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Electrochromic Properties of Sol-Gel Prepared Hybrid Transition Metal Oxides.
A Short Review

Abstract

This short review paper revisits the progress aguen the last 10-15 years in the field of
hybrid electrochromic materials, synthesized thiosgl-gel methods.During the recent decade,
new avenues have been opened, exploring new canaegtparticularly interesting applications
of electrochromism. In this paper, we will disam®e of the new research directions in the
field of electrochromism, together with novel applions of many electrochromic hybrid
oxides. The most important incentive for enhanuegberties of traditional materials has been
the advent of nanotechnology. The discoverieserfigid of synthesis of nanomaterials enabled
to expand the materials and connect the morphabtgatures of nanoparticles to the
electrochromic properties at the macro level. T¥as possible because of the emergence of the
new and more elaborate characterization methoasliag to unveil hitherto unknown structural
and morphological properties of electrochromic make It is important to mention the
development of novel hybrid materials with sigrafitly improved EC properties, where
tungsten oxide is associated with carbonaceousri@atsuch as MWCNT or graphene. These
hybrid materials with enhanced EC properties, caegbto the inorganic hybrids, will be
remarkable in the future,for a series of novel mapions.Retracing briefly the history of EC
hybrid materials and summarizing the principal agkments will be useful not only for
researchers in the field but for a wider readersiigvell.

Keywords: Hybrid electrochromic materials, sol-getthods, electrochromism, hybrid oxides,

nanomaterials



1. Introduction

Electrochromism is a reversible change in the appcoperties (color, transparency) of a
material,in response to an applied voltage. Sitscdiscovery (Deb called electrochromism (EC)
a “novel electrophotographic system”)[1, 2], suhtitd efforts have been made to study the
electrochromic (EC) materials, their properties apglications in devices, principally, in smart
windows. In the beginning, the electrochromic matsmwere mostly transition metal oxides and

their thin films were prepared by costly physicaper deposition methods [3, 4].

Later on, hybrid materials consisting of two traiosi metal oxides, a transition metal oxide and
organic molecules, or conducting polymers, oftepldiying multi-electrochromism, have been
developed. At the same time, the fabrication methwl/e been diversified and new, less costly
methods have been discovered and, among thempanaat place is occupied by the sol-gel

methods.

EC characteristics of transition metal oxides dfism the reversible redox reactions of the
transition metal ions, that is, the electron-iomilole injection/extraction, under the applied
voltage. In the inorganic materials, the EC perfamges are mainly governed by the redox
reaction characteristics, that is, the amount dficed/oxidized metal ion (i.e.coloration center)
and the switching kinetics [5, 6]. During the retcdecade, new avenues have been opened,

exploring new concepts and particularly interestaipglications of electrochromism.

Tremendous progress has been achieved in theQddd §ears. Not only that many new
materials have been developed, by using a greityaf methods, but, somehow, the
applications of EC materials shifted, from “smameows” applications to entirely new fields.
There are a number of invaluable research andweavapers well worth to revisit in order to
have a better idea about the developments in ¢he: [f-15]. It is felt that it is worth
summarizing some of the new research directiotisarfield of electrochromism such as, for
exampletungsten oxide — graphene (and derivatives) nanpositestungsten oxide — multi-
walled carbon nanotube hybrids, described in sectiontdisfreview. In this short review

paper, we will discuss these, together with soméebetter known properties and applications



of EC hybrid oxides. Retracing briefly the histafyEC hybrid materials and summarizing the
principal achievements will be useful for researshe the field.

As this review is focused on electrochromic matenmepared through sol-gel methods, a short

introduction to sol-gel chemistry it is believedde useful.

The sol-gel chemistry was developed more than fgetrs ago and the new technology
gradually replaced the tedious, high-temperatuoegsses used for thousands of years for the
fabrication of ceramic and glassy materials.A nundfe’ery good review papers [16-18] cover
the science of the sol-gel process as well as thet important aspects of its development,
starting with the sol-gel fabrication of siliconide and transition metal oxides and hybrids, and

the discovery of inorganic-organic hybrids, haviaday extremely important applications.

In the present paper, dedicated to hybrid metalegiectrochromic materials, only short
background information on the sol-gel process beligiven. The interested reader can gather

more information by consulting the review pape-18].
2. Synthesis of transition metal oxides and hybrids by the sol-gel process

The sol-gel process is based on the hydrolysiscandensation of molecular precursors,
performed under mild conditions. Two chemical wayes presently used to form the solid phase
network: the metal-organic route, using metal ai#tex in organic solvents and the inorganic
route, using metal salts (chlorides, nitrates,ideff, etc.) in aqueous solutions. The route using
alkoxide precursors appears as the most versaieMixed inorganic and organic precursors
can also be used to fabricate hybrid materialssiteel process starts generally with the
alcoholic solution of a metal alkoxide precurso((\R),, were R is an alkyl group. Hydrolysis
of metal alkoxides produces hydroxyl groups, andheyr poly-condensation a three-
dimensional network is formed. The two reactiorg/grolysis and poly-condensation occur
simultaneously and generate low molecular weighptogucts such as alcohol and water. Both
reactions occur by nucleophilic substitutiop)Y®hich involves three steps: nucleophilic
addition (Av), proton transfer within the transition statesj aamoval of the protonated species
(alcohol, water).The process ends with the fornmatiba tetrahedral Sikdr MO, network [19]



Due to their high reactivity, the sol-gel procasshe case of metal alkoxides can be carried out
without using a catalyst. The condensed speciefareng oligomers, oxo polymers, colloids,
gels or precipitates. Oxo polymers and colloidatiples give rise to sols which can be gelled,
dried and densified in order to get powders, fimsnonolithic glasses. A schematic of the sol-
gel process, leading to the different end prodiscghown in Figure 1. The figure shows the
different products that can be obtained througlstitegel process. Once the sol is formed by
hydrolysis and poly-condensation of the startingemal, depending on the intermediate
processes (coating, gelling, precipitating, eicyariety of end product can be obtained. The rate
of condensation (poly-condensation or polymerizgtimf inorganic precursors can be controlled
via the chemical modification of alkoxides with cplexing ligands such as, for example,
acetylacetone. Using complexing ligands is veryartgmt in the sol-gel process as they can
moderate the rate of the hydrolysis and condensagiactions. Drying under normal conditions
gives a xerogel that have a high surface area arabipy and can be densified. Depending on the

post-processing, monoliths, films, fibers or povedean be obtained directly from the gel state.
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Fig. 1. Possible end products of the sol-gel proce$®eproduced with permission from

reference [16]).

In addition to the fabrication of electrochromictergals, sol-gel methods have today numerous

applications such as the synthesis of ferroelectatings for condensers, waveguides, the

fabrication of optical fibers for optical telecommaation, ceramic superconductors, protection

of metals, etc. A fascinating new field of researcimaterials science is the sol-gel fabrications

of hybrid structures such as ormosils, a new tyfjpegaocrystalline material, containing

luminescent dyes and Si@r self-tuning lasers, solar collectors, elemdatsnonlinear optics,

sensors, biological markers, etc. More applicatemesincluded in Figure 2.
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Fig.2. Applications of sol-gel method according to SakRegroduced with permission from ref.

[17]).

Mixed metal alkoxide systems are of great intebestiuse of the potential properties and

applications they provide. The structure and molqiyof the resulting network depend on the

relative chemical reactivity of the two metal alkaes that is a function of degree of



unsaturation. The extent of unsaturation is givefNaZ) where N is the coordination number of

the atom in the stable oxide network and Z is thidation state [18].

Elements such as Ti, Zr, Al and B with high unsation have much higher reactivities. The

sequence of reactivity is as follows:
Zr(OR),, Al(OR)s>Ti(OR)s> Sn(OR)> Si(OR)

Chelating additives such as glycols, acetic adi,leave been used to slow down the rate of the

hydrolysis and condensation reactions.

Inorganic precursors in aqueous solution are egsresive than metal alkoxides and more

appropriate for industrial applications.

In the following section, the most important hybfamposite) electrochromic oxides, their

preparation through a sol-gel process, and thegt mngportant properties are described.

3. Hybrid eectrochromic inorganic oxides
3.1 Hybrid electrochromic materials based on tungsteide

The transition metals whose oxides display elettrmmic properties are shown in the

periodic table of elements below.

ELECTROCHROMIC OXIDES:

H Cathodic coloration He
Li |Be . Anodic coloration BlcIN[o|F|[Ne
Na [Mg Alsilpls|car

K|Ca|Sc|Ti|V §Cri{MnjFe}Colf NifCu|Zn|Ga|Ge|As|Se|Br|Kr
Rb|Sr| Y | Zr INbjMo| Tc [RujRh}{ Pd |Ag|Cd| In |[Sn|Sb|Te| | |Xe
Cs|Ba|lLa|Hf|[Ta] W |Re|Os| Ir | Pt |[Au|Hg| Tl |Pb| Bi |Po| At |Rn
Fr|Ra|Ac




Fig 3. Electrochromic oxides showing both cathodic anodamcoloration (Reproduced with

permission from Ref. [20]).

EC oxides are classified as cathodically and aradigticoloring, depending whether they are
colored (or transparent) in their reduced (or aed) states as shown below. The most
representative cathodically coloring oxide is ¥/®hile NiO is the most used anodically

coloring material [20]:

[WO3 + H" + € ] yransparent ©« [HWO3] coores Cathodic coloration
and:

[Ni(OH)3] transparent < [NIOOH + H' + €] coiored @anodic coloration

Many other inorganic materials have been studiedhigir electrochromic properties such as
Prussian Blue, oxides of V, Mo, Nb, and Ti (catladly coloring), and oxides of Ni, Co, and Ir
(anodically coloring)rhe most commonly used oxides are based on tungatknickel, which
exhibit cathodic and anodic electrochromism, regpely, according to the highly schematic

reactions for the case of proton insertion/extearcti

Tungsten oxide is still the best electrochromicemat, the most studied for devices such as
smart windows, rear and side view mirrors, sunroets., and most hybrid materials were, and
still are prepared by doping W@ith other transition metals. This section is dedao hybrid
transition metal oxides based on W@ybrid materials can be designated in two waifeeby
showing the main component, for example Y¥0d separately the dopant, WX (X = doping
transition metal), or, showing, distinctly, the tivansition metal oxides, for example WXO.

Sometimes, hybrid oxides are called composite axatédinary combination of oxides as well.

Transition metal oxides have similar electronicstures, with empty d bands that will be
populated when cathodic charge injection takesepl@be color change happens by inter-band

transitions [21].

The first comprehensive review on inorganic eledtromic materials, prepared through a sol-

gel process, was published in 1997 by Aegerter[@Rhand it is today still a good reference for



the hybrid materials known at the end of the lasttary. In order to show the progress in this

field, a table that contains the pure and hybridemals known at that time, is reproduced here.

Table 1 Electrochromic materials prepared through a sbpgecess (Reproduced with

permission from reference [22]).

Material State Color
WO3 a, c Blue
WO3-Ti02 a Blue
WO3z-MoO;3
MoO3 a, c
CeG uv
CeO-SnG
CeO-TiO, cC,* uv
TiO; Grey
TiO,-Al,05 Blue
TiO,-Cr,03 Blue
TiO2-WO3
TiO,-viologen
Nb,Os a, c a-brown, c-blue
FeOs
F6203-Ti02
SnG
V205 c Green, yellow, red
V,05-Nap,O
V205-TaOs Powder | Grey
V205-Nb,Os Powder | Grey
V,05-TiO, a Blue, green, yellow

reddish-brown

a-amorphous, c-crystalline, * - material used fourtter-electrode

In the 80s, the sol-gel routes for the fabricatdiVOs; were based on sodium tungstate as a
precursor material, but there is today a plethégaecursor molecules both organic and
inorganic, and, generally, the chemistry of thetieas is well established. [23,24].Very soon,
new precursors have been tested such as peroxepgsyic acid, in the beginning, prepared
from metallic tungsten and tungsten carbide, dissbin a solution of hydrogen peroxide

[25,26] and later, from tungsten , hydrogen perexdadlution and acetic or propionic acid
[27,28]. The method based on peroxopolytungstid é2A) remains one of the best methods to

prepare tungsten oxide and hybrid oxides, as PTPeeaily be mixed with the ethanolic



solutions of alkoxides of different transition nlstal he ease of doping and the facile control of
the chemical composition are among the most impbedvantages of the sol-gel technique.
Sodium tungstate was also used as a precursoregpgnng first the tungstic acid and stabilizing
it with oxalic acid [29]. This quite recent workirgteresting as, for the first time, the sol-gel
method for the preparation of tungsten oxide washined with a physical method, thermal
evaporation, used for the deposition of Mo this case, the mixing and formation of hybrid
oxide, happens during the annealing process. Theowed coloration efficiency and the short
response time were accounted for by the disoréated by mixing. The authors don't discuss

the possible role of the Mg@anorods.

It is interesting to note that, from the very begng, the sol-gel method was associated with
nanotechnology [30]. This idea was validated ®yhrying synthetic methods that led to a
diversity of morphologies of electrochromic nanotenels. Generally, it has been shown that
transition metal oxides in a nanomaterial form bktshorter response times and, sometimes,
enhanced coloration efficiency. However, some agthogue that nanostructuring doesn't bring
new functionalities, compared to their bulk coupgets [31- 35]In the opinion of Wang et al.

the ideal nanostructures for EC materials may ohelultrathin crystalline nanorods, nanowires
or nanotubes, crystalline mesoporous structuresTéese nanostructures with large specific
surface areas are expected to possess fast ae S@iswitching. Different kinds of materials
have to be combined in order to exhibit multi-celand to enhance the coloration efficiency and

the stability of devices.

The connection of electrochromism to the nanostimatfeatures will be emphasized in the case
of specific examples. In the case of hybrid oxidles,shape of the nanoparticles, corresponding

to the two materials may be pivotal for determining EC properties.

In this section, instead of describing the inditprocedures utilized to fabricate the WO
based hybrid EC materials, we will show some ofdimerging general tendencies, by focusing
on the mechanisms accounting for improved, orhercontrary, deteriorated EC properties by
doping.The mechanisms became more comprehensiblevatdata became available, after the
introduction in the field of new characterizatioetimods. We should note here that the
emergence of new characterization methods suctR@iy XPS, SEM, EDX, AFM, DTA etc.,

brought about the major advancement in the fiele©@fmaterials during the last decades.



Many of the studies on hybrid EC materials havenshtihat, generally, the EC properties of
tungsten oxide are improved only when doping isiedrout by small amounts of dopant (5-
10%) and, when the ionic radii of the two metaks @ose. It is thought that the improvement is
the result of the preserving of the amorphous pb&%€0; in the hybrid material, even at
annealing temperatures when it would, normallystalize. For example, when investigating
the optical and EC properties of sol-gel made eeftective WQ-TiO- films, Zayim, by using
XRD and XPS, found that even small titania conteats delay the crystallization of W@nd

can lead to important structural changes in thgdten oxide films [36]. Heat-treated sample of
WO=-TiO; films (1 and 5 mol %) are crystalline at 430 while samples with 10 and 15 mol%

remain amorphous up to £as shown in Fig. 4.
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Fig.4.WOs—TiO- thin films, heat treated at 4%0 for 2 h (Reproduced with permission from
Ref.36]).

It was found that the higher the percentage ofitita, the larger the disorder, which leads to a
delay of the crystallization. [36,37]. For the sanybrid material (W@ TiO,), it has been
suggested that, in the presence of ;Ji@e polymerization of polytungstate polyanionléayed.
The authors believe that replacing the ¥¥©tahedron by the Tikone, led to an increased
disorder [38]. However, the ionic radius of T{0.62A) is very close to that of %/(0.60 A) and



the monoclinic structure of Whould be preserved by doping [39]. In the casmigéd films,
SEM images show an increase in porosity [40]. Timeesgeneral observations can be made in
the case of Wefilms doped with Mo. Indeed, hybrid amorphous YWoO; films with 5-10%
MoOs have been prepared via a sol-gel dip coating mgeéhbjd It is believed that Mo@inhibits
the growth of the Wekrystal grains from the solid solution as the iamidius of the M%'
(0.59A) is very close to that of the®Nions (0.60A). Moreover, the surface morphologitthe
hybrid 5-10% MoQ in the WQ films studied by SEM illustrated the high roughsiesompared
with the pure WQ@film, leading to a high interface between the &tehromic hybrid film and
Li-based electrolyte. However, when the spray pgislmethod was used for the deposition, the
WO; films with 2% molybdenum oxide exhibited the mawmm optical density at 633 nm and
showed high coloration efficiency and short respaimee, compared to the pure \3fdm. The

results were explained in term of the defects etito metals [42].

Ternary hybrid films based on W@ave also been prepared and tested. Luo et pame
TiO,, and MoQ-doped WQ films by a sol-gel method. The optimum molar ratfadhe
components was found to be \WMoO3:TiO, 93:7:5. This particular hybrid oxide has shown

high coloration efficiency, short response timej argh cyclic stability [43].

Gold-doped tungsten oxide films have been includedis class of hybrid oxides for their
interesting electrochromic properties as well asabee of a novel mechanism of coloration due

to the plasmonic properties of gold nanopatrticles.

A special case of hybrid oxides is that of gold-edMWG.More recently, preliminary results
regarding the effect of goldnanoparticles on tleetebchromic properties have been reported by
two groups[44, 45]. Gold was added in the form of a gold precursor fbgdn chloroauric

acid) on the surface of the film and, in some catbescoloration efficiency was found

improved; however, the mechanism of the involvenaémgfold is still unclear.

Macro-porous gold-doped tungsten oxide films hasenbprepared by our group by a sol-gel
method [46]. The results have shown that the pt@seof the gold — Wecomposite films
depend significantly on the doping method. The $ilmaving gold nanoparticles on the surface

of the film, have shown the best electrochromicawsdr, especially regarding the coloration



efficiency. The macro-porous films, with, or withayold, show higher coloration efficiencies

than the compact films, fabricated without a tertgpla

Tungsten powder Hz05 (30%%) |

‘ Peroxitungstic acid

(PTA) m ethanol

!
| Dip coating on
A
[ |
*-e1elelele] ittt

| Templated | Templated
WO, film | AuNP_WO, film

] An NP | | Annealing

Mon-ennealed Annealed
Au NP-W0O film Au NP-WOs film

) Polystyrene (PS) microsphere
Au nanoparticle

Fig.5. Flow-chart showing the fabrication of the Au — dop&G; film (Reproduced with

permission from Ref. [46]).

Recently, very small gold nanopatrticles were sysitezl and added to the tungsten oxide
precursor solution [47]. The EC performance obtwéh very small gold nanopatrticles (3-5
nm) was found much improved compared to pures\8f6&cifically, in terms of the response
time. The authors attributed the improved electroctic properties to an increase in
conductivity due to gold nanoparticles as wellaSurface Plasmon Resonance (SPR) - based

absorption.

Hybrid EC oxides with tungsten oxide used as a dpgeve been prepared as well. For
example, Pehlivan et al. prepared the niobium etudgsten oxide hybrid film, using niobium

ethoxide and tungsten chloride as precursors [A8.authors were interested to see the effect of



W doping (5 and 10%, respectively), on the EC priogee of NpOs. Doping with WQwas

found to increase the smoothness of the film serfdwt is, the grain size of niobium oxide
decreases when W@ introduced in the film.The total charge injectin NpOs films was

found improved by Weloping.It was also observed that crystallized fishewed faster

coloring kinetics than the amorphous films. Largerounts of tungsten oxide were introduced in
niobium oxide by Mujawar et al. [49].The authorsiiid thatwith the increase in the percentage
of tungsten oxide, the negative effect on the atiization of composite W&-Nb,Os thin film

has been observed. Preservation of amorphousigteuntproves the EC properties of the
composite W@-Nb,Os, by offering more conducive channels for the icddation—de-
intercalation of H ions in the thin films.

It should be reiterated that in the case of allJA®ased hybrid films, preserving the amorphous

structure, by using small amounts of dopants, tesulimproved EC properties.
3.2 Hybrid materials based on vanadium pentoxide

Due to the large lithium intercalation capacityl-gel derived vanadium pentoxide {8) has
generated a significant research interefds\Wgels can be used in energy storage/conversion
devices such as electrochromic (EC) devices, rgelahte lithium ion battery technologies, and
pseudo capacitor applications. In addition, vanadoentoxide showed good sensing and
catalytic properties. Among the different nanosiuues for lithium intercalation applications,
vanadium pentoxide nanotubes and nanorods havefdeet to be the most promising,
especially as electrode material for lithium iortéaes.\bOs shows both anodic and cathodic
EC properties. However, there are many disadvastsigeh as poor cycle reversibility and quite
narrow optical modulation and low coloration eféiocy.

Aiming to improve the low conductivity and the rasr optical modulation of vanadium
pentoxide and, at the same time, to take advambige layered structure, Jin et al. prepared Mo-
doped \4Os thin films by a combined sol-gel and hydrothermmaithod [50]. In this work, the
V,0s sol was prepared by quenching the melted mater@dgionized water, while the Mo sol
was prepared from a peroxopolymolybdate solutiahtae hybrid sols through a hydrothermal
reaction. The results have shown that the paglcement of V by Mo having a larger ionic
radius, results in an increase in the interlaystagice. The change in the structure of the hybrid

material was confirmed by FTIR and Raman spectmgby small shifts of the vanadium



pentoxide bands, as the doping level is too loge® the spectrum of M he results reveal
that Mo incorporation remarkably increases theanirdensity and the inserted/extractedcharge
capacity of Li+ ions.The best EC properties coroegpto a 5mole% doping level and in this
case, multi-electrochromism has been observed gerangreen— blue). The authors explain

the improved EC properties by the donor defect®thiced by doping.

By doping with TiQ, the doping level of vanadium pentoxide can begased substantially. As

shown in Figure 6, the doping level 0f® could be increased up to 30% [51,52].
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Fig.6. SEM micrographs showing the surface morphology ieeoh \V,0s-TiO, system with

various V/Ti mol ratios, after heat treatment ad%D for 1 h. (a) V/Ti) 100:0, (b) V/Ti) 95:5, (c)
V/Ti) 90:10, (d) V/Ti) 80:20, and (e) VITi) 703respectively (The scale bar on all the images
is 1 um) (Reproduced with permission from ref.[51])

The authors found the presence of randomly oriergddike particles in the hybrid films. Ti-
doped \{Os films were found very strong mechanically. Theyevidund to be amorphous with
a uniform surface texture. Most importantly, theylla very high coloration efficiency (76
cn?/C) at 550 nm [52].

The enhanced intercalation properties (100% cooredipg to a 20% doping level) of the hybrid
is explained by a reduced’Ldiffusion distance as well as by the reduced ailysity. When
V,0sis added to Ti@or Zr0, (10% doping level) thin films, the authors foundlight decrease



in transmission, increased refractive indices, iamatoved EC properties. The increase in the
refractive index can be used to make antireflective reflective filters. For some of the mixed

films, the contrast between the colored and bledshetes was found improved [53].

In a recent paper, He et al. suggested the prepauaitthe hybrid \YOs-TiO, by

electrodeposition of vanadium pentoxide on Jim@norod arrays [54]. The authors combined the
electrochemical deposition of vanadium pentoxiden\&ihydrothermal method for the
fabrication of nanorod arrays of Ti@sing titanium n-butoxide as a precursor (methepbrted

in [55]. TiO;nanorod arrays uniformly covered the surface ofsthiestrate. The array consisted
of a large collection of one-dimensional nanoragtewing vertically on the substrate. The result
shows that the hybrid films have a more stabletelebemical response up to 500 cycles and
good cyclic stability, which suggests the impropedformance of YOsas an electrochromic
material in a hybrid structure. The authors expth@gmimproved electrochromic properties by the
TiOznanorod array structure, which contributes to inaprtne structural stability of the,{ds

and the intercalation/de-intercalation processisfians within the \Os film.



Fig.7.Surface and cross-section SEM images of (a) V2B)5Ti02, (c)TiO2/1cir-V205, (d)
TiO2/4cir-V205, and (e) TiO2/8-cirV205 (Reproduceidh permission from Ref.[54]).

Layered silver vanadium oxide nanowires have bgathesized by the hydrothermal
polycondensation of ammonium metavanadate [56rEi§ shows the SEM images of silver
vanadium oxide nanowires at different magnificasiohhe top view scanning electron SEM
images (Figure 2a, b) of the SVO film on ITO glaksw that the film is formed by entangled
nanowires. The film was 500 nm thick, as showrhmitage of the cross section in Figure 2c.

The authors attributed the improved EC propertethi¢é increased electrical conductivity as well

as to the enlarged interlayer spacing.



Fig.8 (a,b)Top-view SEM images of a SVO nanowire thimfibn ITO glass. (c) SEM image of
a cross section of the SVO nanowire thin film oasgl (d,e) Top-view SEM images of g0¢
nanowire thin film on ITO glass. (f) SEM image ofmss section of the XDs nanowire thin

film on glass (Reproduced with permission from R&6]).

The fast response time in the Ag-doped vanadiumdeois accounted for by the faster diffusion

of Li ion in the film.

3.3.0ther hybrid oxides.

Among other hybrid systems, Ce© TiO, films have been prepared early in the 90s and
suggested to be used as a passive transparenéceletdtrode material in electrochromic
devices [57- 60]. The highest charge intercalat@pacity (10 mC/cf) was found when the
hybrid oxide had a CeQriO;ratio of 1:1 [60]. The precursors used for the iizddiron of the
mixed oxides were based, either on cerium andititaralkoxides, or titanium alkoxide
combined with inorganic precursors for Ge@uch as ceric ammonium nitrate and the
deposition of the films was done by spin- or digtng. Generally, it was found that the
microstructure of the hybrid films for low contersCeQ consisted of small Ce@rystallites
embedded in a Ti@natrix. For compositions with more than 50% GeatCthe film, the size of
crystallite was found much larger (10 to 50 A). Thydrid oxide appears to be very attractive as

a transparent counter-electrode in a device ugimgin conductors.



The CeQ- TiO,counter electrode was used in an EC device, inuoatipn with WQ/Prussian
blue and a gel polymer electrolyte [61]. The devievealed a good optical modulation and
faster coloration/bleaching kinetics of the prim&@ electrode than the Cefdms.

Plasmonic transparent conductive oxide nanocry&talselective optical modulation in the near-
infrared region of the solar spectrum have recesrihgrged as a new type of electrochromic
materials Among these non-conventional EC matetialsuse capacitive charge injection in
nanocrystals, are antimony-doped tin dioxide ($19,SATO) on conductive substrates, tin-
doped indium oxide (ITO) and aluminium-doped zinae (AZO) having plasma frequencies in
the NIR (1600 nm to 4000 nm) [62].

The operation of a nanocrystal-based plasmonicillBCaind the capacitive nature of the EC

effect are shown in Figure 9.
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Fig.9. Depiction of the microscopic operation of a nanstailtbased plasmonic electrochromic
film, along with the associated optical changekli{dhe OFF state, positive potential is applied
to the nanocrystals, which are depleted of elestaord lithium ions are repelled. (b) In the ON

state, a negative potential is applied to the nasstals, which injects electrons. Lithium ions are



attracted to the nanocrystal surface to compertsatmjected charge capacitively. (c) Optical
density changes resulting from electron injectibime increase in carrier density causes a blue
shift in the LSPR and absorption. (d) Correspondimanges in transmission of the film. Parts
(c) and (d) adapted with permission from Ref. [63].

4. Novel hybrid EC materials
In this section, some of the novel, advanced hylBidmaterials are shortly reviewed. “Novel”
materials are those where traditional EC matedasdsassociated with new materials, discovered
more recently, materials with remarkable properflégese materials have improved EC
properties, because of the very good electricalradhanical characteristics of the compounds
involved in the hybrids. The novel EC materialsresgnt a new stage in the history of EC
materials and it is worthwhile to include them le fpresent review.
Monolayer graphene has attracted great attentwently due to its high conductivity, good
transmittance, excellent mechanical strength, bigémical stability and flexibility. The tradeoff
between high contrast ratio and broad spectrabrespis another challenge. High contrast ratio
requires strong optical absorption which limits #ficiency of the bleaching process. The full
potential of flexible electrochromic devices is get realized. These technologies would benefit
from a material which is mechanically flexible, @lécally conductive and optically tunable in a
broad spectrum. Multilayer graphene (MLG) providdghese requirements and yields a new

perspective for optoelectronic devaenplicity, high optical contrast and broad banérapion.

4.1 Tungsten oxide — graphene (and derivativespoamposites.

Novel hybrid electrochromic composites, based @plgene and its derivatives such as graphene
oxide (GO) and chemically reduced graphene oxid&@Rwith very good electrochromic
performance, have been synthesized by using diffeqgoroaches [64-66]. One dimensional
tungsten oxide nanomaterials such as nanowiresa@morods and arrays on conductive
substrates are especially promising platforms factical EC applications.

Sandwich-structured tungsten oxide-reduced grapbeige composites have been obtained by
using a simple solvothermal synthesis [64]. Théarst show that, in spite of a lower electrical
conductivity of the reduced graphene oxide, cong&weggraphene, the EC properties of the

composite have been found considerably enhancefabh switching time, good cyclic



stability, and high coloration efficiency are doee covalent bonding between the tungsten
oxide nanowires and the oxygen containing groupthemeduced graphene oxide sheets.
Very high coloration efficiency (96.1 &) and good response time have also been obtained
by using an electrochemical deposition method [BB]advantage of the proposed method is to
provide a one step reduction of both the tungstetleoprecursor and the graphene oxide. It has
to be noted that all the graphene and derivateesposites can be identified by the two
characteristic Raman bands at 1363"¢® band) and 1595 chG band).
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Fig.10. Schematic of formation mechanismof tungsten nare®iGO composite (Reproduced
with permission from Ref. [64]).

A simple sol-gel method using a mixture of peroxagstic acid with reduced graphine oxide has
been devised by Zhao et al. [67].The porosity efrtiaterial originates from the pyrolysis of
ethylene glycol used to reduce the graphene oXide.composite was deposited on the ITO
substrate by spin-coating. Because of the poraoustate and the increased conductivity, the EC
properties are considerably improved in the contpasaterial. As it can be seen in Figure 11,
the optical modulation is increased and the cyatbility and response times are improved as

well.
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Fig.11.The UV-Vis transmittance spectra of the Y&@d WQ/rGO composite films

(Reproduced with permission from Ref. [67]).
4.2 Tungsten oxide — Multi-walled carbon nanotuilerius.

Nanostructured Wexhin films have been prepared by a sol-gel methaging multiwall

carbon nanotubes (MWNTS) with peroxotungstic a6®l.[Lithium dodecyl sulfate (LDS) (1%)
was added to the MWCNT suspension and the tubes avgpersed ultrasonically. MWCNTs
provided the mechanical reinforcement of electroohic films, enhancement of electronic
conductivity, and a significant improvement of thkium ions diffusion rate. However, the
bleaching time was found long (380 s) because suirtiee Li ions were entrapped in the WO

MWCNT network as seen in the figure.

Li electrolyte

Local interior structural
modificati Nanotube

Fig.12. Schematic representation of the combination ofa@armnotubes with electrochromic

materials (Reproduced with permission from Ref])68



The quality and EC properties of the WRIWCNT hybrid were found much improved by using
only small amounts (0.1-0.2 wt.% ) carbon nanotyb68sThe authors have demonstrated that
the improved properties, especially, the very fasponse times, are due to the amorphous,
highly porous structure of the composite (see EdLB).

250 nm

250 nm % 250 nm

S-4800 3 0kV.4 2mm x10Ck

Fig. 13. Surface morphology of as-prepared films. (a) Prst(b) 0.05 wt. %, (c) 0.10 wt.%,
and (d) 0.20 wt.% MWCNT additions (Reproduced vp#mmission from Ref.[69]).

4.3 Hybrid mesostructured electrochromic materispared by a sol-gel method in presence of
structure-directing agents.

It can be argued that mesostructured tungsten déxidet really a composite material. However,
as mesoporous (or macro-porous) materials resutt romposites of tungsten oxide with
polymers or amphiphilic block copolymers that wogkherate the mesoporous structure,

including them in the category of composites igifiesl.

Mesoporous tungsten oxide with pores in the singeaf 2 to 20 nm has been prepared by
using various structure-directing agents and gjrasg{70-72].



After the preparation of the composite, solventamtton and calcination methods are used to
remove the templating agent. The TEM images shewarkt the mesoporous structure of

tungsten oxide:

40 nm

Fig.14.TEM image of mesoporous tungsten oxide, after ethaxtraction (Reproduced with

permission from Ref. [70]).

The improved EC performance, especially, the higats of coloring and bleaching, compared
to the “standard” sol-gel tungsten oxide, is actedrtior by the high surface area of the structure

that allows a better access of the electrolytdeéatingsten oxide.

Both amorphous and highly crystalline monoclinicsm@orous tungsten oxide have been
prepared by using a novel block copolymer, poliafletne-co-butylene)-block-poly (ethylene
oxide, possessing superior templating propertids [he authors achieved 3D mesoporosity by
using the evaporation-induced self-assembly methbdy show that a combination of
mesoporosity and crystallinity leads to an improxeersibility of the insertion/extraction

process, a parameter critical for device applicatio

Kattouf et al. have integrated the mesoporous tengsxide film into a proton-based all-solid-

state device [74]. Mesoporosity was created inéattimgsten oxide network by using a



commercially available tri-block copolymer, Pluroit123. Mesoporous W@Ims were
infiltrated with Nafion and a thick Nafion layer one top of the electrode was used as a proton
reservoir for the device. The authors found a dtemmeduction of the switching times (5.9 s for
coloring and only 1.6 s for the bleaching time).

Our group has recently reported the preparatiggoodus vanadium pentoxide nanorods by
using templating methods [75, 76]. The effect oBmeand macroporosity on the optical and EC
properties of sol-gel prepared®s films was examined. Polystyrene microspheres wseel for
the fabrication of the macroporous film and a todk copolymer template for generating
mesoporosity. The preparation of the porous fisrshown in Figure 15 and the SEM image of

the film heat-treated at 580 is given in Figure 16.

100uL Acetic acid

1.2 mL Vanadium 30 mL Isopropyl alcohol
oxytriisopropoxide :

Stirring 2 h

Dip-coatinglon ITO glass
Dense films Porous films
PS template Tri-block copolymer template

Annealing Extraction THF Annealing and

I extraction

V,0s film[ 1
ITO

Fig.15. Flow-chart showing the fabrication of the®txerogel and the porous films (Reproduced

with permission from Ref. [75]).



TMG 10.0kV 6.4mm x70.0k SE

Fig.16. SEM image of one nanorod obtained after annedtiadilm at 508C (Reproduced with
permission from Ref. [75]).

Fig.17.Macroporous structure of the,®s film (Reproduced with permission from Ref. [75]).

The electrochromic properties of the vanadium oxideorods proved to be different from the
layered film: the cyclic voltammogram displayed #iddal redox peaks, the optical
modulationwas found to be larger in the near-ifdaregion than in the visible, giving



surprisingly high coloration efficiency. It is beliedthat the morphological transformation takes
place under the effect of a prolonged heating,utinca rolling up mechanism, starting with the

layer in direct contact with the surface of thestdite.
4.4 Electrochromic “paper-quality” self-supportingjsplays.

Electrochromic displays with comparable opticalldigs to paper-based display media must
approach the optical qualities of paper (contrasby high diffusively reflective properties)

and meet key requirements in terms of readapsitytching speed, and stability.

The structure of these devices isshown below in Fg

White Reft_&cﬁ\re ITo
Layer (ion
permeable)

Clear

Clear ITO
substrate

substrate

ajfjonoa|g

MesoporousTiO, Mesoporous
film with adsorbed  Sb-doped SnO, film
viologens

Fig.18. Device cross-section of a Nano Chromick displayicde(Reproduced with permission
from Ref. [77]).

The working electrode is composed of a nanocryset-type metal oxide, modified with
electrochromophoric molecular species, usuallydaxective viologen derivative, chemically
tethered to the surface of the nanocrystallinetedde [78]. It colors when an applied potential
causes the accumulation of electrons in the bandfe semiconductor and the transfer of the
electrons to the adsorbed viologen. The adsormgtidhe viologens enhances the switching

speed.

The general structure of the viologen moleculéhm in Figure 19.
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Fig.19.General structure for the viologens modifying tit@nia surface.

The chromophores diffuse or migrate to the eleeréorming a monolayer on the electrode

surface, where they undergo oxidation or reductt@h an associated color change.

For paper-quality display applications, a blackvamte contrast would be ideal and can be
obtained by synthesizing viologens with differensubstituents. The device using a viologen

giving the darkest black coloration is shown inUfeg20:

- 7
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Fig.20.Picture of coloured Nano Chromics device (Reprodwegh permission from Ref. [78]).

Such systems exhibit superior reversibility, refatio that of thin film-type devices, because the

coloration and decoloration processes occur withanit intercalation.

Viologen-based ECDs, incorporating ITO nanorodslastrodes exhibited much higher optical
contrast ratios than those of devices incorporatinlg plain ITO electrodes [79]. The ITO

nanorods functioned as optical amplifiers in tr@agen-based ECDs, increasing the color

contrast AT (%)] from 38% to 61%.

For a review on the different types of EC devidhks,interested reader can see the Invited review

article for ‘Displays’ special issue on OrganicAAakric Displays [80].



In summary, materials such as graphene, reducetigna oxide, carbon nanotubes as well as
composite materials, leading to meso- or macro{ymroaterials, when associated to tungsten
oxide, enhance significantly the EC characteristias extremely important to understand the
mechanism by which the EC properties are improeithia will allow to expand and diversify

more and more these novel hybrids for a varietyppflications.

5. Conclusion and outlook

In summary, the work done for the past two dec&aelsbrought many novelties in the field of
hybrid EC materials. The most important incentfee,enhanced properties of traditional EC
materials, has been the advent of nanotechnologgeld, the morphological features of newly
discovered nanomaterials, by increasing the sudeaea and reducing the diffusion path(s) of Li
ions, led to increased coloration efficiency, saodoloration and bleaching times, and increased
cyclic stability. The discoveries in the field ®fnthesis of nanomaterials enabled to expand the
EC materials and connect the morphological featafemnoparticles to EC properties at the
macro level. This was possible because of the eenesgof the new and more elaborate
characterization methods, enabling to unveil htthenknown structural and morphological
properties of electrochromic materials.

Sol-gel methods of synthesis of nanomaterials ptasany advantages, the preparation of
hybrid oxides taking advantage from the ease ofrdpglowever, it has to be mentioned that
during the last decade, it has proved beneficiabtobine sol-gel synthesis with other solution-
based methods, especially the hydrothermal syrghieireover, sol-gel methods have been
often used in combination with physical depositiechniques, the formation of the hybrid

oxide, occurring during the annealing step.

It is important to mention the development of ndwgbrid materials with significantly improved
EC properties, where tungsten oxide is associatédoarbonaceous materials such as MWCNT
or graphene. These hybrid materials with enhancagréperties, compared to the inorganic
hybrids, will be in the future remarkable for aissrof novel applications. It can be foreseen that
the applications of these novel hybrids will moveas from the more traditional energy efficient
smart windows. Instead of using the traditionaterials for smart windows applications, a new

type of electrochromism, based on NIR-selectivamlanic nanocrystals, is advancing the field.
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