau est faible, a seulement B4hrgl. En dépit de cette faible capacité
spécifiqgue, l'oxydoréduction du couple NNi?* étant associée a des propriétés

électrochromes dans Ni(rette activité électrochimique dansNi>W-Og a mené a I'étude de
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ses propres propriétés électrochromes. Pour s& fairmontage de microscopie optique en
réflexion operandoa été mis au point, a I'aide d’'une cellule életimique spécialement
congue pour le suivi des propriétés optiques dedtéode de travail. Cette expérience a permis
tout d'abord de mettre en évidence queNLiW.0Og, tout comme Ni@ est un matériau
électrochrome anodique, qui perd en transmittamsglie le Ni* qu’il contient est oxydé en
Ni®* par désinsertion de LiEn outre, une étude des images collectées, ldelléade plusieurs
centaines de particules dexMNi;W20q, révéle que les particules plus petites présenteat
meilleure réversibilité optique et électrochimigyee les particules de plus grande taille. Enfin,
une étude a I'échelle de particules isolées maypteaméme pour les particules de petites tailles,
des limitations cinétiques ont I'air d’empécher wé@@sertion compléete du lithium, et introduit

donc des irréversibilités électrochimiques et apai(®.

Le cas de LNi2W20q est intéressant pour plusieurs raisons. En ceguierne la
science des matériaux, ce composé pourrait épeite de départ d’'une nouvelle famille de
matériaux, qui pourrait étre développée en sulastitle Nf* par du Cé'" ou du Fé*, par
exemple. Ensuite, le fait qu'un oxyde quaternam&sente des propriétés électrochromes est
intéressant car cela ouvre la porte vers la rebleadle I'électrochromisme dans une plus vaste
sélection de matériaux. En effet, la rechercherdprigtés électrochromes dans les oxydes de
métaux de transition s’est souvent limitée aux @sydinaires. Enfin, la méthode de
microscopie optiqueperandocemployée pour étudier iNi,W>Og pourrait étre employée pour
étudier d’autres matériaux électrochromes potentiehis aussi pour réaliser des études sur
les effets de taille ou de morphologie de partsdans des matériaux de cathode pour batterie

Li-ion ou Na-ion.

En plus de ses propriétés électrochromes, legiptép magnétiques dezlNiaW20q,
dues au Ni" 3cf paramagnétique, ont aussi été caractérisées. t&imaprésente un ordre
antiferromagnétique, avec une température de N&mligon 8 K, mesuré par un magnétometre
SQUID. Cependant, ces mémes mesures, traitées leetfondele de Curie-Weiss modifié,
donnent une température de Curie-Weiss positivé, egti caractéristique d’interactions
ferromagnétiques. Pour résoudre cette apparemigadiction, la structure magnétique de
LioNi2W20g a été caractérisée par des mesures de diffradd®neutrons a basse température,
notamment en dessous de la température de Néeatathil de modélisation par affinement
Rietveld a permis de définir la structure magnédtigie LpNi2W20g9 (groupe d’espace
magnétiquePb’c’n’), et de comprendre l'origine des propriétés magnés. Bien que la

maille soit globalement antiferromagnétique en dessde 8 K, de fortes interactions
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ferromagnétiques au sein des chaines de BxBtent. Les interactions chaine a chaine, plus
faibles, ont a la fois un caractére antiferromaiguét et ferromagnétique, et les interactions
d’un feuillet Ni-W-O a un autre sont globalementifanromagnétiques. Ces observations sur
Li2Ni2W20g sont a mettre en regard avec les propriétés mggedtdes composés de la famille
des « 429 »Nl4sA209 ; M = Fe, Co, Mn, Ni, etc. ; A = Nb, Ta), d’autgplus que la symétrie

ponctuelle magnétique de;Ni,W,Os est compatible avec un effet magnétoélectftiue

Ayant complété le diagramme de phases ternap®@-NiO-WOs par la découverte et
la caractérisation de #Ni2W209, la comparaison de la couche mince nanocomposite
Li-Ni-W-O avec des poudres du diagramme de phases a purseigre. Quatre poudres ont
éte sélectionnées et synthétisées par voie céranpqur étre comparées avec la couche
mince :R3 LioWOs, P2/c NiWO4, P1 Li2Ni(WO4)2, etPbcnLizNi2W-20y. Ces poudres ont été
sélectionnées pour leur proximité, en termes depositions élémentaires, avec la couche
mince Li-Ni-W-O. Le comportement électrochimique ais quatre poudres a été caracterisé
par des expériences de charge-décharge galvanostatns des piles bouton. Elles présentent
toutes le méme point commun : 'absence d’acti&iéetrochimique sur la plage de potentiels
associées a la réaction principale de la coucheania0 V a 4,5 V vs LiLi. Il semblerait
donc que cette réaction soit propre a la couchecengt a sa structure nanocomposite.
Toutefois, a bas potentiels (1,0 V a 3,0 VENipW20g, Li2Ni(WO4)2, et NIWO; présentent
tous des réactions plus ou moins réversibles quirp@nt étre associés a des réactions de
conversion liées au couple®INi°. Cela a introduit la possibilité que les réactisasondaires
observées dans la couche mince Li-Ni-W-O soit ellessi liees a des réactions de conversion

du nickel.

Pour confirmer cette hypothése, des mesures dargpeopie de photoémission des
rayons X ont été réalisées sur les quatre poudueéés, sur la couche mince Li-Ni-W-O
intacte, et sur des échantillons de couches miackférents états de charge (mesyrest-
morten). Il ressort de ces mesures que, dans les comcimegs nanocomposite Li-Ni-W-0O,
du nickel métallique Niest en effet formé a bas potentiel (< 1,6 V VéLli), tandis que I'état
d’oxydation du W parait a priori inchangé, restéaMf*. Par ailleurs, bien que ces mesures ne
révelent pas grand-chose sur la réaction principdtauts potentiels, il est certain que cette
réaction est associée au couplé*Mli?*, car ni le tungsténe, ni le lithium ne peuvene étr
oxydés. Ainsi, il semblerait que le nickel soitskeul élément électrochimiquement actif de la
couche mince nanocomposite Li-Ni-W-O, tandis quihgstene ne joue qu’un réle purement

structural. De plus, en comparant les capacitagrélghimiques dues a la réaction principale
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et aux réactions secondaires (4 a 4,5 fois pluveéteque pour la réaction principale), il semble
probable que les réactions secondaires impliquetda #is la matrice amorphe et les

nanocristaux de la couche mince.

La comparaison de poudresiyW-On (monophasiques, haute cristallinité) avec la
couche mince nanocomposite (biphasique, faibleatiisté) est limitée par les grandes
différences structurales entre les deux types s&syes. Pour réaliser une comparaison un peu
plus rigoureuse et plus fiable, des couches mimtmedifférentes compositions dans le
diagramme de phase ternaireQiNiO-WQOsz ont été synthétisées par une méthode d’enduction
centrifuge suivie d’un traitement thermique soug460 °C, 30 min). Les différents parametres
de cette méthode ont été optimisés, et bien gesiler des zones d’ombre sur les réactions qui
ont lieu au cours de la préparation de la solufienduction, les films obtenus ont une surface
continue et semblent de bonne qualité. Les prawiéectrochromes de ces films ont alors été
caractérisées par des mesures de charge-déchdvgaagdatique couplées a des mesures
operandode spectroscopie UV-Visible en transmission, gi@eme cellule électrochimique
spécialement congue pour ces mesures. En compasazduches minces enduites entre elles
et avec la couche mince nanocomposite de référehea,complétant I'étude par des mesures
DRX sur des poudres synthétisées a partir des@atud’enduction, il apparait que la présence
des nanocristaux de NiQoit essentielle a la réaction principale quiea k& hauts potentiels.
Cela semble indiquer que la phase active pour cé#etion principale est I'ensemble des
nanocristaux. Toutefois, il semblerait aussi qy’iait un juste milieu a trouver entre une
proportion trop faible ou trop forte de nanocrista8’il n’y en a pas assez, il y a une faible
capacité a cause du faible nombre de sites abtdss s’il y en a trop, il est possible que la
diffusion des ions Lisoient génée. Cette hypothése suppose que legddematrice amorphe
est en effet de faciliter la diffusion des ions, qué reste a veérifier. D’'un point de vue
meécanistique, le mécanisme exact associé a laic@gmtincipale reste incertain ; on peut
toutefois noté que le comportement de la couchecenimanocomposite Li-Ni-W-O de
référence est bien différent de celui rapportéemiRocha et Wefi'*"" pour des couches
minces de Ni@pur. La ou ces derniers rapportent un comportemlendt pseudocapacitif,
une expérience de voltamétrie cyclique a différenttesses de balayage sur la couche mince
nanocomposite montre qu’elle présente plutét unpmytement qui s’apparente a un matériau
d’insertion. Cela pourrait étre di a la présencéadmatrice amorphe, dans laquelle les ions

Li* doivent étre insérés et désinsérés.
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Globalement, cette thése, en plus de complétiatgamme de phase0-NiO-WGOs

grace a la synthese de:Ni2W-Og, apporte certains éclaircissements sur l'origires d
propriétés électrochromes dans les couches mireoescamposite Li-Ni-W-O sur lesquelles
elle se concentre. L'activité électrochimique de ceuches minces est entierement due a
I'oxydoréduction du nickel, entre 1,0 V et 4,5 VM$/Li. A hauts potentiels, c’est le couple
rédox NPF*/Ni?* qui est électrochimiquement actif, tandis qu’a pagentiels, une réaction de
conversion (NG*/Ni° impliquant a la fois la matrice amorphe et lesowistallites a lieu. Cette
réaction de conversion peut, a long terme, étrastéfaux performances de la couche mince,
et est donc a éviter. L’activité a haut potents, guant a elle, trés probablement due aux
nanocristaux Ni@présents dans la couche mince. Méme si ce qujifeguit exactement au
niveau de ces nanocristaux restent incertain, ténaa présente un comportement similaire a
d’autres matériaux d’'insertion, sans doute a cdada diffusion du lithium a travers la matrice

amorphe.

Il reste de nombreuses questions a élucider sucaeches minces nanocomposites, et
I'étude présentée dans ce manuscrit est perfeatibleien des manieres. Une caractérisation
de la nanostructure des couches minces enduitaniparscopie électronique a transmission
permettrait de renforcer la théorie sur le compeoemntre quantité de nanoparticules et de
matrice amorphe. ldéalement, pour que la comparastre la couche mince nanocomposite
de référence et d’autres compositions de couchese®iLiNiyW-O, soit parfaitement
rigoureuse, il faudrait que ces derniéres soiegpgmées en suivant exactement le méme
procédé de pulvérisation magnétron que la couchecanoriginale, et non un procédé
d’enduction centrifuge. La différence entre les xdqurocédés introduit forcément des
différences structurales et/ou de degré d’oxydaginmne I'échantillon de référence et les autres
couches minces, qui se traduisent par de grantfésetiices dans les performances optiques et
électrochimiques. Cela a par exemple empéché dafisde facon rigoureuse 'impact de la

composition sur les propriétés colorimétriquesamrghes minces.

Il reste donc beaucoup a faire pour pleinement prendre les mécanismes de
coloration-décoloration dans les oxydes mixtesuititnickel-tungstene. Mais les résultats
présentés dans cette thése apportent de premistes gui pourront s’avérer utiles pour de
futures recherches sur ces matériaux essentiels [udéveloppement de vitrages

électrochromes.
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Coloration-bleaching mechanisms in nickel-tungstemixed oxides

Abstract: The threats of climate change call for an immeddecrease in the amount of greenhouse
gas emissions emitted globally. To achieve thigigusnergy efficient materials in the buildingstsec

is a key strategy. The electrochromic smart windothus a very interesting technology to develap; i
some commercially available products, a magnetpottered, nanocomposite Li-Ni-W mixed oxide is
used as the positive electrode. However, many imumsstremain about the relationships between
composition, structure, and electrochromic propserin such materials. The aim of this doctoral
research is to bring some fundamental understarmirigese nanocomposite Li-Ni-W-O thin films. At
first, the LLO-NiO-WG; ternary phase diagram was completed by synthgtiaimd characterizing a
new phase, LNi2W>0q. Then, the electrochemical behavior and the XP&tsp of LiNiyW-O,
powders were compared to those of the referencecoanposite thin film, revealing that the activity
of the film at low potentials was due to a convamsieaction involving the Ri/Ni° redox couple.
Finally, by comparing spin-coated,Ni,W,O, thin films and the reference nanocomposite thim,fit
appears that the electrochromic properties in tsgseems at high potentials is allowed by the right
balance of active Ni©nanocristallites and amorphous matrix. All of #esbservations lay the
groundwork for an optimization of the electrochromerformances in nanocompositeNii-W-O thin
films in the future.

Keywords: Electrochromism, Nanocomposite, Thin films, Nick&lde, Synthesis

Mécanismes de coloration-décoloration dans les oxgd mixtes
nickel-tungstene

Résumé :Les menaces du changement climatique demandemtimimaution immédiate des quantités
de gaz a effet de serre émises dans le monde.sedaire, il est essentiel d’utiliser des matériaux
haute efficacité énergétique dans le secteur dméat. De fait, les vitrages électrochromes somt un
technologie importante a développer ; certaing di&jponible sur le marché, utilisent comme élelgtro
positive une couche mince faite d’un oxyde mixteNLiW, obtenue par pulvérisation magnétron.
Cependant, beaucoup d’incertitudes subsistenesuelations entre la composition, la structurégset
propriétés électrochromes dans ces matériaux. Leebce projet doctoral est d’apporter une meideur
compréhension de ces couches minces Li-Ni-W-O ranposites. Tout d’abord, le diagramme de
phase ternaire kO-NiO-WQ; a été complété par la synthese et la caracténisdliine nouvelle phase,
Li>Ni2W>0q. Puis, le comportement électrochimique et lestspeXPS de poudres,NiyW-0, ont été
comparés a ceux de la couche mince nanocompogsiééédence, révélant que I'activité a bas potesitiel
de cette derniére est due a une réaction de caowenspliquant le couple rédox NiNi°. Enfin, en
comparant des couches mincegNLjW,O, obtenues par enduction centrifuge et la couchecenin
nanocomposite de référence, il apparait que legrigtés électrochromes de ces systemes a hauts
potentiels est permise par des proportions égaéibde nanocristaux de Ni@un cété, et de matrice
amorphe de l'autre. Toutes ces observations pdeectiemin vers I'optimisation des performances
électrochromes de ces couches minces nanocomploisitiesV-O.

Mots-clés :Electrochromisme, Nanocomposite, Couches mincegld®©de nickel, Synthése



