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1.1 Introducti on

|l norganic and organic coatings or thin fil ms
per meate our everyday 1|ife, fremeantione tl edcet
protection barriers Y83emv errsal ctoe olomsii pune 0 rh avbe atl
their synthesis and deposition, each possessi |
are divided intoapwoo dppmds ¢ dcatd ey ansoekdpso,si t i on:

1 Vapor phase deposition includes techniques
sputtering, physical and chemical vapor de
1 Sol ubhaowend deposition includes el ectrochemi
seddsembled mongéelayers, and sol

I n this work, most of the thin films or coat.i

gel process, which offers a great synthesis Vv

chemical compositiond ofs tbhaes emta toenr isa Imp | Teh ea nnde tsli

it does not requir e-btalsee du e uad fp mexnge msnidv da tv d su
Usual ly, ampa pehdbusx igd essare obtained from rap
pevents the crystallization from happening by
phase. -gEthe pswowlcess offers an al-upd nappveaph:t h
amorphous materi al i's obtaimeduiblydigmgdhbladt ks
tetrahegorcat aohredlriaQ vi a i1 rreversible reactions.

According/tsm|lSchubentdted as a stable suspensio
medi um, with-100fhenmiofdfse~particles can either
on building blocks that can be ponowaan,d Gagmd ®m
via attractive Van der Waals forces and tend

is key d@dedingt heolef ore repulsive forces must

aggl omeration, expl otioticmgaodregasniec i aglabdlist @V s ot 1
porous, and continuousdinméwsra@nsdehietbpldl oy e
l i quid phase. I n most cases, gelation is reac

a reversible gel Wasalfsofmed ewheon WVwgrndrobegren bond

the final goal and application, the gel can b
bul ks or® thin fil ms.
The -gdl process can be principally divided ir

nonaquleoses work has been focused on three typ

titanium gi axniddesi(ITiicebn dhexidemé&sSi ®©n of sil i
3



al koxides represents ongebfptbeemostwhidRRe!| s s

reactions. Regarding the formation of wvanadi L
could occur, even concurrenrtsloyr, udseepde nand gomn
conditions, therefore a panoramic of the most

whi ch -gehle pprodcess include, along with the key

the folloswing sectio

As defined by Ni%edreathealglert mex de-Pa mmabe mi sttt yd
on the mere transformation of a mol ecul ar pr ec
t hseegledef i ni ti on to fAany process in which the
final oxidic compound involves <chemical COnN

conditionso.

1. A2queougsels ol

The aqugeelusciapter will be discussed in two s
to silicon alkoxides precursors, whereas the
1.2SiLlica from Silicon alkoxi des

According to the defi $i tdiuargiundigyaglsBlr i aket aahidn®
solution is turned into an inorganic sol8 d vi
Si I-hacsaed ebolmat erials can be principally obtai
silicon alkoxides. I n the |l atter capeecwhsoh

hydrolyzed by water during the firstOHgt epvhilcd

are then condensed -O8i Jorm sil oxane bonds (Si
The hydrolysis reaction is schematized as rep
Si (ORYz ( OESJiOH +OHR (1.

Whereas condensation reactions can proceed ei
elimination (Eq. (1. 3)):

Si (OR)( SRQHz ( OK)iOISi ( ORJRH (1.
( ORSJiOH +iSHQ 2R)OK)iOiSi ( &R)E (1.



Hydrolysis and condensatigelreaockesessotomp&bas

is influenced by multiple parameters, among Ww

.Precursor type,

.Aci d or basic catalysi s,
Al koxi de/ water rati o,
.Sol vent type,

.Temperatur e,

- ®© o O T 9

.Concentration.

1. 2. 1Prlecursor
Steric hindrance influences the hydrolysis of
determines a reduction iSnm ( bMejdelrygoies raatfeastk
respect samd SBif, OGtn)d the | attPeud i s faster than

1. 2. 1Ca2t al yst (pH)

The pH of the solution, i.e., the acidity or
hydrolysis and condensation. The | owest react
(which is the PzZC for silica) for condensatio

being the rate deter mi PO:Snig bsotnedps, aw hee ri erarse daita tpe

hydrolyzed parts, which are coffsumed due to t

H
=Si-OX + H' ¢ =Si-0"
X

(1.
_H (1.
Y-OX + =S8i-0* < Y-0-Si=+ XOH
~X
Considering the silica reactiogel asthe exwpogelt
ei t heQR,IT®DiBi oOl Si quickly protonated (Eq. (1.4
el ectron density in the Si center, which incr

or silanol attack (Eq. (1.5)), duri flg Ny&ri 6) )

respectivel y.



004

\
i & =Si0Y + XOr (1.
)

OX

=Si-0X + YO <

Under basi cgelat adegppredd® coodOHSheads Ht o t handor m
[ SO (Eq. (1.6)). The <central silicon atom wun
(hydrolysis, iRfRonY=H)s adrn onSi X=R2 ome cHh'a nYi=sSm.[ )

Transition or intermediat e fsunactteisonaroef stthaebirl a
present in the reacting solution, t hat are r e
the central Si increases as Eq. (1.7):

[ SOISi | i@QH [ 8OR[ SH#R [ Si (1.
Under acid catalysi s, hydrolysis and condensa
order of the electron density, because the po

higher el ectron densibtaysi@n ctah@al gisliiscon hat om.ac

inverse of the order in Eq. (1.7), becaude the
Whi | e hydrol ysis and condensation reactions
el ectrophilici-Of d@®BBbowmdedet iigher Thi s determ
the central Si atoms under-l akedwor kohdr mabhn:
conditions are favored at t-@8%imi hahd Si | eavdii dn

branching and ramificationshave tahesIncewemorike a «
respect to al koxysgiall Aayes ubwbsiteihfubnedd &&d §a € ORI c

whereas the opposite happens under basic cond

1.2. 1Al3koxo group/ water ratio and sol vent

| f tetraal koskyaréeéaunseed (&8s (PR¢gcursors, two equ
full convexsGeneratbySiOf the water -@hhognboups
over con@®&inses fSavored, with the complete hyd
water .

The solvent properties, such as viscosity, po
play a major role upon stabilizing the | iquid



in Eqgl. 3)1,. 1sol vent i's rarely an inert compone

condensation reactions as a product.

1. 2M8tal oxides

Wi t h respect to silicon, a Lewms metcald,i t yjmet(al.
el ectropositive) and are morAddietaican avlel yt,o0o walrid
of silicon the coordination number <coincides
more stable with a coordination number higher

is obtainedwhy hcamydiLeravi isomasé nucleophile co

The higher coordination number of transition
the forgneilngnestowor k. Bad perBDymbephsSi ®©hare the
Whil e Sdoorsdiana4d e, f orsgciomgp otnetnnt &d) @ alricd il insSti a0, 6 f

octahedladc KTs Owhen i n rutile form, which2is t|
materi al, each oxygen bridges 2 Si atoms, wit
bl ocks. I'n 2t hei tase2 o® dan&® present in the for

atoms to 4d4atidsfcyootrle nét is@s rleegaudii-snbgmetnon ge dbgeeD a

connected with the cor nssrts uccft uarnala dajrarcaenngte nsetnrt

of freedom r gosnpee.c tT htios trhees uTlitG i n an amor phou:
seqmir microcrystal’/line gels in the |latter.
Wi dely used precursors for metal oxides ( MOs
nitrates, or -cruddmitesc¢commaunndest,alamong whi ch
extensivel §Stiarvteisntgi fartoend .t hese precursors, a h
di ssolution of an inorganic salt can be fperfo
organic precursors are used, orgianstcteadl|l vAastdc
for silica materials, the hydrolysis reaction
M( ORH 82 M( OR)OH +OHR (1.

Whereas condensation reactions can proceed ei
elimination (Eq. (1.10)):

M( OR) M( QRHz ( ORMIOIM( ORY iRH (1.
M( OR)OH +iM{GRY ( ORMIOIM( OR)} @ (1.



As f osri lticeon al koxi de process, the kinetics o

factor s, i ncluding water/ precursor ratio; ste

volatility of the solvenfKeyacfiactoar s atsh at ciarn fal

and physical properties ar e:

a.the difference in electronegativity betwee
degree of i1 o0oni-© bbadacter of the M

b.the electronic density of the orga+# dogqrdou
by donation or extraction of electrons thr
c.the possible expansion of the met al coordi
oligomers with the adjacent al ké%ide throu

1.2. 2Prlecursor reactivity
As described earlier, met al al koxi des are str

which determines an extreme reactivity toward:

a nucleopBilicoattah&bxides require the addit:i
of hydrolysis and condensation, that would o
al koxides the problem |Iies at wtthieooppondifter mat
wet gel, avoiding precipitates, the requireme

exampl esdiSsiplOR)s| awerlOhydrolysis rate respect

counterpart, wi.th R being the sam
The chemical reactivity of met al al koxi"des va
Si'Pp@k< 'Bn,Y OR{J0 PmEO (@Pey)O (1.

Strategies to reduce the reactiscugsed tnahhie

paragraph 1. 2. 3.

1.2. 2012 gomeri zati on

The oligomerization of met al al koxi des origin
their coordination number, which in turngsrais
precursors display a monomeric structure, a b
met al al koxi des precursors. The degree of ol i
organic |igand, the smltweanti otny p €l,h ea rmd gthtea & dle

8



obstruction of the alkoxy group, the | ower t
mol ecul ar complexity tends to increase if the

al koxy grolp decreases.

1.2. 2Vi3scosity and volatility
The viscosity of the solution is affected by
the type of solvent, and the volatility of al
to a | ower precur sor hwolhatmolgietnye,i twhiaonhl ivA fsicwes
gel , alcohols are widely used solvents and t

straightforward case they are formed as react

1. 2. 2504 vent

The alcoholic solvent can be chosen to match
chosen to be different due to volatility or i
al koxi dBg) (Wars( Oc o mpragganadln aand in cyclohexane
hydrolysis was fast and |l ed to precipitates,
compl exes were for med: i n the firstcooarsci,n atthe
whil e i n ORbcrliodngeexda noel i gomer s were formed. The

to tibe i®RNe.ei t her way, exploiting a preferent.i
instead of adjacent al koxi des, zirconium alk

number and reduce t'Ae molecular complexity.,

I n the case of a different solvent respect to

reaction equilibrium (Eq. (1.12)):

M( ORY)XR6 OH( ORIMIOIM( OR®6XRIOH (1.
Il n i ne with the previous considerations, al c
of thexmgeal bond, volatility of the alcohol p

1. 2S8rategies to reduce reactivity of transi
The aqu-gelbs psoktess offers great advantages w
empl oyed, which allow to effectively <control

reactions. However, when tr d&rmsi taigure omet glat alwka
9



a challenge to be performed, due to the extre
Strategies developed to solve this probl em, é

approach, include

a.lntroduction of organic additives which a
reactivity of the met al al koxi de.bdT keest 0 ncets
and functional al cohol s;

b.Empl oyment of chemical / physDcwli tprocéebdsees)
i nduce a more controlled hydr@0l gmbankinet.

Chel ated complexes possess a highemmuslittaibdénttygy

' igands (Y) can substitute n monodentate | iga
MiXn+mY Z MiYm+nX (1.

Thermodynamically, bi dentate | i gkamaelsp ewdr et oc

monodentate version. The thermodynamic equili

the chelating agent coordinates arund the me

1. 2. 3Tilt ania from Ti bdankeatmmadkoxi des and
Titanium al koxi des are more reactive towards
to their capability of increasing ot le geoomedir
reduce their rapid realcyiids kgtandst hasecbeaeno
agents. The I|l-khett@ert abhtoovmami £ smo(Eq. (1.14)):

O o) O-H..O
[ I | [

R'~C-CH,—~C-R” ¢> R"—C=CH-C-R” (1.

By chelating the transitioniOietaerlouepx,pltohd i @
stabilized. I n the case of acetylacetone ( Hac

considered stable against hydrolysis.

c-0
Y (1.

10



Upon chel ation of the met al i on, acetyl aceton
to the closure of the ring. The el evated <con
redistribution of the-nelmbetrr oning '&loarfdeagsrwitti o

Ti (MPr Hazc Ric( ' RPacacQH + Pr (1.

Even i f the hydr ol ycsoinsp airse df @aro Itehses orrapgiidh awh &
chel ation with Hacac does not totally i mpede
of titanium isopropoxide, the chelation with
of tToi si x (Eq. (1.16)) . -ORh egr oeuxppso saerde tpor ew aetr ec
subsequently foll owed by acac | igand removal
di stribution. Acac |igandss-cpoé6sS¢essshanhbghndedg
During hydrolysis, the RGHrspedidd)amadpadietr ie
removed respect0 tdb)Hacac (

1. 21 Aor gamiami ¢ hybrids

The classic ceramic route involves =elevated
introduction of organic components into the i
to thegkeinarodoakt, due diof ithef umdtrioadmualti toine o f
or to the increase in material s flexibility.

coatings for wvapor condensaftioan) n gasbdafs@tda pstOearr

wi ndows) .

Hy br i d-ionrogagmainci ¢ materials are classified intoa
a.Cl ass | hybrids: organic mol ecul es are i nc
chemical bonds;

b.Cl ass 11l hybrids: covalent bonds are empl o
gel

Il n class |, the organic components are dissol

formation around them which | eads to a weak

trapped organic material s.

Il n class |1 ,f dnuantcitomanlal orogamiom precur sors are
oxide networx.ellsn hybdrsi d sSiuGually reached by
(Si @WORWi th organotri &)l kowlyisch-Enbehd®ked SEFHhOR) at

11



sensitive towards hydrolysis, therefore they
organic functionalities to be maintained with

N /N /~CH.

meo, O M e 0 me 0 ¢

0-Si-0 O—S|i—0\/ O—Sli—CHz(CH2)6CH3
|\ CH, CH;
H,C_0 3 H,C ; H,C_ 0

TEOS MTES OTES
FiglreetraethylortmeshylitatethdEPS)| ane (MTES), octyltrietho:
Examples of organotrial koxysilanes which were

1.2GBI ation
Generally, thermodynamics favors the crystal/l
favored when the structur al buil ding bl ocks h
among themselves, i.e., lda chi ;gmod’gdirosues oyfe | fsr. e e
The gelation path can follow multiple alter
configurations. I n function of the system pro
nanoparticles (NPs) f o-geckadn ieni tthheer ecaornltyi nsutea gt
aggregate. In the | atter case, the aggl omer at
stable and suspended in the solution. The pa
crystall spepf5i hobhéeecmateri al s

Gel ation is reached when the 3D solid, contin
contain |iquid along with unbound oligomers a

of monol it hs,

evaporation.

gel ation hadpeoeansi tdiuan ngt dpmh,e afitr

1. 2A6i ng,
After the
During the
The i ti
M-OR

anneal.i
gel ation phase, the
foll ng def i

fl exibilredyced byhet el
ch i

drying and ng

el evated increa

owi step, ned as HfAagingo

ni al res-Opli agdé e

unreacted groups, whi ncrease the gel

net wor k.

12



During the drying step, which wuswually foll ows

=

esidual solvent in the pores is induced by &
stresses can be caused by tawa PHheé monceonnat:r as

films/ coatings are considered. During drying
shrinking |Iliquid and the gas due to the progr
gradients -dnoefcouornvtahteurneonof di fferent pores, wh
on the fil m. The solvent removal |l eads to a |
since sOplegfiocgipal come in contact andcted mpaiom
The progressive |iquid reduction induces a vo
|l atter I's not free in exemyidgreatieohacdalk ¢

constrained by the conrt.raTthe odi fcfapraendeg iod d.
expanldyromat(es compressive or tensile stress ol

Uiiims respectively WwwwesWhemn hihghegt itffanress ov

def or marboddddd by the surface tension, gel <crac
the remining liquid within the gel ends the p
The residual | i guid removalonéan be achieved t
Finally, an annealing step is performed if or
the different requirements, the atmosphere ca

1. Bonaquegek sol
Under some circumetlaf”Asasys) dpaprksud easli bi Il ity d

i .the extremely high reactivity of transitio
iithe elevated number of reaction parameters

i i imost ofsynhbeaszed materials are -dmpophous

t her mal treatment to be gain a crystalline
|l f an aqueous route is desired or required, p
system and the use of chelating |ligands to re€

the high reactivity ofdosomé¢ pileayssgusyranhese

Nonaqueous sol gel (NASG) has been developed

water must be avoided in the system.

13



According to Ni é&deNMASRG giex mamsdedPicomat he precur
solvents, under the excl usitoxn def fwatmart.i olhha so
by the solvent or by t he noongaagnu eed upseneocnihinyadmr rosl .y t
guarantees a higher precision, since in some

could be genmeéadteidomy.

1. 3Pxecursors and principal NASG rout es

The number of possible precursors in NASG is
based on metal salts and met alo raglaknoixci daensd, otrhgea
compounds, such as met a h alaicdeetsat e s a r -baocgew hyal taec
compounds display a heteroat om, mostly oxyge
whereas organometallic compounds are based on

transf or mat idoen ctaon amamentlayl boex ir el ated to a ther

not be considered a nonaqueous sol gel
As for the aqueous route, -OMeumiorsmmatduonngf NA
summarized into %even principal pat hs
. Al kyl halide elimination: based oiClt)he ndo re

met al al kdbR)i,dewh(ifcMh | eadsiCli 9 @modiuky!l f baliniai
from the condensation (Eq. (1.17)):

[ MClI +HMROY iOMI #CIR (1.
ii .Ether eliminati on: based on the reaction of
[ MOR +iMRO ¥ MOIiMI + ROR (1.
i i iMet al carboxyl ate precursor, during which

performed via:

a.Ester el iminati on: reacti on bet ween a m
(1.19)):
[ MOIC( =0) RoMI+ YROOIMI +iICRG0) RO (1.
b . Ami de el i minati on: reaction between an a
i v.CC coupling of benzylic alcohol-6 lhowddsal &ex

from two alkoxy groups.

14



v. Al dol or ketimine condensation: based on tF
a ketone as the solvent . The o0x0y gaesn as oruer acce
product . Solvolysis could happen prior t o
acetyl acetonates.

vi .Oxi dation of met al nanoparticles.

viiTher mal decomposition.

1. 3S8l1 vent oas siustfedc tracmut es
The nonaqueous sol gel met hod of f eorxsi dteh ef opronsas
via two rout-eentt bkl edrdardttradlel esdb | rvewntt e .

1. 3. 2Sulr f accotnatnrto!l | ed r out e
During swrftaomtldretd rout e, toke deorf matm arheofi nti h
performed by exploiting the action -3050AsG.abTiHii
route allows for a metidudogscsoad oandmtodolofoft hteh e
to a narrow size distribution al ong -bnaltahn cae dr

redi spérsibility.

Some of the most i mport antonprroode swsidsl bbaes ebdr ioen

on the work by Niederberger and Pinna

i . Hoitnj eectfiiomst developed By rdempay atamrde Bpmn
solution is rapidly injected into a hot so
nucl eation is induced by the supersaturat
nucl eation Iis thpepatveetedduduieonodeéri vir
addition and to the decrease in precursor
Growth is controlled by a gradual rai se it
nanoparstolcuteison ndue to the presence of r eve
addition, the precipitation of the nanocry
i n mostly apolar organic s ocllW,e\Wnlt\¥a r/d almlelc o |
suitable to be prepared with tHhHEMemat hok, d
sols or amor phous particulates could be wu
respect to the conventional mo |l-geeclu | vaa s pu see

initially prepar e t he MO sold, tdour cagt rwhl

15



pol ymerization of the inorganic oxi de. Th

containing an amine. The amine surfactant
acac |igandsOMndompdempd®HMO nf t dhm B uirdlaese, o
as well as acting a' a steric stabilizatio
Heatupnhgt he starting solution is prepared &
temperature to induce the crystalnljiezcatiioonn
heatuipngoute does not involve suppearsfadrumed .i

iSol vot:herlmasled vessels are employed to per
solvent Dboiling point. Temperature and pre

besides the reagents and the sol versttaiimveal

by the use of common | aboratory solvents a
energy consumption. The former could howeyv
the generally |l ow boiling point.

.Mi cr owaivte of f er s an efficient sour ce of h

empl oyed (2.45 GHz, corresponding to a ph

bond breaking or even Brownian moti on, t h
Theathei s generated by oscillations of the
alignment of the dipoles/ions involved gen
This technique is applicable wittlngompat i
properties and can be pol ari zed by el ect
di metyl sul foxide (DMSO). Met al acetbtes or
Seaenktdi at exdd mootwltyh empl oyed for met al nanop
oxide nanoparticles as well. Preformed nan
the solution, on which monomers can prefe

nuceati on and preventing a homogeneous nucl

.Seddsembled nanbpashapeéessi ze and structur
is controlled by the presence of surfact
nanoparticles into 1D or 2D morphol ogi es,

organic component .

16



viiHeterostructures/ multhgompadneanocayspat i c
rout e, composed by two or more material s
connected at the interface by a fixed inor
each with a nsapgenceitfiicc, oepteicctalo,ni s, heolrl cnaatadr

are &nwevinl exampl e.

vii Nonaqueous wi:t haswamemt itamecdesi n Paragraph
transition metals during aqueous sol gel C
or by slowly controlling the water additio

used ta icoatcel |TédThydrolbusiesis set at th

and nonageeous sol

1. 3. 2502l weomtt rol |l ed rout e
Besides titensuol hedamtout e, coor di natalntge ronragtain
route to control the formation andcagmtowalhl eod

of fers a higher simplicity of the2GyAhG)hesarsd
hi gher purity of t hdeerpirvoedsu cftrso m Tthhee sds tngrltiicn g
consisting of the mere MO precursor and a comi
from the removal of surfactants or other add

nanoipcalretbs toxicity and surface accessibility

The organic solvent acts as an oxygen source

reaction reagent in the first case or as a gr
compounds are met al haki daesl, adtckexades, &cuetwnl
contain oxygen (alcohols, ketones and al dehyd

A possible disadvantage deriving from this r ol
can comprise unreacted organic components frc

unexpected products demigainng fpraogmst hdRemgaa dti ing

up, oi l baths with stirrer and eventually ref
we l | bel ow the solvent boiling point. | f t he
temper aturoes adbloose the sol vent boiling point,

heating can also be employed for a homogeneou

17



Some of the most 1 mportamtintprodces dds bkkeadad edn

t he

work by Niederberger and Pinna
Met al hal i desa amnidm@all € otheodkser i n an oil bath
mostly chlorides, in MO nano$ aiVNICtMCd Si CCom

Ti-@anoparticles were objfvaiitnhe dédbhya itehhez yrle aaclt
( Hss=CH-OH3° Semicond@OB)sAigngV@ crystal nanor oc
the react i osanbde tbweenezrd®lVadlic o h ol

Met al al koxi des/ acet at es /aa cdeitsyd davceentoangae ecf

routepissemee of halide i mpurities in the
acetylacetonates d€amreei patdad Thfef ecagthahni o
i . e. ., solvents -CGHongraomnpsag mast ibepleed Threext en
sol vot her mal reaction between met al acetyl
roultre. most of the reactio@samdthret aidgditequi
precursor evolution into MO. dRahiys bcecd meleinc a
and nonagqueous sol gel. An alternative to
exampl e, ZnO was obtained from the react
diethyleneph29A&06] a@mn tn0OEO otahearehlyamndtedheres

with an anhydrous solvent di’d not | ead to

Exampilzd nlc acetyl acetonater-hgudamd\lmbeea®®t i o
studied the formation mechanism ofZnZm0 amragn
hydrater-idt alnoll 2&tAC13From the NMR results,
pat hway al coholysis react iConb,0nrde soufl ttihreg aicre
|l igand with consequent formatiootsef (BHugyt e
An initial di-®sbaecnadatbynalodohble Zor water di
acetylacetone in botmosolacentve adamdvarlkde kbat
occurrence of |l i gand exchange, a possible

formation of Zn al koxide and/or Zn hydroxi

18
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) R = CH3(CHa)s- 0
(CH3)oCHCHo- H.& R
R
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Scheme 1. Proposed mechanism of Zn-0-Zn bond formation from the precursor 1
and 1-butanol or isobutanol.

FiglzeProposed m@Zim aho smatoifeo mzndineabmaact) e pr doatramorl wiftH sbbut an
Ex ampilzei nlcl acetyleddé@tymrnaited i zed di fferent Z
(dendritic branches, hexagonal pyrami ds,
precursor, zinc agetydnncevanpteg (Za(aent)
temper at uBe (AFisgouorheaclodahed heating up rout
part, wh e r-ea@arst rao Isloeldv erncdut e wadPendsi edci br ¢
ZnO NCs were obtained by t B®OrOAC] y sBys roefd utc
precursor concentratiyenal amoepZo®Ws N®s sve mil
of the crystalline dendritic ebdr abnyc hreesd u cAm
temperature to 250AC. They highlighted the
temperature, from a thermodynamic and Kki ne

NP formation decreasesorfthéet emmpematrucena

Fi gu3®i me dependent Ostwald ri%%ning inducing a shape evol ut
i i iMet al al koxi des and hal cdeahy denss/-Kied® d B ®© anien i G
compounds are susceptible to a reduction
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alcohol s. The benzyl al cohol route i s not

cati omaseduddmg solvents such as ketones or

supplier for 2he MO formation.

i v.Met al acetyl acetonattelse amxy gaentn nesUmdd r ¢ & @ S
mol ecul ar precursors, such asydgmwmral sakceéent
as amines or nitriles can be employed, am
usédAdditionall vy, ZnO was prepared thougt
corresponding met al acetyl acetonat e, whi ch
100%cC.

1. MManadium oxi des

The most used vanadium precursors inclusgde va
N HV Q, and vanadyl/vanadium acetyl acetonates.

empl oyed, are linked to high |l evels of t OoXi ¢
reproductive system?28rfhtilse hagwdtiightenyvihreo mmenr

terms of both precursor and solvent, which wil
rely on remarkable energy consumpti on, whi ch
combini hgssévuerans, as will be discussed in C

Different techniques <can:2dre atstear fwanacdieund eg>
sputtering, chemical vapor deposition (CVD),
deposition (CSD). I n the case of smart windoyv
reported and expressed inyneamd 96| dadyino(dwdea i
Chapter 3 for further details). These two par

the perfordmdrfea emft ttther mochromic smart wi ndow

A general overview of different processes and
focus wil|l be devoted to different synt hesi s
(VO( ac.ac)
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1.4Sputtering
Sputtering involves the strike of a target mali
a vacuum chamber. The impact results in -ion €

deposition onto a subgstomatid i womder gemteirmil 4 egd wp

Caeét 2%l rst adgm aomHed |eGs and transparent pol yi
used DC magnetron syfutl tmesr i nsgt ats@ti alirgg efts.iotml Ra®O \t
conditions were maintained at 7 mTorr and r 0O«
Ar p=O 35: 15. Rapid ther mal aanmreed li ntgh {3RFT0AL) G s aesrt
5 min under 5t hTorrf.i | TMse oWO P d halk e webTé b ®a 3
optimized multilayer wvwei tthhfei MO thiald man & 410 Bdv% a s T

besides offering a remarkable durability of 7

1.4CBemical vapor deposition (CVD)

Chemi cal vapor deposition is based on the vaj
Substrate, empl oying a gas carrier stream. D
involved is performed direotltyheatf orimats wins torf a
oxide films or coatings. Temperature, pressur
tuned in function of the initial reagents and

1.4. 2Milst | aeroeonpyaciVd eedomposition, MOD)
Picceri%fhwestigat ed bas SAIACtVdDd (@¥D)ostolhe i nfl uen
and flow rate on the formation odr garnfifeergmec.L
vanadium (1 11) ae)etaynlda cveatnoandaytle ((1W()a QaacceMe/tl ltaared
et hanol , water, or different ratios between &

whereas the nitrogen flow rate was set .ats 1.5

soluble i n metutanas|l iaarsd laitbHhaenaln bwater. The gl
to induce the crystallization. Any o@mbfinrath oot
precur sor s. Under a flcawdratbdaoffI ML) 8 dlathmi M@ \
VQand other oxwaesempl|l ovead.achowever, i f the
L/ min, the combldamatiedodmamfol VA(iacao)t | ead to ,
the gas carrier is not jJjust a transporter but
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Mat aneutrldabed t he -osragnaenince tparlecir aod ¢c9y@pacad) t !
water and met-@¥Dpludderngi mregen stream of 3 1
bet weem50400C0. Di ffererettliWalftrhem Rbadidomieldl4d0AC
met hanol was employedwas tlkeé¢esbbdembovehidbeA
sol vent . The differences between the two stu
oxides to the experimental settings, during w

di ff ertem.t resul

1.4. 2Di2rect |liquid injection CVD
Kumati%@mpl oyed vanadium (V) oxoyrtQM hiswpfiolpmox iy
i qui d I njection MOCVD. An I nitial l' i qui d
oxytriisopropoxide precursor and cyclohexane
vaporized. The injectiond sstorleuatm oo nasnids tneidt roofg

substrate was maintained at 20d@pA6sfoed2thiduf
show diffraction pattemas $$hbomt XRDY@dbdreayd tda gl iz
structaneeaPbosg was performed 1ffditDal, h| a@d 6 0O g A
from both XRD and Raman. Additional 4 h at 60
film to caystalline VO

1. 4P8l1 sed | aser deposition (PLD)

Pul sed | adervodevpecss itthieorwapor phase deposition
material, which results in the vaporization o
vacuum conditions. The vaporitzedtmatehiah is

optimized conditions of temperature, pressure

I n the woeatk’3bipfa@gOlargets were ablated by a
flueniBe JYadom2 50 Hz repetition rate. The silic:
at 600AC undemrotedésmfasr t0 induce-dopedd®i®osi
fil ms. At the same temperature, h i ghfeorr noaxtyi goenr
whereas vacuum induced a mixed oxide composit
or 500AC a4l eld. 4 omTaorlrow®r crystallinity, where
monocl ML) V GBte’feebrtaa i ateldi VOf i | ms xyambpéttwngha
energyi2db ma0for each pulse at 5 Hz. The subs
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P <

BTor dpowfi th mTodepodihteedsfi |l ms were then a

undemonfpl00 mTeotr?ald Xp astightiend fVid ms on Kapt oon sub

targ

mTor

et at roomlPdmper aPose andenl ing was 7Per f
r and gas fll2ow.of 2 sccm for 2

1.4ChAemical solution deposition (CSD)

From

used

a thermodynamic point of view, during pl

route is to vary the oxygen partial pres:

vanadium oxide type at alfyi, xethegni cwd hstoé mp e oat

usually anneal the samples at fixed oxygen pat
of the proces%eng,tempepaesref different chenmn
wi || be presented, based on various vanadi um
which was empl oyed durtihng tPhée dxeeriisme "Whaln @
moi sture will be highlighted since the benefi

1. 4. 4Moli scasskested aqueous sol gel from al ko
I n the woetk®7alw a@male um tri issg)prwpo xmidee d VWi( tOIC
and acetic acid and spin coated in air on sap
moi sture. Following a drying step at 250AC inr
foll owed by-50100A Cmium daetr 4320 mTorr, l¢dMdi)ng to th

1. 4. 4Mo2i sc-auded -psbyméeéed deposition (PAD) fr
During polymer assiodtudd edppd yimeiresn whwathemar e b
are used to favor the | atter-métasobondoprienmeat
reactions from happeniengmetsalncieonwaduwea tca ntnhod |
With other oxi des, moi sture was previously u
vacancies and avbdi%hitlhe atedtulted i ©9@mme ot iVvme* pr ev
due to the very 138 who xaiddda ttii om ad a ppadbvialnittayg.e i s
moi sture is not a complicated task to perform
In the woek 3%ypdliwaetghyl enei mine (PEI) and et |
di ssolved in water, al ongsv®) t hSamment hen goeean
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synthesis process were consideri mgQidurc¢comgs wode
toxic for reproductive organs and a chronic a
and-apme al ed at 450AC for 1 h to remove the
at mospher e+ (19.89.% &1 Nund ~500AC was balanced by

which allowed an expansion of the growth wir
stoichi omMbMiL)i cTHWOye erxplleoiafedmaihst y(rMel )t oc riynsptraol \
and reduced the hysteresis to |less than 1AC.

1. 4. dMe3t-madet yl acetonates and al cohol
As discussed in paragraph 1.4.2.1, metal acet)

oxides by CVD. An alternative approach is off

The CSD depsptshiitni ofn lonfis MO om,andomet hanobfw&®(h

by eahmhe precursor solution was aged at room

and dried at B80AC for 20 min. The films were
which led to the formati®mn270f®Ag wiestielcltea bdte 5 (
annealing for 5 min at 600AC remarkably impro

28B80 nm thickness naadgrefr b€t WeeniThed@verage
cal cul ated fr om ttoh eb-&Xx~hzebn,r ec orerqausago rochi ng t o t

hi ghlights the thickness influence on the cr
possibility of precursor oxidation induced b
amosphere, i.e., in air.

I n 1997et *Gxitycbpoossed a mechani sm fHloy athmreo oxh draitd
in a methanolic solution (Eq. (1.20)):

4/ | acacitMeOH/ ¢ /916 / OHOMeacacHaca (1.

When exponsed otnonent al ai rzanwOiH it heo rstod iut 9 omo tgl
from-gbleeea , due to the precursordds original C (
state. As vVvisible in FigWirse dhssor(pat)i,ont hsepye cctor

di ssolved imetbammér ¢icaint aG)nionrg 10n. O0ad4n% yvd/rvo uké m
spectr a of acetyl acetone (Hacac) and t he 0>
V’O( OH) (OMe) (acac) .
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(a)1.5ﬂ (b) 1.50
1]
: :
2 ©
5 0.75 €075
@ o
g o
< <
isosbestic point {
VY O(OH)(OMe){acac) +Hacac
0 0
Wavelength (nm) Wavelength (nm)

Figl4e WVs spectroscopy of the different covhDOOhY $§ OMeaanfdaatbci i
VAO( OH) (OMéY(acac) .

From the comparison of the spectra of th#& pre
(a)) and in commerci al met hanol (red Il ine) at
precursor due tOa tThhda sprlesdamscea oofreH ease of on
acetyl acetone (Hacac), whil e t he precur sor
VAO( OH) ( OMe()E(ga.c a(cl). 2 1) ) :

V J/ acacMeOHg /°w UOHOMeacacHaca® (1.
The preseémcé¢ hef aDcohol solvent indd@d&eS‘VEqchan
(1.20)), leadingOD(OHYh@Mép(ranaadco.n Dlhe VI atter
Figua(ea)l. which coincides with the green | ine,
( YO( OH) (OMe) (acac) +Hacac) and yellow |line (Ha:t

|l n Fi4ywr)e At.he authors showed the evolution ov

and the commerci al meeatnhdaOntb | At it.ieme 2wa rtoh, btohteh
V*O( OH) (OMg) tdeae) ore, according to the autho
i mmedi ately upopO mioxmitrag nwintgh atlicee hiel , whi*l e t |
oxidation state. Over time, the 304 nm peak p

t he 272 nNmcakeiakg i Imel evolution of t he sol u
V4O OH) ( OMEee) (% ®¢) ( OMe) (acac) .

The mechani sm pe o.padsaesd nboyt Gruypbpoosr t ed by ot her

did not consider the reversibility of the oxi

during this work under certain cordi*fBitlggestRy

that | igand detachment could hdBPAIC. oMoy eabev
25



ot her met al acetyl acetofhatehewamue hoossioderterck
mechani sm of adrc-b@badysli st by-8dcbaaedg®niOaLt her
cl ea’d®@dpgerefore the wexact mechani sm wungdaenmdyin

met hanol |, as wel | as the exact rol e of water

Starting from the JamedpsetuvuesdbfaMEOHAdatYhe e
solution aging at 70AC under reflux for 7 day
change of the solution to a gradual peeét%atsor
and they showed that acac ring opening could
of solution aging. Higher film quality, in ter
aging, as opposed t or ttihcel efsorwnatthh oln doafy iosfol sadlel
solution aging corresponded t o a decrease i

thermochr omiseo 8545i2nay&0I%H after 7 days of s

u

Em
r

2
2
Sn
5
=0

Fi gl e TEM investigati onvOdfacaamced megnhaescsli s baded ome**excl usion

The interacti odankde tmedeém n\VOO(,a wanad)er excl usi on o
by elo*®alwho eimp | ®EMW nvestigati oni ntsouleavtaolru attrear
function of the annealing temperature. They s
aged for 25 days in a glovebox and compar ed
( SAED) patterns by annealing betsweedAm80AKO &N
spiderweb resembling morphol ogies were shown
SAED. The first dihfaanc400ACpaatengswiweheaslkiec
The formation o35 imm)l arn erdo ppamatlilc I(els3 was fir st
in di mensi o814 anmBOOMIC t(lR& | atter temperature,

nanoparticles to nanowires was seen, whi ch wa
particle volume evolution, the authors obseryv
above which the total vol umerree maibnedteandtoarm
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They observed an increase in V/O ratio with a
the pr aesluxsk)ort,o2@0ABCatto 0. 35 at 300AC. At and
ratio stabilized to 0.5, 22xoBgr emtmpyar wngh Ra ma

el ectrical resistance in function of temperat

1.4. 4Hyddr ot her mal
The hydrother mal rout e has berean on rdyesl tya luss eodf f:
of morphol ogies (nanobelts, nanopl atelets, na
generally below 250AC. The hydrother mal met ho

temper atur es haemrrd tpraens sanntbeé se nlti gones-st &eheaat byl

filled with the starting solution and heated
remar kaebbhseei no pressure, which, synergistical
we-defined crystalline nanogmamrealcilregs hwa ath oturte a't

The hydrot her mal route has mainly béeAh amgl VU
(B) polymorphs at mild temd®drCat S eni dvdn ¢ (yB)yOon &
undergoes a phase transition but below O0AC, f
suscepinvagyeemenpowymbr phe @®agiramst ¥Ol e at |
conditions and can( MEk) tarmnddsdDdCme et ai VOd des
di fferent vanagpioulny nooxripdhess wainfd W@ provided in

VQ(A) nanopl atelets were hydrothermally synt
VO( agianeQHwher ea(sB)VOnanobel ts wer exi mbOHawiintehdl HCOI o
Wuet*Saére among the few to repoaMtMl)hathydwot ke
instead of ( A) and (B) pol ymor phs. They heat

contai ni ng nY®(vaictatc ) HCI . The similarities bet\
extreme precision that I's requpoledmdrop hconrt r\od
oxi de.

Anot her hydr ot her mal sy ni(hMels)i sn atnhoapta rstui cccl eesss fwuia

et >%Qlwho misst@@agauedHis sol utsagmuewiutsh sal VOSONn. -
after centrifugation and washing, was heated

Liat Sampl oye@sptrleeceuYsor te(Blynhahespaet VOl es b
hydr ot her mal met hod with microwave heating. T

t heOsfyrecur®Oor wimhHcitric acid as ¢(hB) rfeadrumd tnigc
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should be mespowded t&atoWsi dered highly toxi
they showed the pos(B)ilil a(thMyl )V,© -dtym gmoésitoamgm i ViO v
5600AC for 2 h. A simbhpaecuosObe wiasmplseyd g tc
(A) or (B) nanorods: the Il ength of the nanoro
rati o with the reduci nbgutaygleannti |(ionxea)l,i-2t3 lthek Ct)de, ame
the reactd®MN2 ti me (24

Bergetf¥dyntheti zedOsMm¥t adGsa,bltehavt( ¥xiadver mon tVl
exposed to air. The proposed an aminolysis sc
VO( agianc)squal ene, with the presence of ol eic
reducing agent. They refi3W0AL dmd Hedtedfttlee :
oxygen and wat eaOswarse sseymcteh.e sStzaebdl eboyV hydr ot hern
from a mixt ueir eOHifvt MQNsacaacr)ed a™ OOH waenbbt-ai nec
12 h, while a mixstwarse sefenV@®H eand®4V h, with a
48 h. The authors proposed the reaction to pr.
formati?on Tofe MGatter wolddach dttOadinf oremcVO@HLt halNo
rel ea®eaonil WOOH would finall pwOshaed.Ht Ooheayhehifghln
that both the agdacmoriggandsi amd BnhéebNHed the n

mi nor influence respectf aromerh.e crucial role p

1. Goncl usions

As mentioned in the introduction, most of t hi
obtained by the sol gel process. Three t)yypes
vanadi um d)i,oxandde t(ivtCan)i.um dioxide (Ti O

I n ChapthgShir@aatwerrgess expl oitedntdtensani onl dyham
vaporwhich constitwhebh®at examha&adle Blshiee eftoeedme r

obtained st ar tcian@ Isfymd dhasesha ®ihd aet hyl ort osi | i
(pagr aphT hle. 2s)a me edasfy poodwodgt dhgn e mml cCyheatpat eirmpér,o v e
 umi nous tr amug mibtftOgticlemsainadi ti ng a bil ayer con

The research Vhralp8preasaemt eded non Ohfeirlnva®.h r o mi
powdvars initially chospaoai mwaimuted triev@ifeadsd ay t
(paragr.gFpmaTlld ¢ ) | ms were expl oiitmepdr ove Chaeaptleu
t r ans miOgftialnnese iVh a bi TlhheCGffi lcmsa fwegmue addadani.metdh o/ ¢
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basedTiothani um al kewki db peecurswittyh wiale daicd eaf

agent (paragraph 1.2.3.1).
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3. llntroducti on

As reported in ehei Agpstwveaoati $atioban, ahd air ¢
responsible for up to 20% of the dlBvkeal séngmh
i mpr ov e meenftfsiyoifne ntdhex ofuolrdmehrave a power f ul I mpac
gl obal ener g¢gyT hceo ntseuantpt € omhanged during conder
dynami cs, remar kably i mpacthaatwi €xtcdr amadhegysea koifn a
syste®mérom humi di tiycicnod |deecvtiocress .t oMoarngdver, surt
cleani#hact amital , rasd stcoamece®siaoe greatly i nfl
dynafnfi cs.

The condensation heat exchange of saturated Vv

way the condensation is developed, namely in
preferenti al formati on eof cloingeind adi oml) et 3 nit «
(Aafil mwvi sed condensation), can | ead to enhanc
order of °rgtni tude. chemical and physical proc
condensation mode. Among the several influenc
the surface wettability of the sumcé¢es atlee dmno
nucl eati on, whereas a |l ow surface wettability
adhesion to the surface. The surface wettabild]i
and solid phansal, fgorracveist,y, e newxitreonment al condi
eventual pres'€oaoeendi defeeandensati on heat e X C
typically based on metallic materials such as
hi gh sur fopclee etwieglmiyes( I ead to a fil mwi se conde
heat exchange due to the additional t her mal r
sur face. A rapid removal of t healllaotw efrori sa crmr
condensation cycletdeeexposbe *dovaliingi sutfaoé
Several techniques have been employed over th

rely n the decrease of the substrateds surfa

t hrou

a
0

mor phol ogicat®mbei toonatobnsef the droplet forr
gh the creation of superhydrophobic surf
C

contact angle hysteresis. Before addressing s
modes of surface wettability and on the most

paragraphgs. 2. 1.1
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3.1Sarface wettability

The surface wettability is descpabamcetdmroudéf
i ntersecti on -shoeltiwde einn tt ehref-vaacipem wai niflfT th enres & ¢ daic @ we
is usually defined according to four possi bl

repul’si on
T Superhydropgxi I2i0c sur face:
T Hydrophil i &gq®l face: 10
T Hydrophobic<qggubpPpace: 90
T Superhydrophobkgtl&urface: 150

The Yegwagf(iEgn 2. 1) valid for an ideal solid s

(@ with the interf alciogua poan ssiysnsenmvi thin a sol

v, . T r (2.1)

| n wki sht heaporl iidnt e mff eheei avlia gtoerrdsiinotne,r f ac s at hee

soHiidqui d interfacial tension.
Real surfaces lack to fulfill the requirement
di splay surface roughness and/ or defects, as

parameters are consi deBa&txderbyeqtuhad | Wanrsz elr eampa C ¢
contactw ahgbm {he WeEBEgel 2efuation

wé+ Qoéi — (2.2)
|l s function of ft hehisuh fiasfOla wiugdh nwistshiemsi ng s

The GCBaxstier 2F@uattihen appargegntccofitdhers amlye ep 1 e ¢
heterogeneitiefsanfgcheamdlcal sprftaes defects (EQq

WéE+ M E+ QD E—+ (2.3)

I n whawcgiare the | ocal contactfiaaniggl es of the cl
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Partially Wetting State Cassie/Suspended State
Vapor Vapor

Substrate

(a) (b) (c)
Figdrei ffwetenhabil ity states of & |liquid droplet on a solid s
Foll owing the previous discussion, three diff
l iquid droplet can wet a solid surface (Figul

Cassie (Figure 2.1 (c)) sdmg endoempr envarets .t ICe nes
former, the effect of surface roughness can e
in function of the contact angle. On hydrophi
di ffusi on,sua flaicghe oughness | eads to an incre
increase of hydrophilicity. Hydrophobic surfe
surface roughness thermodynani?cally |l eads to

Al r fractions can be trappedfIwatt hg imr ftahcee sr, 0 uw

descri bed accoBaxtnegr tnmo dele wWiatshs itehe s urffaanade b e

air fheiTrhge -B@Qxgs ®ire equation is then modified as
WéE+ QoéEi —p Q wéE+ (2.1)

I n wfedicshthe fraction of contact area between

areagiandhe contact angle between air and |

sufficient proxi mity. I n such configuration,
protrusions, which all ows t htehrcow@h itome od x Blu@
parti aslolliidguciodnt act .
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Vapor

(b}

FigRz e Schematic of (a) stat?'c and (b) dynamic contact angles

The static contact angle (Figure 2.2 (a)), wh
set to be on a horizontal position and still,
exchangers or water <collectors. During the |
subjected to several changes of volume, speed

(b)) are employed to all awmef avretd i mgr g hpmomem c
expansion and retraction of a |iguiandrmpdtedi
contact angl'8sh,e rdé §dfeateincel yw.e) ward tgheeadidn @ o (
angles is defined as thHe Bgst2r2pis of the co

0 — — (2.2)

The hysteresis of H#$fheO)omhdtmactotwmalglhe $momwntuh | ar

sur faces. A diddedtremaue d b etrwgemate from the
heterogeneous surfaces, eventual defect s, anc
which display different chemical behavior and
condenpkdt gdron specific regions, as wel |l as

empl oyed for the estimation of the adWAapendg x
A. 2. 1.

3.1CAdndensation theory

The vapor condensation relies on a phase chan
the condensation | atent heat is exothermicall
|l iqguid phase favors the ttheanbkdbremati €onodéndat
homogeneous or heterogeneous, according to thi

Het erogeneous condensation is induced when an

4 2



Ssubstrates, are characterized by a | ower tem

Heterogeneous condensation is typically favor
a |l ower activatidh?tnergy for nucleation.
e
1.
5¢0000 —-—————— & . —
n® —— Nusselt Theory
. 400000 |- 'S o Film-wise Condensation
NE - ®  Drop-wise Condensalion
-— | |
= .
=~ 300000 & =0
= . | =
>3< [ ] —/VD)
™ 200000 Lo
©
% //
100000 -
0 R J

0 10 . 20 . 30 40
Subcooling, AT(°C)

FigRd el nfluence of the subcooling degree on ?®he heat flux, f
Het erogeneous condensation dsomwnsétembdd. i Due
condensation, vapor condenses on the subcool e
l atter. The |l iquid | ayer | eads to the formati

i mpacts onntglkee heoatuseaxdld heat exchangers typ

hydrophilicity favor the formation of a conde
transfer efficiency. The formatioseotomndehsaa
all ows for a reduced area that could increase

HTC up to one d&8r'd€e’? of magnitude.

Dropwi se condensation can be induced on metal
mor phol ogical features. The additional coati ni
high temperatures andilsphgyexnmpoauseltiidmeechlea:

or abrasion and | ow manufacturing costs.
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3. 1DBopwise condensation

For an accurate control and maxi mi zation of t
tempor al evolution of the condensing dropl et

exchanged through the dropl ets.

3.1. 3Splattieampor al evolution of dropwise cond
Dropwi se condensation is a cyclic pheno2denon
nucl eation of droplets is followed by growth
coal eéCee@cieni ti al nucleation is developed overl
to Si&@wft/wlhe heat is transferred through the ¢
the isolated droplets is not involved in the

)
c
@
E
e
]
(=1
=
@

FigR4d eCyclical evolution of the vapor condensation on,an inc
(ii) droplet growth to direct condensation?2&and (iii) coalesc
After a critical radius i s overcome, dropl et
bet ween the capillary force, gravity, and add
dropl et can be developedthy wditcher eawesepgion@ a
avail able condensing surface. The cyclic behe

positively enhances 4®%h% heat exchange efficie

Dropwi se condensation is influenced by numer ol
sites and the minimum nucleation radius are
t her mal , physical, and chemiodald, prbemse rdteise so no

4 4



mor phol ogy and on tRFé{€roposed itrhatdd dWee eraucR cesad
expressed in function of themm @a¢moamdirmagitue E

5 T[ﬁTO)((.Od N @'Y (2.3)
i Y Y

| n wiriecor esents the thermophysical par ameters

Tsaanthare respectively the saturation temperat
nucl eation density is therefore influeidfc¥¥d by

Anot her critical aspect during dropwise conde

the condensing substrate.

10°4 I=T.
Hj\
o 10" \
E T = 345K
% AT=5K
.E 10™ 4 o=1 pm
© kegat = 0.2 W/m-K
= 0 =150°
12 — o
10" 1 _u%
nr) i N(@) = 90
T T E T T
10° 107 10° 10° 10*
r[m]

FigR e Droplet distribution d@tcording to the model of Kim et
According to tae  mwaodeldi 6f eKemt categories ¢
condensation, which are grouped fesTpheec tfinvresity g

< gr describes the direct vapor Ncogrdemssateianj v

growth by coal escence. From Figure 2.5, | ower
which decreaseShwiltht heghlkeehavi or can be expl
phenomena, which | ead to the aggregation and
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3.1. 3He2zat exchanged through single and mult

During dropwise condensation, the cyclic ren
efficiency ir®iSeeehatt modahsf em. dropwi se con
over téhe! gyteammrtsing from the fundBEmemtalicoessbye
droplets with | ow radius were found to be cru

found to be exchanged through % hle3? ¥* mer with

Respect to preetdladdmedeslesl, t Kiemevaluation of
saturated vapor on fyd9@®@AhoAscasumnbacess udiyt h
droplet nwitctlhndadhisisg on > cO®BA ealn & udbdatriark dge x tevd |
subcool i &y beygween(the vapor saturation tempe
t her mal resi stance wa &l e xtphree sssuend o€y whihnrei htael teduk
identified four rmhi nrée¢ hpee cotailwdepegeu itsah adfijeteestt o a ¢ d
heat conduction t hedlgeppg ht @ htehé¢ i lgwd do p&Eodpil @ aada |
tohe dropl ed&ls dhrewatassrsaamed a sufficiently si
conduction to be the principal heat transport
resi stances were des2Zribed as reported in Eq.
n__ (2.4)
Wep p wég

Wi tgpheat transfer rathki ntherofugdi alh eh aeato ptl fad n safna
depends on the vapor pressure.

ngq (2.5)

DY TOp0

Wi tkh her mal conductividy =t Rrosgm the dropl et a

fd (2.6)

DY %
Q pii Qg

Wi tkhh$ther mal conductivity though the coating.

oy “py (2.7)
|

Wi trrhtthe mini mum viable droplet radius.

The total ther mal resi stance was then express
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oY 'Y Y DY DY DY DY (2.8)

and the influence of the overall par’dmeters o
Dyi L (2.9)
ﬁ a \p‘lq l p
Q i Qg TQ Q¢ ¢ P wéa

As a fundament al outcome, the dependepgpowntatt:t
angl,and coatiftigas hevkdensed. dhe’abesiut mnsd bpr o
model s eiy3vod Neemdlahwheomonstrated that a hig!
transferred through | ower di mension droplets.
The dropwi se condensation efficiency is highl
the detachment of condensed droplets, which i
along the inclined surfaeeexamas uirned UfO®ro @w irsekne
condensation is influenced by the dropletsd di
Droplets with high dimension are considered i
dropl et radius, ttohebehehaitghdruxwiwahs ifrocurnedasi ng c
extensive research towards the 2reation of st
Foll owing the heat transfer through a single
obtained considering the dist%Q drusii denr idreqn sti it ey
of paragraph 2.1.3.1, two separate gaubd@heupsrtr
subgrmgurpirg)( accounts for smaller droplets whic
whereas the Ndagn)d rsscucbogurotusp f(or bi gger df%pl et
The heat f | gqwaspedefuinned aaseal( Eq. 2. 10):

2.10
n nié&iQi nio0i Qi (2.10)
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500 - d=1pm f}_r"ﬂ
=1), wlll' = ,-"‘U )
_ Keoar = 0.2 W/im-K 1200 dropwise
HE 400 ~ !// ____-'f”
E | A 90°
. 300 1 P
o - ¢ 5
- .-"'"J __.-"".
200 4 _‘_-'f’ '.__.--". .---.__._.-
e .-'
Ry _ - Tilmwise
100 - T
u T T T T T L}
0 7 4 -] & 10

AT [K]
Fi gu2zée BReat flux in functdiidnd eadfendgubwvad’®lri cp nd eagcrt e ea,n gfl cers .

The influence of condensation mode, subcool in
exampl e 26f. Firgouprwe se condensation clearly emetl
transfer efficiency, respect to the fil mwise

i nfl uegncien ofnunction of the condensation mode.

&lf avors an increased droplet growth rate and
of dropien.dDmensg fil mwise mode, theall radeas
to increases in thickness of the condensed | i
efficiency. The water contact angle deter mi ne:
since ,al hadghetro a | ower <critical droplet radiu
can influence both the droplet dimension di s

Reachi ng raopshwperchyydy condition on the surfac:e

detachment, with the consequent presence of
available f2 condensation.
3.1. 3r3opwise condensation challenges

The multiple advantages of inducing a control
mod e, were highlighted in the previous parag
mar ked by some critical Il ssaesa whrchsmsmbiat BE
heat exchangers, water collectors or desalina
According ato3%Slitkhaer warri nci pal criticalities fo
concern the coating durability, the compl exi't
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HT C, and the multiscale | evels over which the
to sustain a considerable amount of heat tran

| deal | vy, they shoul d beg iimgul tcahneenmoi ucsally, cthhaerran

durability, |l ow surface energy, and | ow ther
influenced by multiple interconnected par amet
transfer mondge ltsh.e Qohnisriddeirsisue, the experi ment a
precision degree, which is however difficult
Finally, condensation involves mulpiplensca$e
open questions are stildl under investigation,
favored, the role of surface roughness, the i

the sweeping ratai aofudrd demonoe i éfifeidcitent dr op

3.1Sd4rface functionalization and nanostructu
As emerges from the previous paragraphs, a p
favorably increase the heat exchange. I'n | ite

combined wit-br smyttrmwet wmrainreg , md di fiindautcieon hof t |

of the pristine substrate.

A key point that affects the optimization pro
often require chemical and/ or morphol ogi cal m
hi gher dropl et nucl eapropertetegasresespdetfetenta
Over t he past year s, research has mai nl vy f o
superhydrophobic surfaces. Wi th respect to a s

was conf i ramed tthe isncartd ¢ co®n®factheaenighet abovep

nanostructured surfaces, the critic-abDfhdr apMoet
orders of magnitude | ower than the vdThes r
detachment could be induced i ndependently fr
surfacé®€hergyesence of smaller droplets, thr
enhanced the heat transfer efficiency when ¢t

before unneé®%sary growt h.

Superhydrophobic were proved to offer great
simultaneously evidenced, including a higher

density, especially during & heaporeliimimatyapt
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nanostructured asperities, which all owed a C:
Mor eover, an evolution of the wettability sta
time, due to tHA fewlwearsnagapitheycrucial r
angle was highlighted, which was found to ind
to the presence of high absol ute valhuee s eadfuctthi
of the hysteresis of the contact angle to al
sweeping and provide new %®vadi t2adbdl e surface fo
Al ongside with superhydrophobic surfaces, ana
wettability is represented by hybrid surfaces
t wo separate aspects, vnlei ph-gSkeamultd | beorolpari fie
are concerned, the term fAhybrido indicates tl
di fferent mor phol ogy and/ or functionalizati ol
wettabi kampl eFoa Bybrid surface can be const.i
patterned by hydrophilic channels or bumps. W
gel met hod, the term Ahybrido ilnadwladress dalee,s
and inorganic components within the same netw
of Chaptegell. m8thlrododl | ows for a simple and st
i norgani c compmrumnaes s iamng ttheemp eormat ur es can of't
preserve the organic part.

A critical aspect of dropwise condensation he
process optimization. The employed coatings a
resistance, an effici emtngdrwdpvhi sleo we onmadneunf saacttiuor
chemical, t her mal and mechani cal stability.

fluorinated compounds for the c¢creation of su,
precursors butarpdesseoseeenenpaboth the enviro
paragraph 2. 1. 4, past key research on t he

modi fications to induce a dropwise condensat.i
deved to the employed materials and nanostr uc¢
efficiency. The coatingds synthesis method, d
with parameters such as HTCowndlacwes anwdteeranadolc
radi us. For t he sake of a hi gher clarity,

mor phol ogi cal modi fications will be divided

saturated vaporl)(poarr agumptt &2i 1. £4ondensation
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paragraph 2.1.4.3 will be devoted to a focus

influence of the hysteresis of the contact an

3.1.4Salturated vapor condensation

Mil jkovme¢ udi ed the influence of dropletsd mor
dropwi se condensation of saturated vapor. The
aligned nanopillars with n-aeasc apheyh oagnudg hdneeesps , r
i on etching ( DRI E27 o(fa) 9 idleickad-B ui¢irddtgeuarhey-d r oo c t
trichlorosilane precursor was deposited by CV
ofs= 164 N 4A.

b

s

;

{

-

;

g
FigQfte (a) Superhydrophobic morphology, with n asntoactosl dievmssa tpiocsrs
in either suspended fASd4 or partial wetting APWO state.

Two different condensation modes were noticed
suspended (AS0) or partial 2y wkittchyd. (TR®ODTr o
RS0 droplets was found to be | ower respect t
thermal resistance of the former. Wi thin the
a progressi vtehec ofnivresrtsimondeofi nt o the second on
n

anostructwasdc srusifdaecreed with respect to a f|

APWO condensation mode all owed for a 56% incr
surface. The ASO mode, on the othernhahd, | anh
condensation mode, the advantages deriving fr
faster dropl et removal at |l ower di mensi ons
compensate for the highteur nt hdeaomad a sreess itshea ngreq
highlighted that a stable Cassie state is not
efficiency. The creation of nanostructured su

tumg of the morphology of the condensed dropl e
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As previously mentioned, an alternative to

substraeed@k@ghented a hierarchical microstruc
vari able wettability. A multiscale surface ro
silicon substrates. The inclined sniadneo gwadlslss.
smal | and aligned nanocol umns. Hi gher wettabi

the micropyramids, to favor the28dra@apl et)s)d dAr

pol ymer film was depoceivtted| opassevastuirdracand |
perfor madgawdgBF@&@spectively, i nducing the for
particles as nanomasks. A perfluorooctyl tri

superhydrophobicity. The static cont alc6t5 Aa nagnl de
0.i3%A, respectively. The performance of the hy
sur faces: a fl at sur face, covered witd hlatbg
surrounded by -lneawmeolgr miscr osat rtuwed ured surface,

mi crocolumns without nanograss.

R ()

Suspend

Coalescence

Nucleation

Figna8 e (a, b) Hierarchical micvapandcoandesntsatdconr &h ¢he d) es a

A spontaneous sweeping effect was proved on t |
a ~m@0 droplet departure radius, <considef®ably

Comparing the hybrid supedlrwerdophhalihmesisr fomnee

hydrophilic areas on the former positively en
also allowed for the formatiabedofdrephetscalhyg
was found to be | ower on the hybrid superhydr
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by hydrophilic fl at areas surrounded by nano
nanograss, the | atter tips were the only avail
favored. The hybrid superhydhephebfccsantgcen
rate and the dr gl ét¥3d.rédmevbheha¥i gurwas expl
was engineered to happen on preferenti al sit

hyster eesd sby ftahveori ncl i ned side walls of the py

Another hybrid surfat.défiwatsi phr owas eidn i rPead kby
(Fi gar € a) ) , specifically by a Nami b desert b
asymmetric bumps were <created, starting from
friction was reduced at the mohetthné amasacadt &l &)
A thin aluminum sheet was roughened with sand
The superhydrophobicphgsevasunmfeacd edtr % y&EPhE mtu i
water, followed by spin coating Carnati onE mi
the bumps were changed from spherical to rect
curvature 2%9d(ih)s) .(Figure

Asymmetry Molecular-scale smooth Slippery asymmetric bump
lubricant on nanoscale texture

Droplet
movement
direction

Apex

Flat
Gravity

t=1,110s t=1140s tey = 11705 t=1200s

t =2 min t=4 min t =8 min

FigR3e (a) Ani #malseandiopledrst for the hybrid surface. (b) Vapor
evolution of the dropletsd growth,*%on asymmetric bumps, with
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As visibke (m) Figamdensati on on the convex api
with respect to the flat surrounding areas. T
slippery | ayer, all owed for capilsleamny biyont dees
direction opposi28e(tp)grakethni §Fregudef fusi ve
confirmed by the bigger dimensions of the dro
the ogomatigns sh2@wn di)n Ritdundéduted to the syne
gravity, since the sweeping direction was al
considerable decreases in critical depraerstpuercet |

to flat sl%ppery surfaces.

3.1. 4Humi d air condensati on

Hybrid surfaces di splaying di fferent wettabi
condensationetadabwmlalr.edYdmur different wettabi
anal ogous copper substrates: hydrophobi c- hyd
hydrophi l21® (®Bi)gurerhe bare polished substrat
whereas hydrophobicity was obtained by sprayi
the polished substrate. Superhydropihnl acsbdi u
hydr oxi de amedr spd tf sag i uam u e ofucsr miloH. utTihoen haytb r 6 @
consisted of aligned V shape hydrophilic/ hydr
condensate towards vertizlaO (hay)dr.opThhd i &i rchkaumm
bet we-e®540 at 30AC, whereas differemt mdisr. fl ux
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(a)

45

—&— 85% , Hydrophobic
—&— 60% , Hydrophobic
—&— 40% , Hydrophobic
—O— 85% , Hydrophilic
35t —O— 60% , Hydrophilic
—{— 40% , Hydrophilic
—— Dry Alr, Predicted
30F 4 Dry Air, Measured

40

25¢

20¢

15f W
10F //

0 " . i . " A . . .
00 05 10 15 20 25 30 35 40 45 50
Air Velocity (m/s)

Heat Transfer Coefficient ( Wlmz-K )

Figlrtr® (a) Schematization of the hybrid surface. (b) Condens
HTC and the airret¢hocivey huai ddit yf eo@di ti ons (RH), for7the hy

As visible from Figure 10 (c), the HTC was prc
air speed. The HTC values on the hydrophobic

conditi on, with respect rtnoert hseurhfyadreo pdhiislpilca yse
di mension and higher nucleation density, with
values, the hydrophobic surface withstood dro
and conseqneat bogogetiaggl omerates was seen o
a decrease in HTC due to the higher surface c
surface displayed the | owest HTC vastuegsal wae/
respect to bo©OW) hwpwohdomlyadwidg hi The hydr i d behav
to faster condensation cycles of nucleati on,

Another bioinspired ceatfangowhaveropbsedr bpw(
humi d air undercomeéemps aleacga®f( NCG). The aut
did not involve the wuse of fluorinated compol
severe envi rnnannmehnetaallt hanrde lhauf edi Bazat dsmi nAmmpt &
with a protective polymer sheet and ablladgderd. t
The exposed | asered surface was et chfeadr bly5 i mMmm
foll owed by i mmersion in boiling wamnhear nfammoste
roughness, with superhydrophilic channels sur
surfaces were consialelr eda,) )a afnsdt raa ifgi hnt2 delr (dA bgyi Mt re
The first consisted of aligned vertical chann
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|l eaves and cohapsetedupérydrophil ic tracks toc
narrow end t!oTwohediwifdeerrenetndnumi d air conditio
20AG) (€&nd 80% RH, awi t3H AL Chstr atoev etrearple rgaa aulr
decrease the <critical det achment radi us, opt.i
removal rat e. Both the HTC values and the wat

evaluati on.

L]

® Bare Al = Straight ™ Interdigitated
1

—
i
T

Water Collection (Lm2h) &2
o
o _

[—]

20°C, 80% RH 35°C, 80% RH

® Bare Al = Straight  ® Interdigitated

20°C, 80% RH 35°C, 80% RH
Figaxr®e (a) AStraighto type of hybrid surface scheme and comp
surfaces. (b)) dAlnterdigitatedo type of hybrid surfaoe §¢heme
suarcfe s . (c, d) Water collection and HTC values of theaibare /
condi'fi ons.
The hydrophilic areas favored the initial nuc
the superhydrophilic channels guaranteed a f a
fil mwise condensation. fdTeeubttybomdopathersraati

and a faster condensation cycanek) QUnder hlydotrh dl
favored a higher efficiency with respect to t
hi ghemr 2(@mn1ld8e%) r e(sH4%)t. tTohiCs was attributed to
which was reached during the high moisture co
interdigitated hybrid surface providedwiboh a
respect to the straight one. Il n t he -stharpredr ,
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perhydrophilic tracks, which all owed a more

d to the wider end of the tracks, with a co

3.1. 403w hysteresasgloé the contact

| n 201290, two research works proposed an alter
the control and optimization of dth®dBEveolpw sk
surface which showed i mproving sliding pr ope
i ncreasing hyedr*8plhgihlliicgihttyeed Ghhae key effect of
on dropwise condensati on, with respect. tTohet at
authors successfully induced a dropwi seaconde
~ 0A.

Generally, the simultaneous presence of | ow h\
is challenging to be obtained. Previous wor ks
cont act angl e hystleirkees i ssuor féaacpeloso y it tng Idir @il &t s
l ubricant i ffLuSsk | ampe aignefsuis@ai dp or(aSus P°S 8% t% ¢
However, these surfaces typicall yand stpéayled a
be obtained through the presence *bffheowoskr b
Kaneekto*3ahd eth’fal |l owed to obtain a sisam@toameou s
solid substrates, without the need of additio
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(a) (b)

o TTTT) i i
PEG-M = 1 (a) Evaporation induced deposition ) )

cH30-(02H40)10'C3H5-Si(OCH3)3 PEG-Si (Spin coating)
\—TEOS—/ (b) Drying (80°C for 3h)
- PEG-OH EtOH (c) Water rinsing

HO-(C;H40)5.12-C3Hg-Si(OC2Hs)s HCl aq.

60 f—— 30 o 30
(c) l (d) ; (e)
=™ 0 254 + % 25- o
e / ® + i
2 ® [] @
401 o o © ® £ 20 a0
% ® 2 +
£ 1 %e0 o E g
§ 30 g o 15!' 1 < 15!'
£ 2 ? 2 } °
E 20 @TEOS-only film RN =2 10-
£ @®PEG-M hybrid film 8 % 2
5 @PEG-OH hybrid film 5 4 + .
10 PEG-M monolayer O 51 L 5
0 T T T T T T T — f— 0 T T T T T T T T 0 T T T - T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 02 0.3 0.4 05 0.6 0.7 0.8
[PEGY[TEOS] [PEG)[TEOS] [PEGJ[TEOS]

Figata (a) Mol ecul ar structursedd amfeSi W4 EGaé ey e RCEPIEGY(pbe) sCoaft i R
process and appeaStaantciecs coofn tsaacnip laensg.l e(,c)( d) hysteofesficurofsdmpl
in function of the-onPEG](/b[l TaEcKG],( rhaydbiroi -G RS du-P)EY® PEIGay é% (yel |

Kanekddéposi thydrREGf il ms on silicon and al umi
containing hydrophil i eSipegyldatted roreg ehroxsyisli d ren
(Fi@Qquee(a, b)). They compared di ff®®ifiénbrt éayuor
(HOT) terminated PEG chai-Mé& amdtOM&m@rde ¢ fheec tsiaur
authors initially comparedcdysherssati eef)ladbitta ct
sliding)aambeg (the different samples, 2bp1( eni z
d)). The opt iSmi]z/ ¢dTl ErGeSt]i o= [PPRBRG mplbe dhep R&Ewxed t

40A, simultaneoas~ yGAadiht itchreallloywesttydr ophil i c
induce pinning of the cogeéeénM&Edodt opggets )] owe
consi deeawdlyudowon a hydrophilic surface.

The authors investigated the dropwise condens:

the hybMi do®@EIGng with two reference sampl es,

monol ayer and a hydrophilic wmodatyed smalss tdregtc
the perfluoroal ky W icloaantei nFgA S1e3q.uiTrTheed BHG di ng
detachment , which were halff with respect t o
required for sl i dnbngcomsi d eoruanbdl ytiol obeegud t bdn b
hydrophobic reference coating. As a key resul
of the contact angle facilitated the dropl et

hydrophobic surface.
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i mmer si-ng

sklBeopa,
t h

and hydr

wher eas t he hydrophobic | ayer wap o sabltiainne
octafl uoroaeRgcl obutane (C

The devel opment of condensation on hydrophild/
| ower nucl eation barrier, with respect to a h
213 (i, j)) The hydrophilicity wash)yalvad ufesun (
flatter sphlaepreidcalorpdamw!| ogy of the droplets inc
a reduction of the conduction ther mal resista
dominmt t her mal resi st ancem*fhosr ddirsocpul seste dr aidni upsar
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previous theories already demonstrated that |
smaslilzed ¥rAs$plaetrse.sul t, the minimization of thi
with the devel opment of a dropwise condensat.

heat exchange efficiency.

From the condensation tests, the hydrophilic
nucl eati on density, wi t h respect to the hyd
remar kabl vy, the condensed pder odpureitmrsg nahent @o alea
demonstrate the irrelevant r otéeei sofnotth ec oandsvi adne

condensation mode was studied on théFpgeuBshed
(€)) The forme+tr 46 Aeeph@adB8her eas thedTiAtardd A.

fil mwise condensation was noticed on the poli
despihtyedrtohpehi | i ci ty,r opiws pleayx®d dae nsiamiilon wi t h |
Finally, the hydrophilic PEGyl ated surface al

respect to the hydrophobic fluorinated one.

3. urability and heat exchaealgec eedtfiicg

saturated vapor condensation

Aut hor di scl olshuer ed assttaateeme ndi.scussi on reported
publ i shed Bassbet BaHyidcrloephfobi c-gdlybcodtisngi ona
Stability evaluation durJdaogr rsaltGQroybsttéadl N vi sneo rS o
Volume 17, 10014359%PC0R8)// d8SNoR§ADOR31016/ j

As previously discuswapgqgr thlreasd faltareqe y( LYPC)
on both industrial productivity and environme:}
investigated within the e¢VtPCi syptemsssasestoh
and heat®>®™kicghha negfef.i ci ency of the | atter can b
dynamics, avoiding fil mwise condensation and

usually related to metallic substwheaetne fhh,e awh iextc
efficiency® Hewewvwears,i demedcondensation mode can
modi fication of both chemical composition and

6 0



basedebolcoatings of-bef bet wddn cC estmetctheaone ,c ad
resistance, besides the possibility to proper
controlled thr olumgdr ga rhiydnra admpbarsgiatniicac ng or gani C
the hydrophilicity of plain silica coatings.
coatings represent a valid strategy for the p

substtates.

The high | ength of the precursordés organic ch

the decrease of t h° hceornetfaocrtreo dannfy i cecdthyyls t ec as 6 6 |

selected for the control of saturated vapor c
was expected, along with the i mprovements in
i sswciated t%® small droplets,

Besides the heat exchange, the introduction
proven to favor-gelhec adatrichbagsdeidt e nodthremamment s.hal
for future works is the durability of such <co
when empl olyiede i appleiadati ons, such as fouling

stré&ésmosnng the numerous studies on the control

maj ority primarily focus on developing new pa
coatings6 stability over tiymei.s Osnt utdhiee do,t htehre sj
influence on the heat exchange is often not

i mprove 1its resistance to harsh conditions

barti®thwe coatings employed in LVPC applicatio
s

atisfy sever al requirement s, which is a dem:

mpl i cates worsening another one.

n the ase eafodtiHa eldy sriild caactcywlati ng, the gl ob

c
aturated vapor condensation, in terms of ©bot
xchanged over ti me was examian eaa doeno faelau mi enxum
ppar atus. The coatingdbs stability was studie

egradati on, fromitre ncpoeerxa tsureen cteo tot enaunc | eat i ol

(@)}

oatingbs delgeadboi oari sshiaehs in thickness, w

roperties, was monitored with stcraaamms fnagr nee de cit

(7]

pectroscopy (FTIR), ellipsometer Faorrd tchoen tsaackte

l arity2. 2ndpahagoapbem@s2o0flL the disti

> O T O o 9 O O»

q
(@]

i ghe
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be individually presented. I n paragraph 2.2.5
of the ther mal exchange efficiency and coatin

3.2S¢gnthesis and depcsdition of hybrid coatin

Tetraet hyl orthosilicate (TEOS, 9 8 %; Sigma A
Al dri ch), absol ute et-Aladroilc h()Et OHg n cEenmsturraet; e dS i hx
37%; Sigma Al dri@,h)1 § )l IIM ie@pwatyerd (mAat eri al s w
except for hydrochloric acid which was dil ut

aluminum with high purity (AW1050, 9%arbdu® mixn
50 fm mensions. Al umionbutmaiwa sa psonioikogt hhes dnritfrar coer , f
standard metall ographi c tbeacsherdi gswd .u tT hoen oncatsy Iptr
recipe fretn@EOSF,er0TES, Et ORQ weQle 1ImiM eadn di nH mo
( TEOS+OTESX: HCOH1IH2: 2: 0. 01, respectively, wit
solution was stirred for 2 h at 400 rpm at r
added after 30 min, to reachofa 1t.h3e oM.e tTihceals ofliu
still for 2 additional hoursmampaodrtesemprfiiolrt it @t ¢
The gedl coatings werealdemosumedulbst rpaotlas had
previously cleaned through sonication in etha
CleanedQ@QFPDCHarrick Plasma). The dmgpdedddper w
by withddr swibrsg rtah es from the solution at 4.8
gradual |l vy, together with the evolution of co
temperature for 24 h. The coatings2wkyewthbkbna

ramp of 10AC/ min.

3.20pti mi zat isaonl iocfa 3hcyobartiidn g

The effect of the OTES/ TEOS ratio and the dep
adherence to the substrate were conssdkeredn P
tuning the moles of OTES tdg) TEOS af mam i afgymi roif i
Di fferent withdraw speeds were tested, from 2

was o0bsedqToandkT{O0t h®&se compositions were discar

6 2



Tab2ldhi cknesscomdaamcamgter écedindy obnthetcaagiergé on silicol

mol ar ratio and withdrawal speed.
Sampl e Withdspw Thick  a ., c

( cm/ mi ( nm) ( A) ( A)
O1Tei 5 ¢ m/ n 4.8 216 1100 88 N
OiToi 7.5 <c¢n 7. 4 248 1101 89 N
OTgi5 c¢cm/ n 4.8 227 1101 88 K
OTgi1 10 ¢ m/ 10. 4 330 1103 91 N
OsT712.5 «cr 2.5 207 1105 96 K
OsT7i5 cm/ r 4.8 343 1106 96 K

As report2id, itnheTadbrmceunt of OTES affected the
advancing c¢cg@ntfaocotm almPl eN (2A theldehAedi 24;,) cant
from 88 N 1A to 96 N 2A. Wibtahs erde $spyésttaenmisbl T @ |
enhancement was expeegdrd, | adwecdadmt achee ) ehfi glthdee h
OTES/ TEOS coatingse ~FdBwas | feamp|l s, beé hel i ght
to other hiyrborigdanoircgacnaat i ngs, which were obta

such as phenyltriethoxy%Thantehiaaoknenes hgf ttr het

be wit-ADA BOfrom ellipsom@eiyy TMmeaser embnots
compromi se, ensuring adequate robustness unde
the intrinsic ther mal resioatamges ofi tthhe he @ &ktnie

been proven ttoheaefgirrasitt W5t hdo*@oesioderciomgieastt.
bet ween 200 and 400 nm and!kKa tthiee mahercmaldurce s i
area of the coatings c2andm bMWesti mated in the

Further samples were deposited 9n peibamdadgal
OsTrcompositions at a fixed withdrawii theedi foff
substrate causes a slight i ncr ed&sTeanidn 3t8h0i cnknmm e
OsT7z. The wettability was similara=fd202bNt=BAt%han
N 3A. Foll owi n3Ted hhras@s irteisaii twwgs tdhel ected as a
wettability, t hickness, and repr ©@daccoiabtiilnigt yws

-

deposited on a | arger aluminum substrate (5 I

3.2S8turated vapor c6hdensation experiments

The hybrid silica coatings deposited-plaseal L

thermosyphon designed for the investigation

6 3



Ssubstrates. The experi ment al apparatus consi s

section,camdems g4l Fi gur e

Vapor line

TEST THERMAL
SECTION BATH 1

POST g " THERMAL
CONDENSER | ) BATH 2

—
T BOILING
CHAMBER
r VALVE

Liquid line &

Fi gR¥4 Scheme of the e xspaetruirneetnetda |v aappopra®rcaotnudse nfsoart i on t est s.

The wvapor produced inside the boiling chambe
condensed over a metallic sample, with conden
component, condensation wasvadreirv esru plpy itelde oac tt

of the sample by a thermostatic bath at cont
sectionghase miwot ure of vapor and | i gwind emass r.
before retorhing tbamher b The detailed descri
reported in Appendix A.2.2. The condensation
conditions: 106AC of saturation temmerodt ur & 4(

2.9'mf ssteam velocity,5680ak®™Wfmux in the range

The heat transfer per f egrenha nccoea ta fn gt, hiesf eloete 1t ieltle
previous section, was assessellududi @aygpesetiem@menC
described a@abdédyve DErnigug et he t est runs, t H% hea
and 550 kwhim e saturation temperature and ste
2.9"™m rsespectively. The experi ment aAl )r easrud tsshc
in FRgaur(eahichnthe HTC is plotted versus ti me.
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(a) (b) After 1 hr
100

ro 4 0 g g o '#
80 R
70 |
60 |

50

HTC [kW m2 K1]

40 -

30 -

20

0 2 4 6 8
Time [h]

Fi gBTr® (a) Hecaote ftfriacnisefnetr ( HTC) measurement s-gebt ziome @ dd @
versus time. (b) I mages recorded at the beginning loawn.
position emf nedeatrwase®f the coated surface (top an’ bo

The functionalized surface sustained DWC for
exhibiting a stable thermal pédKfilorManckamwgedh
coated surface were detected from the ther mal
for the whole endurance tests. During the tes
m2to assess the effect o0215tHe)heatDufel uo drheH
saturati on et dmepmpreatadrueg,e tof t he cooling water
bet ween 25AC and 85AC to control the heat flu
teool ant temperature diff &t dhtcree HTMC ameaas wWraad
was found to be constant in t-h80 hkWt miespi ra
considerable variation of cool ant temperatur
obtained during FWC only withl2t ke?s K@ ECcbredingg s
the FWC model deestctfalbeThe nproemotGoln of DWC or
resul ted i-holach averagee 90f t he condensation H
fil mwi se condensation (FWC) ®YCrdwrar s d mit-tpatot he
coatings with slightlay ®BdMed awet t§ dni tihi ¢ kh&s
DWC under the same heat flux condition, the d
aboutb%10 %.

The i mages taken at tAHe tleesdgisnrrsihrogvean ch ne reds od fut

phenomenon, specificall y2loF (tbkh)e) .drTohpd edr gpolpeutl

which is a key parameter of the DWC heat tran

hours in some areas of the sampl e, from 1.1 |
6 5



consfanhhe dropletds departing radius depended
the contact angles was expected. This variat.
pinning, which affects t hceei r( Failoguir(cdn) ,0 nz ad chmree dc
Even though no variations in the HTC were det
experiments were stopped to investigate the e

and complebe degtddae reached.

Before

=320

Contact angle (°)
T
w
8
Thickness (nm)

T
™
@
=]

. Advancing CA
30 {—®—Receding CA L 260
—4&—Thickness
20 , T
Before After

FigRre -)Ja SEM i mages of -bheedctyhtingtbaxpsumanem: (a) refere

condensat i-fln) ,t eosnt szonveC A; (c) sample after the 7 h condensati
on the bottom right. (d) Variation of the dynamilc tceosnttsa.ctE &
experimental result is the average value of three diostisct

reported f%r each result.

The changes in the dynamic contact angles, th
of continuous condensald,onwhirlee rtelpeor E BIdR i s1p e-c
visible21n &mndalil a bBeef o rPel ttheestVC t he coated a
hydr ophoh# cl°Gointdrs 9DA (g2 (d)). The ellipsonm
revealed an initiaPl8oamindfftbrchkmessomfded s a
moderately demreabedgbwi th6a dekirelabe( d)f) .~33A
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Absorbance (a.u.)

DAY
P

Before
—— After
3100 3200 3000 2800 1200 1000 800
Wavenumber (cm™)

Fig@t®TIR spectroscopy absorption spectra of the coating on
experiment®!| apparatus.

T a b22.ePeak intensity and ratio between@H peak and SD-Si peaks from FTIR spectroscopy, before after the 7 h degradation
tests of the coatings on alumindr.

Vi brati o Befo Afte

S{iOH 238 237
Si0-Si 492 492
SIOH/-G-Bi 48 48

According to FTI R21s7p e c tnroo svcaorpiyat(iFoingsurien t he v
could be observed.~1TB®! ¢cimomrateisproaldi mgak eatt he
groups an€£hgiChHCdpn Ww&&s covered -03i thendant enlse
could not be used to evaluate theNponeshbl esdj
persistence of a hydrophsbwbichawast entwasfehb
condenssEt iI9BMF,i(gR¥6G (d)ypedtTrRscopy is commonly
evolution of hydrolysis and condensation reac
stretchOShigl (2f0)impQH Yiew&0 Hémhe rati o W& waend t
SIOH peaks did not vary after 22he thedehsrnéi ¢

variation was found.

Significant changes in the coatingds morphol o
hi ghlighted 24y -c))EBM (DFurghuirget ¢ ies VCdr opl et pi nni
a gl obal and homogeneous phenomenon but was |

afterwards <charact-areastweng, esepVerald otlgacret ¢
variations and wettability differences. Two d
at the t-6pglkt@n(eb)A) and at-Ftimp@réo(tpm ¢zonhbkbeB
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their position2l%s (kke)porAsdshaoawrFiignurtehe i nsi ght

216-c()aa, the interaction with saturated vapor ¢
Prior to the tests, the sampleds surface was
i sol ated and small def2lcbt s( as)uc h Ad st era nt dchcer arc khso
| ocal spots of the surface wer e -Ifiokuendmarop hgrl

charadtlkeyiaehi gherlpeaf)gsi tSy miHiagurmor phol ogi es
et flalwho studied the emmrtasdindmgr esnivd traamane nit 15 .
mor phol ogy of the coating was found®l6o(bg) mar
respect to tBE6t(OIp) pacth thH@3gAamptene TBewas sl i
respecta=T®5Ahezone A. A thickness decrease of

area from ellipsometry, slightly higher respe

3.2Cdating degfadation tests

From the characterizations carried out before
the evolution ofget he oyl migd seielmeda t®olbe r el a
mec haaohemi c al i nteracti o ewiotfh twhaet eern,v i riognhmetnd
defects/voids on the coating. To investigate t
achoc tests were performed to separate the dif

Addi tional hybrid coatings were deposited on
described in paragraph 2.2.1. The sampl es wer
affect the coatingds degroanddattiioom sa mpd ecsceunltd dbuer
experi ments. The tests were chosen to be str
exposure time of each tested condition was ¢
experimentsaciTbreewamanencbdbnsi dered separately
mechani cal i nteraction with water, the effect
hot water on the coatings was consi.de.r,eds theoar

mi xture). The five diffe2le8nt tests are summar

6 8



(a) (b) () (d)

L] O . o . o . o
T-100 1-20 S-100 1-90

Figpxgbi fferent conditions used in the degradation t-880F; on =
(b) immersion in d20pnierpdowatee®mIAmR2OAE@I)aliri mmersion-in dei
90); (e) immersion #1MBHhoiling water at 100AC (I

A first sample was heat treatedO@t. 1M 0A«Lcomd a

was exposesd etaon am xaiur e, during which the <coe
horizont al position, 3 cm dakaweaeiaedlavrnd el & & IS¢
and fourth samples were fully immersed-20M) a ¢
and 90AFL, (respectively, whereas the | ast samp
PB). To fatreg htelre ciomfrledence of the substrate 1t

carried on a reference c@dadt)ed aluminum sampl e

(a) (b) | | (c)

120 * : 120
110 110 T-100
. Py S-100
2100 oo 104 4 F @ |——I20
() ' ‘c — |
o 9 2 9 S 1-90
c o . |—pPB
@ 80 -5 80 - o R
- - o ef
g 7 8 70 -
T 6o I £ 60+ L8
9 o c |
[s)] 50 > % 8 __’/\ﬂq’h_
[=)] =] ™
% 404 ® T-100 L £ 44 ® T-100 L B —-/_\}H_.__’"//
el w
S 5| ™ S-100 9 3{ ® S-100 a2 ....-—'—*J't-—
= ol ® 1-20 L & n]® |-20 |
< 10 +I-go 10 +|-90 -/\JL_
. —v—PB o —v—PB
Before 7 htest Before 7 htest 4000 3500 3000 2000 1500 1000

Wavenumber / cm™

FigRre®e (a, b) Dynamic water contact angles of the hybrid sil
tests: (a) advamc;i n(gbh)comdaedi g gd(amt gFcTtl Ransgpleecst r(oscopy absorp
sample and of the coati3ngs after the degradation tests.

The evolution of advancing and 2k2edangbxonCa
for haond the wettability was affected the mos
bubbles nucleated ondeéedbreavad ely su3dAcand The
(PB) and i mme®@8) onr asp OOtAiCvdlly, whereas the o
variations. Asnldtwgodus!| ygi mthar trend, but with
thedecreased bel ow t he9meadd rtletslte Il iedi tt,0 wleidlu
~13A, respapoisueley t-aiTiheme-s@Gkjaema (0 & t he heat tr
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(MLO00) did not Tafef édatt ttemeresult was expected ¢

to temperatures of 200AC during the annealing
Tab2B3&®eak intensity-Odn g erackO-Bndp Saweetno®i FTI R spectroscopy, be
tests of the cod&tings on silicon wafers.

Vi bratio S10(C PB -9 0 -2 0 T-100 Ref

SiOH 1,7 0,9 1,6 1,5t 2,2, 1,6

S4i0-Si 29,721, 31, 29,6 41,8 31, ¢

SiIOH/-G-Bi 6 5 5 5 5 5
As for the aluminum sampl e, FTI R spectra wer ¢

eventual chemical modi ficati o259 c@uxsed Dlyet ha
the intens®Siiepd@R S8 bm@mn&ithe ~350 Jomva sp eneokn i (t or

detect changes in the network, d3ut. no evident

Tab2ldeEl | i psometry measurements of the thickness before and af
standard dé¥%iation value.

Tes Before After Delt a

T-10C 3191 32901 -
-2 0 3 2°47 3 2%44 -
S10C 3244 3231 -
-9 0 3241 3 287 -

PB 32731 243819 -8020

The thickness before and afterd4dt h&l dbglthdatti b
not | ead to changes in thickness, except for

decreased by ~80 nm.

The morphol ogies of t-9h0e tceosattsi ngrse a22d¢0eo(r HReBd cgin

comparison to a r2ZX@®r(ean)c)e. sample (Figure
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Fi gR2® SEM images of the hybrid substmrateatahgepbpnthbel Vcbndagr
magni fications. (a) reference sample on silicon; (mb)sicloia¢omg
after i mmer si-90n) ;t e(sd) acto a9t®iAnégr (obno call ubnoiinluisklgy .i mintee ss oal @ elsar (
reported on %he bottom right.

As visible from the SEM i mages, the reference
both the nano and microscal e. Af ter the degr
deterioration of the coasumdaseqgt @laittuy eswiotnh t i
220 (b)). Wi t90rtesptectthe PBeteést | ed to nucl e
the coated surface, which acceleratedOt b)) foll
| atwteeare only slightly detectable afi0&20 t&mred i ™r

100 tests did not induce significant variatio

Tabld5eWater contacd amgldahickness before and after the PB te
corresponding sta&a&fhdard deviation value.

Bef or Af t e
Ca( A) 965 975
i (A) 875 < 10
Thicknet: 26%10 2 2987

1 pm

Fi gRXISEM i mages of the reference small aluminum sampiaée.The
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To consider the possible influence of the su
repeated on a coat@&d)al dmienwmrsamploams( PB con
mor phol ogy are22@p@d)22dF iagnudFE®Tawrless pecti vel y. |
the PB test (dbecrsedsaednheltdive the ° mBasuar A4DRAe, | wi
t har emai ned unchanged. As f oAl btoetsht ,P Bt htee stth iocnl
by ~40 nm/,lO0rom72&a6n 2%Pabl dhe initially smoot
evolved after the test, after whichR20hé¢d) dr ma

3.2Cbnsiderations on heat?®3%ransfer and coat.i

As discussed in the Introduction section, C (
simultaneously required to fulfil t wo main pu
durability during their industrial empl oyment
The ther mal performance odelt heoatpitngni was ihryib

cusimame appaklattuessst()V.C The coating, deposited
with HTC-~9@l kkKsmdfti mes higher with respect t
aluminum at simil ar hle3at{%¥lJICu v ad wredsi taitFa'vaen d1Mi0g
extended durabil it ymovkirfei edéepBd mipalc efsb.rt c opPEp ¢
about DWC on al umi nautm’“mbporitiend tHTC VPalksseoablf e 3
for up to 48 h on aluminum substrates coverec
Rausth./demonstrated a durati od mpfl aDWe@df @ad u8i mc
HTC was only double compared to FWC. Steam or
formation of Dboehmite on the al umi naufni escuri fnagc «

durability of the DWC conditions.
Despite the morphological and fguwerdctcioaralngv aruir
condensati on, the HTC remained stable for th

without any significant varninataicamrafantclee wti hdr
similar hy®0ThHea -AM® ateistgswas stopped after 7 ho

coating variation and avoid its total failure
mor phol ogical and wettability variimdiiwindua tTevd
coating, i uadii d atrimngleygrmeen of degrradal{boncdh. i B

vapor flow was al most constant along the samp

be attri buutneidf rttranrtalce i moon wi th the condensat e.
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sample, the upper area was | ess affected by t
part. On this | eeerhamarcta,l tme eclemii ool bet ween
hi gher due to a higher ecendensdtemmassdefewts
or pinhol es, which were seen i 814 (fa)w ,spwodrst re
|l ocally accelerate the coatinddvsbdépgratdsad i omc

on -@pxiesting defects, along with shear stress &

—+

he di mensions of the | atter | eading to the g
he sample,ftdHdeoptegesénovcbeati on was higher,
ave contributed to the enhanced modificati on
f unreacted hydrophilic silanol gmi a uhp sc oonrd etnte
aturated vapor. Regpepéctct’aoti mghleow hty emp dr astol

o »w o oD

egradat igogmupfs adoteysl not allow to per Primeddien

—+

o the presence ofOHrgsiodpal Aher dphlmialbil ¢ i 8y o0
herefore a cruci al factor to reduce the affi
udm ez ‘%8BI eakage -wifl iocragamdrcd and/ or partial r

c o

nderlying substrate coul d’3,éd%di nowe thteot hdetche a
the exposure of hydrophilic spots among the s
Fi g2r%, no major chemical wvariations were not.i
of the RCA decrease was attribut2d4 t(oc)t)h.e | oc

I n the second Haorct defyraldeat vonkt eatls were per
influencing factors on the coatingds da0)abarl i
atvrapor slOOCamdqrS t he e xpdsuulréded )t(ol md wgche d esmipgeni f
in the coati ng®dls7 )p.r oTpheer ttieesst s( Feivgiudrceenced how tF

were not sufficient to induce remarkable cha
morphyl were seen when the interaction wi-th wa
90), whereas the maximum deterioration was r e
PBAI |, F2il@dyre The simultaneous presence of al |

confirmed by the substanti al decreas22d 7o0fl ady m3
T a b24e . On both silico-Al JPBubandaaésmi nbhen { @B
namo croscale | edr tbr @p Ineti N gaarod t dvfaft en@atce @ stcloe i ¢

to Iits decrease below the measurable | evel

Anal ogously to bubbl e -Aluctleesattsi ,ond wruirn gn gt hPeB cam

nucl eati on, growth and sweeping of condensed
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the coatingds de@@rladetsitgn .t hAf tfeorr malte oWwC of t he
on the whole surface, except for | ocal Spot ¢
mor phol ogy was found. Gl obaltloy ,bet mormomlggh @is|

silicon (PB) -Ahyd wiumi nempéP8Bst o ithet & Cms of ¢
and overall mad@g2lo21o8)y. (TFhieguPrBest est was found
in wettabsd, tggnd trhorcgkinel ogy on both the2ldi, |l i c

21721 8, Zap)] ewhereas the wett akiOl itteystc hwaenrgee ss iil
ones found-Adftestalid&l A)C.r éAd enrotni ¢ a l behMAlviamd b
VCAlI tests was expected, due to the different

were fully i mmersed in boiling water and air

t heampl e was exposed to a saturated vapor f|
However, the changes in thickness and mor phol
similar i t2il 251 8(, FiZ&gibtd es

The stability tests on silicon or metallic su
an accelerated degradation on the coatings, t
their empl oyment onBdsaeadyeoan sac arleep raogpdpu ciichbalte oannsd
the proposed tests allow to separately study 1
(0) or totally (PB) combined according to sp

3.2D6@rability and heat exgelangoeateifrfgsciduwmrciyn g

condeniscatnicd APsi ons

The heat transfer pergfeolr ntaonactel nogf waarsaydbersiddge psain lai
during the condensation of saturated vapor.
val ues of?KH90ark Wimerdgen®@rease with respect t

condi*tTihkensheat transfer performance remained

condensation experiments, which were stopped
changes i n wettability and mor phohogy.st §t rwee
performed to separate the different influenci
real industrial application. I f singularly ap

significant varni atgibesnspromet hees,0 whereas t he
temperature induced different degrees of degr

or avoedlded dwing to the similar variatiioal, [
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were found between the coatings deposited on
successfully provide an estimation of t he «coc
applications.

3.Bi oi nspgealedmismrilopatterns f d?° humid ai |

Aut hor di scl olshuer ed assttaateeme ndi.scussi on reported
publ i shed Bas g de,é Bé.loti inslpebraescidgseidlointiacr opatterns
for humi d air J co®Ballens8tionIT@2zhné%8B86 (2022)
https://doi . od3@5170014°007/ s10971

As discussed in the introduction to this Chap
find alternative paths to sustain the 1ncres:c
publication, 1.2 bill-s80RttheopMoe,l dnesa reinntg ral ma
plagued to I|live in agricultural “Wrrgeeanst wsho lcunht is
required to solve this problem and several hy
soldarn ven des d&Pion aneinbasagteadi st i |l |l ation s%ist ems
Among the various approaches, a promising so
coll ection of water from the vapor present i

subjected to nucleati on anndc egd obwyt ht hpeh ewneot meanbai, |

By acting on the |l atter, it is possible to fa
the water collection efficiency. The surface
beipcipally controlled via two fact?br Bydchpmi
surfaces favor the nucleation of droplets but
surface as the condensation proceeds, negat.
coll ection mechani ssm. oty dtirhoep hcodon tcr asruyb,s tarraet ec h
of isolated | iquid drofpfl eftrso mntdhda hsurrf aswdss,e gaul
collection and favoring the renewal of Tthhee su
surface morphology is capable to enhance both
substrate, as eviderfted by the Youngds equati
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The joint effort between thmi suofatreuuvuacitnont
investigated, from superhydrophobi c-hyuwrrfopdedi:
wet t a®®iQeinteyr.al ' y, the nano or micropatterning
efficiency in a wide rangeaewfi cappl imdé actuid dtuar,ied

systems, heat exoclhlad@ffetriss caanidl ywaghenomena of hi

invol ving external surfaces can be manipul at ¢
control of the quantity of water coll ected an
Considering the already existing solutions ir
Col uests®dabhking inspiration from the exoskeleto
beetl e IS covered with hydrophilic bumps th
environments, while the hydrophobi c dvaeatxachiraro

rodflf i nto the beetl ebwmodiouitdd ¢$slydrophobati 0ng
was devel opeld pprimaceassoland the dewetting mecha
mor phdéiTohhgeyged! met hod offered | ower <costs and
respect to-batskker prvacesmes, along with chemi
provided by the i nor gani-lbra sceodnpoomatmtgsgtsh & sRoseyvee t
mechani sm, extensive research is av&i?l dlte oind
a few ritsedredershe dewetting oflewoeli Nngelpg ait esr
spontaneous breakage of an unstatweetilingqusdbg
determined by the differedtéd®in the surface t

I n a prel3imitnhaer yb evectrike 6s patterned morphol ogy

a pl agienl ssoill ica fil msondiaahydarwyepholwhd c@BHwas p
monocrystalline silicon wafer. The increased

silica film was enabl e@Rdpryoumei muitde®dulte i iomo ro¢
The instability -lodyerhewahsy dirmmgpinag & d c b ysoapt nucrlact seic
at mospher e, causbogds heoabreakyapabil due to t
|l eading to the formation of growing hol es. Th
spun xerogel to the solvent vapors, seacti eame
duri nggelhep%moitteesrs .several seconds, the originaéa
i solated droplets, which autonomously d38%rib

I n paragraph 2.3, the efficiency ofgetlheaelwelrtii

was tested during humid air condensation. The

of t-bel sdkewetting metbbdnwasi hnvbet sghsedat A
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its surface tensions and morphol ogi cal proper
above unstable coating. To verify the reliabi
hybrid coating was de@lolsi¢c edl amidnwmptsum Zade ©n
with respect to the silicon substrates used i

the size and the density of distribution of t

Il n paragraph 2i.m0r ghageici dswat gamgisc were confirm
exchanged during dropwise condensation of sat
based films due to the i ntaesr aecvtii doenn cwei df hi ns akt autr
and in°®PFPtenaparagraph 2.3, the possibility of
the drainage rate during condensmwmadenappamahtu
patterned coatingbés efficiency waosmpexperde swi e ch
alumi num substrate andsswiiltihc aa cpolaatiinn ghy dTrhoep hipy

durability was also assessed, under static en

3.3S¢ynthesis and depositi oxi bdaatadtntgesr ncerd , a s

subst%at es

Al l the employed materials were used as recei
Al drich), MTES (98%; eSihgma | AI(dErtiCcHRA L, B mesbashogl; u t !
hydrochloric acid dilution (1 M) was obtained
Al drich) and mq)TlhieQ meatadrd i(cl&.ubsMrates used w
purity @QAWB®3O mi ni mum al uminum content) . The
substrates weirne t2hle xc axC® mm t he %ftoart itchet elsu mi
condensation tests, respectivel y. The isdhded e x
foll owing a standard met al |l og€¥l apkhei cs utrefcahcrei.q u e

3.3.1Paltterneld®coatings

The patterned coatings were synthetieze’d@ hfeol | o
patterned coatings wer@edewell ayed . s tTar tskymg hfer
silica | agyeetragl yzredaciod uti on was prepared by
met hyl triethoxysilane (MTES), ethanolO)) Et ®H) 1
h at 400 rpm at room temperature: H@I bl Zar 4 ir(
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respectively, with a TEOS: MTES mol ar ratio of
additionally added to reacho&d tth8oMet Fohl ofwi n
of stirring, the solution was agedmf opror30 nan
deposited on the polished aluminum substrates
et hanol foll owed by at mospher i-cO-QHE,a sHaar rcilceka nhil
The depasi tdiome by spin coating at 2000 rpm fo
temperature for 24 h to allow a gradual sol ver
reactions and then anneal ed asti HI&yAIC Was gy rht
foll owing an-canal pgeds saki dgel process. The
Et OH: TEEOSHMH of 2:1:4:0.01, respectively, whic
solvent to gai nceaentfnatailon heforeitliicad kkTethween 0.
the solutionmwaesrfi si eegdapd. Beposited on the
the dewet-tepgsi ttence wrsst abl e f i-4 ant uwaast eedx paotsneods
encl osing the bil ayeeleld. sBmp | @éde s nash idiee @a rcihiom e
the formation of growing hol es, which event u;

dr opl et-sr. e dthed apat t ergneedd acto artoionmy st ewrepreer aat ur e f

gradual solvent evaporation. The films were t

whil e avoiding the ther mal degradation of t he

compsemit he hydrophobicity of the coating, | ea
3.3.1Pl2ain referen® silica coatings

To extend the comprehension and contr ol of

knowl edge on how different mor phol ogi es and ¢
from humid air, p k-kii Ini csa | ¢ @eat iamgls pwerien &lHs o

SubstratesssiTlhieca lcaciant i0hH was synthetized and
as descri bedl adyoer tohfe tbhoet tmpant t erned coating. |
synthesis dedaryielretdn ef opra tttheer t owas i dentically
by spin coating, the silica films of differen

in a furnace for their densi fication and stab

3.3.1Ch3aracterization of 4shd iplaaicno astiilnigca a
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The variations in wettability of the coated

verified by measuring the dynamic contact ang
advanc) ngnd receding oodn tisicdti Caan gd east3iinngd Wrexr e
2A, respectively. The barse &Bdm d=u ml°BManntda ctth ea

plain sil i.cas85@8dad=-wel™®.he generally accepted
surface to be hydrophobic i f the static cont a
be found in the I|Iiterature on how to consider
surface. I n the present case, indeed, the gene
hydhiolpi ¢, but a favored dropl et r emgsviali cfar ocno a
sample and impeded on the baré 8dlaumiedumo Res
overall phenomenesmnubdumriang tmed edacplien with t

angles. The dif t@&ma,ncie. eb.et weheen hyhset eresi s of

estimation of how easily the droplet is all owi

surfaces, the bare aluminum sample was alhar ac

of 53BMhich is considerably higher taHan 1°tB#e on

for thesgspllaicmad@#l| BMAod the plain silica. Cons

and the droplet evolution during i t&si ldiepaosdcda

was classified as hydrophobic, while the bare
As prepared

T T T T T T T T T T T T
4000 3500 3000 2500 1500 1000 500 4000 3500 3000 2500 1500 1000 500
Wavenumber (cm’) Wavenumber (cm™)

a b
Fi gR22FTI R spect rdie pds it theeds (phl) aciars che f nggi;t b )plassi n sill’f ca coat
The successful i ntroduction ofnethwo rokr gafinli ticlt ane
coating was verified with tmRe2ailad)oftFRka&l Rres
charact e3ii shaorcd CWas vi spbak, at ot &e-h db2o5nadi ©vim btrha
of 3@H 297 0Atmgehecsatings showed tHO70ypi7TO8I &

450Ycnwhich correspond r etsrpaencstvievreslayl toop ttiheea Il ocn
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O asymmetric -©tsgtmmbtnge sh-©O8S5chbonfgiagdvibeat
cmpeak indicates Hhstpeetsbnog of bt BR@H @ Dif t
groups, while t-h@0Wiadmsasd faom360@ water adsoc
SiOH bdhWmken compared to the 2@2I12ai( b )OHi, Ivii dvae ad d aotn
thessOH i ca coat-30@O0'dtamttheeBB6@Ased in intensi:t

vi brations detectable in the plain silica fil
an additional confirmation of the presemc¢e of
group increase the hydrophobicity of a '%%a% i nq

3.3.1Qp4t i mi zation of platterned morphol ogy

Considering t hat t he condensation mo d e and

mor phol ogical and chemical *pPoépei biuss sofudi ke

soegel dewetting process to °%teatpear pgtaphns2.
reproducibility of the patterned coatings on
applications, was assessed.

The concentr athaomedofsotlhueg i DBOSva s vari ed t o S

aluminum subsgelatpsocésnst hehsosol concentrat.
of the resulting thin fil m haen dd etwheetrteefdo r cer otpol
concentration of the initial coll oidal sol ut i
corresponding pat223.ns reported in Figure

FigeedPhotographs and optical mi croscope micrographs of pat
concentrations. At 220 M cracks begin to form.

The dewetting process was successfully reprod
with respect to previously studied silicon w
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correlation between the concentration or t hi c

aluminum substrates, as wel |l as Rhe (CcCarrke)]ati
1 1
B0 o L L L L L e e D e e - L L 500 B0 L L L L L L L L L D DM m - — L L 500
I I
50 1 : L 450 &~ 50+ } : L 450
B ! - E ' ! -
%40— : _;ggE_ g'40— : _4005
2 T i
530* : - 530, : 2
T i ,‘5-‘3§ b I-sso§
8 ' (= s ! (=
@ 20+ I 300 £ 204 I L300
= | S5 I
I I
10 4 i :723 10 i E :7250
a ! b !
0 T T T 1 200 0 T T T 1 200
0,75 1,3 1,5 0,75 1,3 1,5
Concentration (M) Concentration (M)
Figa2z4 Correlation between (a) mean diameter, (b) particle d
thickness of the topi rsdildeatae |talyeerc onfcheen tdroattieadn lamde st hi ckness
after the thermal treatment. Each value derives frof®the ave
The increasing concentration of the precursor

thickness and therefore to bigger m22ah (da,amke)lt
The mean di ameter of t hem ptaor t5i 2on lavdNevba t8ihed cfoma r

increased from 0.75 M to 1.5 M, which simult:
from 53 N 52 téanalloflo@shmm t o pr eviloutsh ep ae xtiesrtnest
l ower | i mit in the tunability range was <conf
below 0.75 M, the dewetting of the film occur.i
not be contr ol leeds ovlivae netx psoastuurrea tteod taht mospher e
concentration | imit determined a decrease in
respect to the one previously obtainedulfdrbetl
varied by one order5dfNmbBRandea)ebdt7wd8eF ar.. 3 N
0.75 M concentration, nearly the same particl
despite the filmbébs thickness being al most t he
corresponding one Jdh Byliooneésenglyheédbonmgn
filméds thickness was similar on both the subs

double on almmhpi mimh(3®2sfPexEt to mme ones on Si
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- 100 pm

Fi gpz®ptical micrographs of the plain silica fi°%°ms at differ

To better mm nhiyed rtohpehi50i0c bumps of the beetl e,

up to 2.0 M compared to the values considered

225 (d), the corresponding plain silica film
stresses during the ther mal treat ment , whi ch
Anal ogousl vy, the cracksowkeotmdt ipanmtisl|l detebdt
solutio223)Fi githree ef ore, an upper | imit in the
the further increase of the particlesd mean d
An explanation of the different behavior, in t

wafer and the aluminum substrate can be relat
t wo materials are charfdetremitzesdurdywceulPetoasn toin
silicofdmwhfarcudMoro pdr®/Oflaunndi nfruooughness, whi ch
their interaction with the coatings. The surf
ro-measnquare roughness (rms) of the bare al umi |
order ofhimglgei twidieh respect to t-Be3fPmsmllné hihgh
roughness of the metallic surface is caused [
mi r-rioke quality, which cannot completely guar.
the surface. The |l atoerofietawmnhed phef éoe mai
influence, t ogetchreeamiwiatlh stubref agley spircogpler t i es,
dewetted droplets and could explain the incr
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Ssubstrates. Gl obally, the reproducibility and

the aluminum substrates.

3.3Caatdiurgabi |l ity under high®relative humidit
A fundament al prerequi site regarding the emp
purposes 1Is their resistance under the harsh
applications. The recent dtiitem aldbatrweernitdleer cwealt
the $Hiakseade fil ms, which suffer from del aminat

vap'dr®Adl®evidenced bwoMkkejkovibeandatong degr a
pinholes present in the fil ms, i n whic@®Xthe
bonds due to thé&’ hydrolysis reactions.

Before the humid air condensation tests, the
high relative humidity, to verify the resista
coatings anssitthe aplfailmsCHdeposited on the sq

i nsi demadhtuomedi ty test chamber for increasing
days, respectively. The chamber consisted of
by a saturated salt 9D61%u tRHMAZHOPTFhasBRHumadi moa
a commerci alArts,enSoren®deware digital hygr omet €

coating were tested.

As a representative patterned coating, the co
the range of the sizes and distributions of t
one obtained on siliThe wafeespdpadiragraean 2di3
and percentage of the occupied surface of the
of the optical mi cro@®6aphs, were reported in

ace, advan

Tab2edearticle density, me di ameter, occupied surf
the average o

an
the condensation tests. The values derive frdtf

As prepar

Mean di ame 3128. 5

Particle 2dc¢ 45°17. 3

Occupi ed s 3.°D. 2
Ca( A) 821
(A) 702
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The hydrophilic bumps di @Bl @y eadn da wee an ddisamat
surface with°h7d&nparitiToifeedabdovianci ng and reced
82°ALA an®A70A espectivel yapsisliimid ado atoi rnd e( pdrad (
can be explained by considering the percentag
the bottom hydrophobic | ayer. The former was
provided at miab gt n@am tcont he gl obal dynamic con
the contact angle of the patstsardined acoattiimg,wa
the presence of the hydrophilic bumps on the

dropl et bébs detachment during the vapor condens

(2) (o) =i O

— —— 14 days —— 14 days

e ——30days —— 30 days ~\

@ 804 i LN — [

® 3 3

s %é‘?—if_;::)—ﬁ el o,

2 6| 3 3

+ c c

5 5 | A 5

(5] Q Q

= and @ v

: < ] § |

5 —.— Advam:?ng CA - Plain hydrophobic ,\_J U‘

| e N, —
—w— Receding CA - Pattern
0 1 1 30 1500 1000 500 1500 1000 500
Exposure time (days) Wavenumber (cm?) Wavenumber (cm)

FigpRa2e Ewadl ution of the dynamic coptactd meg&dsnnmre@ malny |l tehe odc
coating andsthecal aoatiChg during the static tests of high r
derifresn t he average of three different measurdermperstis ewi tpH atim
silica cohdpngi;t d )paatst erned coating on al umi num, before and
(T=28AC, 1®¥5% RH) .
Foll owing the static high humidity durability
of the dynamic contact angles, vibrational FT

Both the patter nedassciolaitcian gf ialnnd stuhcec epslsafiunl | GH p
high values of relative humidity for up to 30
angl es22&i gay . The FTIR measurements confirn

bondbBeobrganic groups everR2af ({br 8pP)days of t

3.3H8mid air co8ensation tests

Having assessed the coatingsdéd durability, t h
2.3.1) were placed in a wind tunnel to study
surfaces. After the staged otfurcmelldiand niitngf,l o ws

sur fAa=cel®& ,cmwhere a fraction of the water vapc¢
8 4



condensate water is collected in a receiver t
scal e. Condensation tests were performed at ¢
humi dity of 50 %, YHawhdi |vee |-tolee It tye wod mple rma DB r ew adsi f
varied in the range -cdoollOe dK Poeyl tcioenrt rdoel vliiicneg ctohnen

tests start with the condensing surfacstadte.

conditions, the Ptedd itea ledweare ntth evatse mpxdri astaur e
al | experi ment al dat a, I n particular the mas
mi nutes. Each experi memagel odaBa wessgiremends t

with error bars representing the combined unceé
B" components as dée&8cribed in the | SO Guide

As shown?22n, Figuee samples were compared in t
a bare aluminum sample, a spglidiimahyddopholind =

(hybrid patterned coating).

Time / Sample Bare aluminum CH,-silica coating Patterned coating

0 min

16 min

64 min

FigRze Evolution of the condensation psiolcieca obastirvgdamdh the
at the same op@r at i4n K, cadn i t2B0HWCSRHv 2 ° 50 %) .

During the temporal evolution of the test, th
alumi num surface. Due to the hydrophilicity c
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adhesion to the surface and a flat irregul ar

of the liquid droplets with the bare -ahumbnmm
| arge droplets. On t hedrcomhahirg , c a ahtei npgr elseech ¢
dropwi se condensation on the two cehapddsuboet
droplets. The increased hydrophobicity favore
the rendwalunaferl ying surface, which were not

Ssubsequent aggregat2®/m, od4 trien)dropl ets (Figur

During the first instants of the interaction
nucleation of the droplets is enhancédAdnemyd
60 seconds, the density of the smal/l condense
bumps respect to the surrae2®@di nglhley drroephemiciec
mor phol ogy, composed of hydrophilic spots sur
both the nucleation and the removal of the |
characteri zepde boyf awesitraglid ity . The hydrophili
nucl eatibont dénsityg, their small percentage wit

not affect the condensation mode.

7T=0s T=60s

Fige2z® Evolution of the condensation process observed on the
conditions (T =is2 8A sRH4=KJ Q) %weve recpreecad cayneu aai e utph e dh iwg
lens (12x). VisualTheedeldeeanoér | inesm a hydrophilic silica dr
condensed wW4dter droplets.

The condensed mass collected during the conde
subcoolingglicomd4dt KonsltOo( K) , namely at i ncr ea:

temperature and the condensi ngwesruer fsaecl ee ctteentp etrc

di stinct industrial working conditions. The
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times of 15, 30 and 60 minuR2% heFraadm atnh ea greess p
the presence of the hydrophobic coatings on t

15 min 30 min 60 min

y:lBarea\ummum 250 - =] Bare aluminum
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FigRz3ondensed mass as a function of the subcooling degree oc
silica coating, at the same op&e#alilml s=slod dd)t.i oise (€r r=o r2 8bACr, s

exper iumecnetratlai nti es calculated as deribed at the beginning

For each subcooling degree, the condensed mas
values reached in the case of both ¢he= hdy d<,o pt
patterned coating and t hde abnarien carleuansien uorf stuhbes t
20% with respect to the 221931 M 5hynd mgph dhiis Derh

theoretical studies on the condensation dynanr
nucl eati bihnquwifd dreop Inggt scondensation in t-he pi
condensable gases strongly | imit the overall

st eam ¢ o A%Tehresraetfioare., dropl et s nucl eati on and
significantly | ower amount of condensed mass.
case of humid air the dynamics of thei huchaeatt

ower amount of conden?®2qd, nalses .b aArse sahloumvmi n unm Fs

a typical hydrophilic material, which was al s
paragraph 2.3.1. 3. Thheat s mygf, acdespfi t ehe hpatigtl @b
characterized by the presence of hydrophilic
dropl ets as 22i8si bAfea eighl 1Bi ddrike ahe patterned c
increase of the collected mass with respect t
the plain hydrophobic fil m. By increasmansg t h
transfer mechanism increases and taiier ciosn dfea\s

explaining the higher values of the condensed
the humid air and the condeB9)ng80smrhacasadatu
60 mMinute&e29( FB®uUurma n) , the condensation perf
comparable teiltheaptaani Cd. The similar effic
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patterned coatings can be explained by consid
di fference in wettability between the hydroph
be not sufficient to i nodlulceec teevd dneansts .e nMhoarnecoevieert
of the contact angle was recently found to be
dynaMfcbesides the static contact angle, the
samples, can also provide an explanation of t
As confirmed!®@ythbefbirmelratuoes of a hybrid wet

of both the morphology of the surface and the

hydrophilic areas and the highly hydroopbodobi
mor phol ogy and wettability may change as®la f L
the patterned coating on the silicon substrat
degrees of sul@wo!3.n3AC)7,0%wIRiHch represent the
environment s. By changing the type of substra
variation of the patterned mor phol ogyi,onna naenl dy
therefore to a change in the condensation p
condensedvimhesd py the presence of a hydrophol
confirmed also at increasing times of 30 and
condensation dynamics.

Pattern before
(a)1 00 =F'agern after
Plain CH3-silica before
-~ Plain CH3-silica after
@ 80
=]
&
an_
€
3
(=]
.240,
o
c
)
a 90
04
ACA RCA
Figeasde (a) Dynamic contact angles osdfsitheapfddienr ard abhéeingh
condensation tests. Each value derives from the avermggeof t
of the coated sample, &%t er the humid air condensation.
Foll owing the humid air condensation tests, k
films were characterized to verify any variati

the dynamic cont3dct(agngl ahe( hlinglhrammged val ue ¢

confirmed t he-Cplroersgeamciec ogfr oulps i nside the hy
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condensation tests. A slight decrease of the

tests for both the hydrophobic sampl es.

As prepared —— As prepared
After condensation test —— After condensation tests
3 El
& &
[ [
o o
g g
gmw 'g
< < M
4000 35I00 30I00 25I00 1 5I00 1 OIOO 5(IJO 4000 35|00 BUIUU 25|00 1 SIDD 10|00 560
Wavenumber (cm™) Wavenumber (cm™)
a b
FigR3®TIR spectra before and after the humid air cesdénsatio
coating. The tests were caf(ified28t AChierR# a0 pde3r 89%i ng condi t
Tab2l7&l | i psometry measwsemebesoofemame @aifaiem €He humid air con
from the average of three differrent measurements with the st
CHsilica
Before 36010 nm
After 37010 nm

Further confpirresetniceentadff 1thiee chhmr acteristic pe
which are responsible for the hydrophobicity
(Figaskg. The ellipsometry mesisluire@moenhftisrmmend tthe
thickness did not significhal2i)g, wvwahriyl ea fttheer itnht
coatings6 surface wasFveh3diOt)(ebdsibycé heoSEMaaksa
signs appeared after the exposure to the high
to humid air condensation was verified for bo

3.3B#o0oi nspyierledniscalopatterns ficronkdu fiSd omisr cor

I n paragraph 2.3, the successful scal abi-lity
basedgebolbi |l ayer s on metallic substrates was
di stribution of the dewettetdwaemn pb@dinshwaz6 & on
parti &l ersdsmpectively. To verify the feasibili:

patterned morphology during condensation from
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cusimame apparatus. During the first 15prmsmédnute
10K, the hydrophilic bumps of the pattern feé
surrounding hydrophobic areapattaednedspeati hog
degred® &Kf ehhanced the con@dmmwsatoahnhi peni hgr mae
the coatings in the control of the condensat
i nvestigationebofi el faedemwtet gabml ity contrast
influence on the condensation dynamics of the

3.80nclusions

I n Chapter 2, the functignealoapr mper twieerse dfu nhey
control the efficiency of heat exchangers and
HVAC systems rely on metallic substrates, wh i
heat exchamgyey eaoéito the formation of a | iqui
condensatlimnt,hiFsWCQhapter, the condensation mod
of both the chemical composition and the mor pl

condensati onbasDaACeb otSadtiicrmgs we rteh ee ntpol nodyeends att oi
of both saturated vapor and humid air. The we
hybrid-ioomg@gmainec c composition, in which organi
hydrophobi citgaboi nigrbtarionchusitQ on of organic chai
was proven to enhance th-basedabniftitmgreeént sae m
chall enge r elgafredianpgp Itihceatrieoanl of heat exchanger
they face severe environment al conditions suct

strééses

Il n paragraph 2.2, t heno@if ffii-ecidoea®d®gsef whgbreivda | «

saturated vapor condensation, in terhBhefhddoaott
exchanged over ti me was exami nemadoen halau mi enxum
apparatus. The coatings successfully promoted
of ~90"KW mn avetagen@rease with respect to
condi®tTihkensheat transfer performance remained
condensation experiments, which were stopped
changes i n wettability and mor phohogy.st §t rwee
performed on silicon substrates, to separate
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resi stance prior to its real i ndustri al appl
conditions did not | ead to significant wvariat
with water at high tempesabtirdegnddatdodi Wwhet
was present or avoided. Owing to the similar
which were found between the coatings deposi't
couldessufcul ly provide an estimation of the co
applications.

I n the second part of Chapter 2 (paragraph 2.
to optimize the col |l ec?Ayodnr copf h arbmiocs tindeitehdfliSe @ g Is L

with hydrophilic bumgelweprecessel exedovitang
gain the patt.elronede rmofryphtohe@gyeliability of 1
environments, the hybrid coatings were deposi

di ameter and the density of distributiwaeemf t
nearHSym26éndl5particiespenent i vel y. Tahd edmaidn age

during condensation from-made dappar ssess asaseésea)

of condensed mass. During the firse8@mBgmisnute
4-1 0 K, the hydrophilic bumps of the pattern fe
surrounding hydrophobic areas. With respect

subcooling-lGefremhaotced triferamamdarsatcidobnt ipemi
cruciaheracgbatohgts in controlling the condensa
the investigation of different geometries anc

influence on the condensation dynamics of the
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4. Antroducti on

As mentibeedAbsnrthetcha®Icte ompmpe posed by the sys
new paths with respect to TAmvaiInteromatli wé rormr os
i's represented by thermochromic smart wi ndow
irradiation without the needThlmhd maddulvaet ieonne r i
radiation offers greatawadugnappkscani bes ms Wbt
di oxM@e h(as emerged as a promising materi al re
smart windows. In this chapter, VtQwa Ilclr ybset aglrlecst
al ong wi tihnstuhlea tnoert atlr ansi ti on mechanism, the ¢
part, the current cW&Wwl khgbe Bndhhpphtedtions

4. Yanadium oxi des

Vanadi umdqg [ Aot Bd nearly 20 types Tohfe tshter oecnogr red s
|l attice i nt er aecltea cotnrsonancdoreled atti @m s of sever

extensively exploited for a wide rangé&?>of app

Among the multiple avadd abddedB%i desef&Figlueet
stimul.i such as temperatur e, el ectromagnetic
VeO13 404, or 180, aWe often metastable as they dis
stable phases ® 100 meV / atom).

.M.Ia: G -
. Wl
F'E._h‘
E Va1
E |
2 L VO:+ L
E 6 VD
E. 5 g . 'WI‘!R
o *+ g
F SISHI 5 FHY L e
== .?" WDl Wil Werls
i = Wil
| . L Lk _ wntl | RN w_n“ Moy
i 0.25 0.5 0.75 1 1.25 1.5 1.75 2 2,25 2.5
Compaosition OV
Fi gBX¥anadium oxygeth phase diagram.
Among the sever al oxidey)pldaseps aysamadieumhaino A

as 2Y®™) ,2( O e¢tBNO which share the same chemica
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crystalline structure,Tobptvasnasdgigam systemical
highly influenced by the synthesis &NMidnigmalwt
deviations with respect to the opti malr amgl r &
order defects or additional and unwanted oXi
VQl ead to Mag@ahd whiédbeswhe/r3e-aiscloxggeinr onment
formation of Mads | ewi tphh?*an® ess 2(,V 3, 6.

;r l'.'-'li

5=r -—Wadsley]-

10°F 3

] :

_ 10°% 1

§ if ]

401} VO, 1

r =

0o, :

r 1

100 200 300 400
T (K)

FigB2Resistivity versusiOt pimpeseat uweéthon WaPi atsdVfferent tem
Sever al vanadium oxides are phase change mat e
external variations of temper atWhiel,e ptrleessur a

temperatures to activate the phase change var
research stsdexpl ann&® by tHApe Ofanbetowndeempi
l atter ibsul~ke8\A@hifconr i s sufficiently close to

oxi de ?2phases.

4. BrystallograpNOpostymowetopinses of

As previously mentioned, vanadium di ox(iM)e e x
(P2/c) , 2VRPLIn)m, >VAPALIHG mMc, VBL2K) , 2VO)4mmm, VD)

P2/ c) a(nRIP bMjaon ( Fi g'Prhee 3p.a3l)ymor phs share the sa
substantially differ i nsttrewarsurodes pctrigytsaiag | @lineet t
chemical pf(oA)er t(iB)s,. (VD) di splay a phase <chan
For the | atter oxides, Iimmense strain or stres:¢
which cannot be Y@wetrlse dc @mtcrea s(yVall)m aathode: (rRuiti icl e
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are characterized by a fully reversiibkéopkase

room temperature. The crystallographic struct

rgy

(a)
(» A%
00

Ca

VO, (R)
(2)
/UP
P q
— by
__-.b.i __.'J,H
VO, (A) VO, (B) VO, (D) VO, (P)
FigA3@rystalline structur e$?° of several polymorphs of VO
(a) High-temperature Rutile phase (b) Low-temperature Monoclinic Phase
(R phase) (M1 phase)

Bur " O

()Y
@o

Figa4e Crystallographic cell gr otz @8 bi=e t4ri &g5o n2a|B Grauntdi |(eb )( Rno nsop
(M1, spacleavwrFr Gy @sP 24 bu= 5 B8 12 ¥ Q6%A)

At room temperatabke VMO the monoclinic (M1) s

t hTe, the phase trank)itionf a@aworreudt.i Ilen VtOhe | at't
VQoctahedr a ecxehnitbeirteda cludbdy structur e, i n whi
atoms are | ocated at -+shar ceogett®ah eglo @i, t iwdVi sc.h T
spacing of ~2.86 |, are oriented l|Iinearty al

b plane. Uposult adaeaoaméMbahs@iER)oop(dWAVVO the crysta
of the tetragonal phase is {radkercds omnhe Wt at

rutile structue(eM1l)t hies nmeotnaobkclleg natc rvadODom t emper al
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cel | volume is doubled. The two structnbhses ar
2 Cet mohs t & r a@nbfls tCadra&iPEhe MIT from R to M1 induce
and a consequ\¥ndi scthaamapesi tshleoTwgo-Vddif $ eaeaés Var e
in the monoclinicjsandgtdrFégumaemal v - i)t alrce
of ~j2.wabs found to be | ower wdetlh crtersopne ccto utpd itnhg
whi cR~i8.93 NTMWi.<04wags phenomenol ogically dedu
Goodedbufhhom the observation of the physical

The atomic di spl ac¥mdantst ahcea R)é 3ildothegrerrupV¥V K& tF

del ocalization, with a resulting insulating/s
the monoclinidvabtnoet etectheng8 of V atoms ar
whole axis, but om yddeltsween the closest V
(a) V-V zigzag chains (b) a V-V linear chains (d)o ./04 o ./0‘4 2 [ o [} 2 [ - [] o [} - [
o CGERAC © o ° o JdEe ° 000
. - %o B e o o
o _ VESEEENC 5 0 2 W 0 °%0%0°
"5‘: o" o Oo": © o [ S S S .
— . ka" 0 ® 0°90%90%°90°%0
o~ © g 0 ] ® ® @
e eveta%e ©0°5°0%0°
g EM . cr [8R
ay \ ® Vanadium  *®p_
Cm © Oxygen
E 10 ‘ 5 a P
% - g —i, P
2" - \37/2. './)L
2 7 Semiconducting ._': AT \Z'Rgx R Vrb “E/QO aR
€9  Monoclinic VO, (M) it e ; e
':.,9-103 ..\-s
= By

20 40 60 80 100 120
Temperature (°C)

FigB85 e Atomic crysi(aM) :st(rau)c tpurroejaercitseM®fa [tohneg ntohneo chit iympiec vaelald i wi

atom chains; (baxipsr ogfecttleal rdtoinlge bitVe Iclh awintsh t(hce) iiTrefmipreirtaet ulrie
resistivity -lheaséetnl enphasee ftuddrysi tion. (d) In si2{iM) XAF&8)i ihes
panel shows the microsxdMpi an@R)d/m@ rcojsedatued ualeeng f[ OWVIO0]s. i Bhe d
outlined by black arowbBeabongomhpandll ashewgcthe motions of

parameters between the twoV phaisres .G'SThreottevd sased angle of the

I n the monoclinic structure, the V atoms are
V atoms di meriaatxiien (&Fligmug et Be 5 (a)) iI's an

di spl al¢ eUpeomt .AhMel R ransition, besiiVespatihhe dinmde
tilting-afxnemathlde tavi sti ng f r ezmagt hceo nlfiingeuarra tci hoan
(dH)The rutil e phrdsdekeicshpdianyss, wehilc h ddasxticesn c(e a
axis) is | owR(rFiwgurmher2spe(clh) .o From a structur

of the rutile phdeeéeicsrenplawhedhbprehedared
axt1™Q(M1) is transparent in the infrared (1R)
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wher ea(sR) VO s opaque to IR wavelengths and dis

more than 3 orders of magmMitjdlie | ower with re

4 . Bl ectronic V®t ructures of

Thetructural 2i samanifestied ¥WOong with a concu
structure near t he Fer mi l evel. Il n his pion
explanat i gen eccft rtomme cVG@&truct-brel dith'éd¢oPg AQCEHET)I

(8)
» e’
@) &
El
e ee — — Oy, dg2.2
l'g -~
————— (\
’ ,/—“_dﬂ,dzx
RZS T a
+ dy2.y2 lg <
> tZg )
(C) V-0 equatorial
V'Oapicalé T
o
9 \ (d) dyp- (¢) dy-
Figgee (A, B) Slcshyesmeetm, cowafgvbB dt t i ng associated withAdapmeatl 0
froa®m?OQrthorhombic distortion andiOthendi féegehs, aphcaheandtalt
rutile uni tAdadtl?e dff rvoOm

Considering the sdhhaend cafl tchreg sM aat om eilsd ,ditvhied e
| evel s36( HiAgu)r.e Mthteat @ hfer /m.oan faihgedyr @itls cvah d 1 y z e
|l evel s areemsetbgy mmat t pwer ben eabgyywmdhehrgher bi t a
36 (B)). Adbaanddd istplointatli ng i s considered due t
VQ(M1) octah36dr(aC)tiiyghumed ry or bital is tad pl e
orbifdl and a doug( i E@rgewee attee t he adaixgnsme ntth
nomondaigsy mmetry orbital/,f(iFsi gaifytee nsi checfei nietd paosi n
direction of the nearest?%?latom of the neighb
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Fi g% e Schematidbanaf sttireic¥@re in the (&) metallic and (b) inst

The -ahg&eagy mmetry i s doutbtklhewdddbeadarnearlgt evchiicrht @ o
O atonmganddebital s cogalyimmetwiyt ta dtalpd eed | i near

of theO*ert ki Ral s. This |l eads to the cr é@@mmidons
antbhondi g b(ital3¥§)( FFgomet he bandbd mometd al boxidd e
energy valueponré®sewhbwo ediemgnitsipl ay dchaghet e
Thé&kandjor bitals point towards the f acdaeesxydgen h:e
SALCs, |eaandd*®@) Dobit 8T B THEI gambd/nept ¥ ulptdd i n &
hybridization, as the |-@tbende®rbiThal el acktr onvw
were found to bedbhamdhd(y *Pe’de’fdent on

4 , : : R : r . . . .
Cc . "
I (a) ,"‘l ---- total R (390 K) ; 1 ( ) VO" e o Ei
.:". : : — ':l\ 1 Experiment 7 |
SOV R ma B ] hv = 700eV ¥ Ag
O O U RN T—_Ts PR | Y
o af § TR — g g B 1 F ; -
2 5 ¥% 3 b —da gk o T 108 / O k!
~ S ¥ M & v P ? 1 L £ —_~ Y N
4 [ : " - o ® = ? i K
2 o s i i_c Q = 52
g T Tl o PP B e — % 7
2 Aoy T ---- total ; T i i
. | % 1 = R phase (T=348 K L
8 6 (t!) "“ :"- — @, (bonding) .Mj (332 K) 44 g. é phase { ) ““
- I O R N 1 = 2| . - M phase(T=300K)
ol I S e ‘1‘."- - - a,, (antibonding) {B -
O 4 Vol . = 2
= R —el(1) o _—
: ex2) 12 = CDMFT -3d 3
2F ; from Biermann et al. ]
i g 'r Lx - ." 1
0 - . | R — ':p": . Y L] P B s 0 a2 \
-8 -6 -4 -2 0 2 4 i3 ]’0 L L "

8 6 4 2 0
Binding Energy (eV)

Ene;gy (eV)

Fi g8&(ea, b) Totparlojaencdt eodr beilteaclt r on DOS for M1 andr &y phhctese miodhd
spectra of rutile (red) and moned!l iadiapt (el & mp hhraed es emelesw t

Fi g88reeports the density of states &orwhbiocthh wca
obtained exploiting density fu#dteilanalhetoheor(y

Upon t hiensmeltaatlor dbansdidisodM®vti Med3into a fille
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values, and andidbmmdy ant hbgmeéirngnergy values
gap betweerdbdmas was EfDOuid 7t%®@WWeedi spl aced cat i
crRaxi s, caused bysotchea hteidlr tai, i ge-f)d faonvceers! avfiem et we ¢
OC’'or bit a’lar biThael i's hence-bsndbobbréed!| sndr ¢ her
enetiyl 22

4. Met-ahsul at or transvVOoi on mechanism of

The metsaull ator txi ansi tfiudh yofreve@rsi ble first o
concurrent electronic?®hame wndearcltyirmg mpdicafsadnst s
still an open question, due to the extreme cort
Up to date, the proposed calculations based o
gradient approximatiohi ¢iG&EA) Boeexphasindetlked ¢
the 2NDuTr.i ng the | atter, a concurrent variatior
is induced, which complicate the understandin

gap opening of o(tvf .monoclinic VO

A Peierls Distortion Mott Correlations
E L TNE TTNE UHB
(d,=P) —
- 77 d* (d9)
m ,d.=pr A
b—————
dxy(du) ~ dxy(d") ‘/
LHB

(--;—%:D
dxy(dll)

Fi gB89.e Effective band:dymmeamg. f 0A) st at Bandf diagram for the
modi fied as a result of -ettheectRLlOD. cioirir:el Tah @ oenfsf. e dUtHBo fa nadl e ditBr amr
respectivel y. iv: Scdateimagd i gamtainall dMatgtr ame li tnidn g &§ xztl hagn,dd xdz b
mol ecul a® orbitals.
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Traditionally, two principal theories haiwvee b
el ectron-iodurceldatiramsi ti ons ( Mot ti ntdhuecoerdy )t raannds
(Peierls theory). A schematic of the two mode
proposed to merge thee tmwoddlheol ¢ &d s aM st the dh aRaef

transitionod or fAcorrel?at’/ A %8ssi sted Peierls

4. 5MatHubbard transiti on

At | ow tempdelaegutrecns ¢ et ®ngly | ocalized aro
in an insulatingobéhaaler di Epbéatyr ans ower degr
t eanmor bitals, |l eading to bands with hitWhtburv
the classical band theory, the behparitoirclod mu
i n which erelry odliectlradn i ce i nteractions are coc

to be free and inddpexddrts. (AMOtsr)amsiet ichmarmaet ¢

electronic correlations, Jd&lassical band theor
Il n part dalylsy efmsl, | ¢dhe coul ombic potenti al and
same order of magnitude, which prevenrt¥ntheef

MotHtubbard theory,Updtee rHtuibdla) dwasrpr dposed bet
behavi eof MbY. VPor narrow bandwidth (U < W), wh

the electron correlation splits the conducti o
ga’:Phe | atter bands are respectively the | owe
upper and unoccupied Hubbard band (UHB), whic

he Coul omb energy33rd Mot te'r s cdteilsegd tetl @nc sorfomsea t

—+

possess sufficient energhdhopphong) frdodmeone ®6he

epul sions. With increasing the temperatur e,

=

n increasing carrier density in t-hekeococdudurt
ehaviie r eachead.baThe tMatnts i t d-boann dc afni Iblei ntgu n eid. ¢

o T 9

arrier concentration, or throdgh the bandwid

4. 5P2ierl s transiti on

According to the #tMleToriys oifn dPuecieedr |bsy, at hsep oG a n e

a regular atorminedi menay onal amguatsti whi Gflf hter e a k
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di stortion i s-pihmcdwmne c oluyp |l elngggt riare. , by the i
|l attice, di fferently from the Mott transitio
thermodynamic point of nviiesw,f atvhoer eadt camii cl caw rtaeyr

one di mensional -xhéemalhsi omdiatcamedad t mr edi ch t h

direction. The | atter direction determines t
transmpeoatt ieeeperi odi c deformation of the | at
charge density. The insulator behavior of I S

gap bet weenbotnie nfgi lalned rt thikt @&tmp.t vy

Upon the monoclinic to rutile tranzagionjehnhhaea
al opgxics is concurrent/idwviemd aped ngi.t Tha smajnhenr
t hevbMonds into vanadium pairs, in which electr

vary in configuratiobanoi i h & o sbpdmdyitnagn gb aanhdtst
upshiftitbhand® ##ed, foll owi ngOtdiesl!tt@@taoe.ase i n

4. 5C8rrent perspectives

Recentl y,t htehoer yPewaesr Icsonsi dered 1 nsMIfTf,i caise ntth et
was proven to be induced through optical- exci

i nduced transition.
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Fig8¥G® Similarity of transient structures formed under el ecti
E-l MT wi tvh a&8D.paul se. (B) Lineout at a delay of 500 ms showi ni
(C) Normalized i ntleMTs iwiyt-fhcshaaptgledse dautr ian df. IPueDn)c & i onfe o~u4 9% amJ ac il e

Soed *®akcently employed ultrafast operando di f

VQat the ps scale. The authors discover an e
transiently on microsecond timéialcd!|l esmulThtei
stabilized by 1| ocal het ermeagtemesa nt itetse aengdu ii Init kerri
met astable phase, electrically triggered, was
ps, the gr awnp veugmdsttadna f o3InkA)t.i odt lpeart hamawd i( &
me tlailke I R optical properties could befi lHsiced
The optical properties were demonstrated to v
the one required for thé®>s3$tructural transitio
4. @ptical and el e®¥®x i cal properties of

T h thermochromic behavior&f Qcan be tri ggered by variations

or electr®@deamoootieihnds. to rutile transition
in optical, electrical, and magnveQfiicl npsr oapl el rotw
transmission of the NIR wavelengt hs, wher eas

refl ected olwikneg khehavimen.alThe modul ati on of th
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in ter mssavi egheampl i cations. V@habi beteheekpt be
creation of passive thermochromic smart windo

activati on.

Regarding the application field of smart wind
|l iterature to properly compare the solar modu
requirement, a ther mochrsamiics fsynalritg twi Inudfiym d 58S
values, simultaneous]!| ygiai.t hMoar eho vgehr ,s BJl ald o wnohdg
heating and cooling cycl es -t sarmdsimainarelgt. e rap aerne

parameterdefwi hedbas foll ows.

4. 6LGmi nous transmittance

The | uminous(Mtyleesmi beantéde ability of the sn
transmittance. The parameter is calculated by
applying a weight parameter, based on the pho
“ L _Y_Q_ (3.
Y ———
>vJ"I Q

i n whiyvebpresents the photopic vi sThro@p rl eusd mtosu
transmittancelhd smaaredeaerndggtihnt egrati on range f
780 nm.

i (nm) =

w9 T

=
3+

=y
=]
T

o
®
T

o
o
T

o
s

o
n

Photopic Luminosity Function

ol
(=]

400 500 600 700 800
Wavelength (nm)

Fi g8k St andgarod oPliE vision |l udinous efficiency function.

The photopic wigsiionn feufnfcitciioenn coyf (t he vi s31bll.e wa
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4. 6S@l ar modul ati on

The ability to moddisljatod tahe meaaltarwirnaddiwa tiiso rd e(f

YY Y Yo ( 3.
in whbicht the solar transmittance ati2®AC) eanpae

Tsorjhs t he sol ar transmittance ait 9tAQ@)h. tTeme e s
trans misyt amscedle(fi ned as Eq. 3. 3:

. S _Y_Q_ (3.
Y

wheryeis the standard solar radiation spectrum

312) and the standard integration range is 25

1.8
1.5+¢ —— Hemispherical Tilted Irradiance
E (37" Tilted Sun-Facing Surface)
w 1.2+
£
209+
8 L
509
E £
£03F E
0.0 l f\l V) i

7500 1000 1500 2000 2500
Wavelength (nm)

Fig8fr2 Hemi spherical 372A tilted solar irradiance.

The solar modul ation ability is of &6edooxiadic ul a-
T Tooac rather than integpedtirngm.oviehi ¢ hwalewnd i guwals
modul ati on offered by the smart window.

Regarding the Ahigh temperatureo state, the ¢
to be sufficiently higher with rgspwhatcht a st hu
~68AC. In this study, the high temperaticoe st
val ues were experimentabttlyidofuinldms.n The tcamge
verify the full potenti al of the solar modul a
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4. 6Hgsteresis and transition temperatures of

Besides the modul ation of the optical transmi
induced upd¥m® t hEsMhnOyest al s, r esi sPciavn tbye vraeraice
along with hysteresis val 8l¥ 8&hpondryy sat afl d w ne
materials crucially influences both the el ec
materials suffer from a wider hysteresis with
conduct i vi®fBye svareisattihcen sf.onpsnemglag vamy sagalss &iOs p
|l ow durability to MIT cycles, which induce st
crystals were reported topobryecarky safatldri nae ffew mv

stress var i®ayé¢loems, awlhiveh 1Make them sui“abl e f.

gBr2 (a) ISpetciifdal eresi sti wysianypl|feorona ssapipghljer ec)rsySsbtsatlmavtGc tr
in film with (a) 20% fr adtoimnan ntsr & mafnf@rf me dnealn d g(rke)y )60% fr ac

The c emmepdoi suimt emo d e | i's usually employed to ex|
heating and cooling cycles. According to the
smal | domains, which mayl icrme ngn aiensvi tbpomdt ve

is singularly -csudb¢recplrase ot tdresiftiiren® Asesathi

domain may possess slightly different propert
occur at the same time in al/l domai ns, which
Optical and electrical hysteresis are measur

characterizations are performed on the same s

same “a@aptuiec al transmissivity i s measured thro
along the nor mal direcR/i¢sobhRi g8ltr3de)(re)Ppetereantt e
resistivity is measured through the current

respect to tRegdludk J(aac)Whi( MéJduning optical c ha
interacts with a single domai n, during el ect

mul tipl eTheo maptisc al transmittance change wupor
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