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Abstract
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Chapter 1. Introduction

1.1 Overview

Wettability is central to numerous biological [o
relevanengonemanyng and [ Aihesadeabearppédi satfaas
wet tyaphdnamena dtan8PRrenrbbe Tpmapbedognt act angl
and dehfei mestuirdm cof 2A4red t s nrgf ace wet t inex pgoetsiealr ch en
growt h i n ke epgpstthied kbsttagu dy of t he e xtorf eme wet
superhydrophilic surface (evhama watper hgadmnoadobart
(where water congiactt mengp.pl3abcweeceddd g and revea
mechani sm of extreme wetting surface all ows rese
fabrication of materials with tailored wetting p
chemi stry agdaphhywghas oppeated new avenues for
superwettable surfaces with diverse characteri st
These include responsive sppegmdegrdrioippwibd csbpdrboyp
sur flddessuper hydrophilic surf6dmes gwitHoewesavsetr , wattheer
complex requirements of surface topography and p
processing of superwettable surfaces, resulting
t hat hi-asdaltel prgdeati ah aodhmh@pthdadd e zhit monati ons
highlighted the need to explioadlehenaecfefréatl isve nut
of superwetting systems.

Bi-mased sustainable mater{( €Nf€)caslulcthl @daNERd h afl iols @
and plant poll ens, r-dpresedt aad rehewabtendgeprdst
material [a9Fppbecanil dbys. the effectiscal et iplairzatcil ®rs
mat erial applications represents a major breakthi
delicate morphology compared to bCINKcamather . Fo
considered as stiff cr[ylsDth&NIleixthe ©iwist m & ihlgihgh sper:
itds | ength can explalnitiet pl aavepal | mher bmeeends ver
topography depending on théRépeoves, wihb abuerdamt

(OH) and car HKCOOHI) @rewsEsftgdcen otfhet helse sustainabl
1



numer ous opportunities for functionalization

superwettability for specific applications.

1.2 Motivation and challenges

The primary motivation behind this research is
such as CNX,prciNFenandin the devel opment of superw
of fer unique advantages,ndnkbwdéengitbermentrahewmp
them promising candidates for addressing sustai
|l everaging t he properties of sustainabl e mat er
techniques, we rwiacle ntohdairfayc ttelrdisrt i €8 , such as al

enhancing or altering the surface chbaggeszi agmbi

their structure, to fabricate super wey ttatbd £e sur f
superwettable systems in environment al and ener
solutions and addressing pressing challenges in
One key motivation is the desire by varnous st al
surface engineering. Traditional met hods on supe
renewabl e resources and environmentally harmful |
the special sinThecsect cpogrramaibée materials poss

mor phol ogy neededd tnoi cernagsi tnretleat urhee tdheassti rmei ni mi zes

associated with surface construction. Also, the

systems aligns with the gl obal sustainable requi
resources.

Anot her key motivation is to understand the funoc

with the properties of modified sustainable mate

interactions between dutiasgeproperitoesal @ndupsr u
we wi || gain insights into the basic interfaci
superwettable surfaces. This knowledge is cruci i
versatilduarnyf aaded hieseenvironmental and energy rel
transWwater oséparati on, i ons t raasn ssfheorwna+ii.dn sFailgiunriet



Fi g u flerhekurface modification, topography design, mechanical understanding and

application of superwettable surfaces.

There are however several chall enges that need t
motivations outlined above.

(iSurfacenéldimeyief fective functionalization and s
surface wettability, surface <charge, and struct
structure of the sustainable materials is crucia

(iMat eri al clohmgp amaibn l ¢thgl |l enge here is how to in

sustainable materials into the superwettable sys
undesired interactions that could compisomi se t he
(i Coptrolling nhencvheasrtiisgmast i ng the wunderl ying mech

strugtaperty relationships require comprehensi ve
di sciplinary approaches. Over camisngnt hgs aotaltlad

superwettable surfaces with precise and desired

1.3 Research Objectives
The research objective of this thesis is to expl

the devel opment of superwetting systems for appl |



i ncorporating sustaipabWet manhgrsatcacesp warwioluls

contributions and performance through effective

types of superwettable surfaces, namely superhy
hydropthi $upgemamydrophilic surfaces. This involves
with specific functional groups, altering their
properties. Through these modifhlatmanher i avles wad
participate in the superwetting systems, and how
existing or new applications. Further more, we S

mechani sms associ atheeds ewintohd i pof & refdo rsnuasntcaei ncafb I te mat e

systems, uas awell the underlying principles that

opportunities. Thus, the objectives of this thes

(1) The preparation of posdNd vsetl ayb i-clwaztegde whRiixc & eir o m g
emul sion and their capacity to construct supert
toward water dropl ets.

2)A facile method for the construction of novel
cont rwrlfl ede sfree energy.

B)Synthesis of highly hydrophilic and oppositely
membranes for ion transport and salinity energ)

4 The devel opmeunptd onfet Mibat tfoom $ hperchoyndsrtapbcitliiom C

membranes for superior ion conducting and o0smot

1.4 Thesis outline

The contentaroerfgatnhize dt hemdios 7 chapters, each focl
research. Chapter tli qm oon dtehse as wbpre rewe ti tnitmg dsuwcr f ac
and potenti al applications of superwettable syst
the contents of the thesis. Chapter 2 examines
rated to surface wettability. A comprehensive |
devel opment of superwetting systems, efficient s
wel | as associated applicatiysmtse m.heGh acptmebri n3e di nwi ¢
the interfacial assembly of positively <charged

2
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eparation of paraffin wax Pickering emul sions
e underlying mecthamalsime badhedi vteh force of sup

epared from these Pickering emulsions was al so

thod for controlling the surface free energy t
ref,.ac Thi s i s achieved t hrough t6Faoadmbi nat i
perhydrophobically modi fied | ywapedi ermmulpsi b en
paration was investigated to il |l ustChaatpet etrhe po't
describes the wutilizati omdCOdf $Sopetthedrmomhifliica
aphene oxide nanosheets. The enhanced surface
stem could be applied taor vieosnt itnrga nisnp owatt earn.d GCshaalp
"batpttompproach for constructing@gndsp@N®BEricuct in
mbr anes. The <chapter highlights their-r superio
ltivalent ITong,tandathest adbmcCthiaptemer7gyriowiwa
mprehensive conclusion deri vebd afnrdo nms utghgee srtess ufl ut

search directions for superwettable surfaces.



Chapter 2. Literature Review.

2.1 Introduction.

This chapter presents a review of the | iteratur
contained FKkinr gthliy, tthlreesiisntroduction of fundament
di scussed, including hydrophilic, bhwdreeamhdbhgdres
regarding to the Youngb6s equation, rough surfac

Secondl y, t heustdnragabuideail N F fn,€NGditngn, chitosan &

This wil!l include discussin@nsmoadn fitbaetiderdi aoftisam
superhydropwobipreswernftaede This wild include di sc
properties, characterizations of superhydrophobi
superhydrophoibd,c tcthear ssaitrdraicet construction stra
functionalizati on and topography dekspgaoi alwill

superhydrophobicity, including tshuer f a aheyabrli « adl
superhydropholdi ecmautf saaug@er hydrophobic surface,

relevant various applications-lwquid bepéntyophol
would be introduced. I n this part, we nwii lall t al k
applications. Finall vy, the superhydrophilicity w
promi sing applications that achieved by wutilizin

2.2Wettability : Definition

2. Flht suWNbasgéagmuadtion

The history of surface wetting and wettability |
Thomas Young (a pioneer researcher in this field
droplet and definetenhel aecihgcea debphkil i hycoWt a
dropl et willilk efsoprbrmniae ciafp it does not completely we
Figure when the whole system reaches tocthe ther
contact angle (CA) can be defi ned iagsuitdh e nareglfea ca
and Ilgiagguiicht er faci al

Traditionally, the hydr oplh o bahdAstuhrofsadc)ew kidsh AdCeAf i(n

4



is described asi bpdlrbphi siomme Acddent studies abo

indicate that the intrinsic wetting thtkkkhold fo
can be interpreted that the water molecules at sc¢
l' i ke trihedral or tetrahedral configuration, on

show weak interactionmswietmbl h yndr o plftyod i l-Bogossde rr f aocre , n
water gtulbdgctur e.

Youngds equation quantitatively represents the
tensioN/ m Pt hd/ mol i d sYNFf anc dan debwbl @ djiunitder f aci al
tenssihm o%f oJr/ man i deal flat surface with homogen

which can be dest)Yyibed by Equation (2

rr o Ai-© (2)
Additionally, it can be easily concluded that
gfding a |l ow free energy chemical onto the surf

contact angle achievable for a smooth surface w:
compounds,sgsoapsa®6C@mmishue [ddblgiwkver, there are nt
nat ur arle swiastteirng mat erhiagler dCA pdmad i Irigqtunied Hroetpuesl | €
|l eaves display a CA 162A and[ laThGA ef D5 A&, s lmo wine el
understanding and better mathemati cal me d e | i's n

l iquid. surfaces

~

Fi guflelr hz i | | uwsettrtaathiioni toyf f o (@) Tle water dropletisreape asdu r f ac e .

)

o
2
.

formation of static contact angle on a hydrophilic surface (upper) and hydrophobic surface
(bottom).(0) The water droplet contacts with rough surfa

state (bottom)(c) The illustration of surface adhesive force measurement with thersiapper)
5



and puloff (bottom) process.

2. Roaighasceir fWenzel 6s and Cassieds model s

I n practice, very few solid surfaces are truly
surfaces deviates from the values predicted from
the compl-aelgued BsBontéedface interaction. Therefor ¢
factor (R) should be considered when evaluating
developed to describe this phenomenon. Firstly,
penetrate into the O6groovesd or 6cavitiesd of t
topography of the surf-aoéteidnidntermBmcauvlgdBihn eodacl
ThusCAtban be calculated usi2ng the Wenzel 6s equalt

Al-& 1AT-6 (2)

wher efdbshe he apparent contact angle of a rough si
the actual surface area of tlkheefrenghteourfhacent oi

described by the Youngbbnegsuataonhor Obmtoeabgs bI

wettingweatntdrm@perirti es, depending on the intrinsic
materi al s. I f the surface haansd a owintlacrte dauncgel et hsir
howeveCAi greaterthbe@dano®9hness will increase the

Based on the extensive investigation of natur al

proposed another supefhbFhegphpomiposmadddlhainfd®4h
repell ent surface, the Tiquid wildl suspend on t
composed of protr-pechess ahdneatalppede al rquid dro
apparemt beAcada cul ated using the3Ffassied equation

Al & QAT-6 QAIT-© (3)
whenandcdrrespond to the fraction of materi al s
Besidiefsldi $d cbrrespondiniginei ¢ h€A fok=1mmAterial s
(Considering the vapor as th&8)idealbédydewphbbéno
4) :

Al-@ Qp AT-O »p (2)

In this state, the droplet willeonéwhirkisti maq da hre
6



|l arger apparent EAgu-tban Zhkeaef cuefatbde (surface

topography play a crucial role in the surface we

22.3 Sliding angl e

The static cont accth aarnagcltee rciazne btehesth yid rzeepdh dloi ci t vy
surface due tolitgsi dooohnaousl|l soéi dHowever, for
heterogeneous and irregular structuretesmcheas t
the accurate CA value sliingwei d hies comvtercad |by eprodt |
such cases, dynamic methods, such as sliding ang

measur.ement

2 2.4 Superhydrophobic states

I ntermedi ate state between Cassie and Wenzel sta
On a rough surface, the water droplet possesses
high adhesive force, where the | iquid does not sl
the contactsolidesbifgace is discreteda, camd acthe mode
resulting in a high static CA with an )extremely
generatichgaaisgl effect l i kee,t hmodtotafs tlkavest f adc

bet ween the Cassie and Wenpgreddes taant ea d hwehseirvee tfhoer cs
dropl et due t o t he partially wetted textile
hydrophobic/ hydrophidi onsiEtmih et ihoinearla r[g2hObjlu @ & ahr uc
coexistence of the Wenzeldés and Cassieds state
wetting transition due to the existence of the G
as pressur e, electricalndoesear yantdo maiginee i thdéi @t
wetting state to amnotghueird biyntaedrjaucsttiionng ftohrec es.ol i d
Contact angle hysteresis and adhesion detection
|t has been widely demonstrated that the cont .
parfmeter to characterifjzzl ihp2lwat by, repel daeahhemiuc &
het erogenous superhydrophobic surface, the migra

t heasi ¢ CA. Therefore, dathyh 8 sa disaenc it g decrctra dte a rmel
7



the -waopord i nterface Hd9d quepgll ddcerbypcehe Osoltihed co
contact angle is used torceftihpbatheecomablesti A
Nor mal dayi,s tcree e taenmwd tthheen di f f erence between them i
hysteresi sb)Y ) CAH, Eq. (2
600— — (B)

Additional vy, for superhydrophobic surface with
the dropl et i spodiinftfse reemnd dhitr edcitsitoomsctand gener at.
There are several reported studies that suggeste

and recedi2B¢d¢candieg.-Dopt heeYoaanhgon (Eq. (6)), t h

(wa¢ 9/ mnvolved in the movement of the droplet on

t o itnhteer f aci al tension and intrinsic CA and expre
0 P QE+ (B)

Besi des, assaeamragenthe whe work done bpyNtthhaet | at e

makidn@pl et move ath aj[ie@hteaied odiest amee &( bpnt be r ¢
Wag Coantqplcd hysteresis (CAH), The droplet/surface
(Z) andd8)Bq:. (2

g o7ty (2)

' —  — <Y I Qp @éH Y (3)
Besides, the droplet touching and separating froi
direction will not be affected by the position di
properties, | i ke Caslseides tiarbahnes i Qai sosni es tsattaet e()a | asnod ¢
al so be characterized by detbdremiadhegi veetfdrcpel é D
hydrophobic surface can be evaluated via dynamic
hol der that connect -ftoor ce® Ibiagmnsendiatnigviwiyt hmiac rto
controlled to contactpeéedh Dwidingstuhd amd wamerto,ns
(the droplet touch the surface) generated once
force the dropl et required -owhfenf otcaeiti e edr d ploe

from thal sortatéeedi maxi mumeRiddgelsth o2vn i n



2.3 Superhydrophobic treatment.
With tb&nodet idlge on the mechanism of deatf dcedwet

two key factors, namel y,stl rowc tswrr dsaicpee memneed rmoyp manbdi cr

surface. In the following section, we wil!/| di scu
design in the modification of solid surfaces.

2. xhemical functionalizati on

The surface enserggtefpltagssal kdysuble in deter mi
dat e, l ow surface energy materials such as | ong

compounds are the most used materi al sl Iteod ianntdr o d u
precise modulation of the surface chemistry with
prepare smart and advanced | iquid wettability s
summari ze the methods foed hydrovphiobus meadctfivcvatf

on theFsguiadece

Hydroxyl groups modification

The hydr oXWHIl) ,grrasuaanchoring points for surface mo
ease of functionaliazativonyandl kmpldderlaamees modi f i c
common methods used to prepare hydrophobic mono
(RS ¥XH X a@8i R where R is an al kyl group and X i s

al koxy,i der) hwaerr iOHg[ 2@p é @aickiscal | vy, the surface

silanes can be conducted under different conditi
based modi fication reaction, several factors nee
the s$oMVvewcosity and polarity, which heavily infl
the amount of water in the | igqguid medium is al sc

further reactwonke®pgitws fdadmdtcdo report on the
monol ayers from the solution phase, and other re
synthetic mdt2iBgddp.osleae aetsianpl e shraabkbgygttoctfabei
onegtep microwave irradiation @arbd atime ds buaddrehy croag

surfaces wie¢thr amchladrecyill ane (ODTS) in [t29]Juene so
9



reported a superhydrophobi-stepatshgi thcbmeguieché
reaction of octadecyl tr i onvhliarho spirloadnuec efgl@®dd xx rion h e
hi erarchical siloxane aggregatpehsaswi tmoda fi cwt isaonmn
prepared surface usually required to expose to a
temper aitlROeBe n(pds[ 3gfreovued oped an effective and rep
fabricate robust -phpee dco@md $finltgi awni acaft agdwersi, | an e .
hydrophobic modification with fatty acids, such
octyl phosphonic acid (OP) or myristic aci d, a

super hydr op[h3o1li ¢ surface.

Ot her hydrophilic groups modification
I n addition, chemically reactive interfaces were
UVassisted click chemistries, azlactone ring ope

Accordingly, the surface with differeot OCOOHDPgoON:
coul d be easily funeacbhnaht zed fnwsediinfga c eshi enpd e s tpe
Specifically, when the surfigethesseassacer eaat idv d
wi t h t hi ol s -a(dtahmaongt!|aynceetrhoilo,l -mMetr biapt¢c opolopytl erpdl,ylt
ol i gomeaguwi osxialne) t hrymneag hc ltihek rragada adt itohni otto |1 mpar
characterisf{iB@, Lte@Xijihnewasnukdrefcasc er.eported on- the modi
hydr oxyetalkcyly ehéhey | ene di met hacryl at e) surface wi
all owed the exmpldoictattitoknod afzroeldd t i on t o -prepare
hydrophilic micsepatcttievashwidtbphobi teawdBiddphobic
Besides, thepanl agtoeacti og -choenttweiemi mg i hmadryo mhmiln
mol ecul es and azlactone groups chamembge ount it heed
hi erarchically featured polymeric fil m, foll owec
(decyl amine, decafluoroundecyl amine, propyl amine
or UV r[a3d7Hdr oemx amp | [e3&}Bpulcoki teetd atthe azl actone rin.
to prepare covalently <croacésnkdathe ¢hémscdlalbyr i«
alternating | ayers of azl aeoti oy ddi rheautnicyt li adnlad d tzeerd

( PVDMA) and poly(ethylenandi mano¢fP&lI ¢ exhface fr
10



resulted in superhgdsophabéec FE te3tbeeptogrt@&dp ttehtate tt
azl actone groups in these covalently crosslinke
nucl eophi-dii cicmihelahali ng compounds, such as an org

reaetiacyl hydrazine groups by direct treat ment wi

For the surface with acrylates groups, -the react
modi fication with al kyl ami nes via the facil e \Y,
al kyl amines of increafsungtcbaahi kahgdoh wsed Vvari,|
from propyl amine t o octadecyl amine, yiel ded h

superhydrophobic (octyl, d et@dyaln,a [ddattlleackyll g p eodc t aa d e
switchable superhydrophobic to underwater supero
acidic media. The prepar edouwms tmms amhigteds amateelrli awe
pat hway t of rtehee Miacthaalsytsitadddt cowal ent crosslinking
acrylate crosslinker to obtain a chemically reac
cat dlryeset IMi #dhédieti on reaction was also utilized to
t o prepar e -ifnusnpcitrieodn aina tbeiroi al s with tailorabl e r
wettabili[t4d]r ddendatedaldurable superhydrbehobic p
modi fication of carbon nanotubes with dodecyl ami

reaction.
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2. Dexdign of topography
I n t hoef caansoer phous rough structures, surface rouglt

the wetting behavior. AsiBdaixstceurs stehde,o rbicetsh iWednizceat e

surface is essential to i mper.t Imydrheptfoldilonwmhar s
wi || introduce the different met hods that have
topographies with distinct topographical scale |

(Fi gu2be. 2

Lithography

Lithography refers matproekssiving etcbhunffjaaeaed obfhs
be used to introduce r[odRhkhinse ssetomod idgdreareanlt]l ys utbes
reguil@gbobmuctured substrate as the template and t|
Af tceurri ng the polymer with the i mpmrimaredadstsrulbctturad
obtained. I't is worth mentawmni mpothant téer dti e dy
complex and homogeneous micro scale structure.
The most basic utilizatiopiof ari ahogqyaplyn ithet o
tradit idoomenld dnedaphod can reduce itdhheamadntaqui dratu
increasing the hydrophobicity of the surface acc
have investigated on the relationship between r

mi cpiol | ar a[r4dBlyr se/xsd mpn. ewo rBfuet®d rasmtdr wcoot pd | t Be mi cr

array surfaces, and regul ated t he di mensi on of
micropillars. They foemdimnlgat hley asiprulitynesozel @n
aHriquid interface became more stable allowing fo
the appartearcttExadptrike basliickecunmbiiccr opi | Isawi t ht he na

di fferkoktognwr porud dlt & eu rlgidideuridd cont act fraction an
physical behavior. [AMéhde fa[rt tedde bayit iSloinzga teitonalof |
could create speaindtl ospeooghriacpahly pciolulladr sr et hee t he ¢
droplet will digpuUrgp agodak af if Tareeeydtbhealti ewderamealde

water pr oif e $oetl hvea sr etchtei f i cati on of capillary ener.

transifeampwgr d trhtatefdohne fdrroonp t h.e sur face
12



Lithogr ®phwuwtcéamzed to design more compha&xgand uni
and reentrant[ d4B8htucodueed bd dds@hidbdaet .treepbheaphy and
mi cr os tcrouncstiusrteesd of a top surface containing ver
couled whe top surface andoveohgGmgagtopen| twert hhes |
poi ntthweef ti cal ovellhsnger gmemiepgdtihnegi hge avth & b o ut

surfabdgdwiopthobi c material s.

El ectrospinning

El ectrospinning -kesowan ntoevcehnodmdgy welol-nggenmoer at e n
topographies that is widely used in tHet9field of
This methed sBonbpecting a polymer solution or mel
the charged polymer droplets arei sransdtoedefdr o mt
nozzl e, the sol venmtovewna-piakbeatiéds be ahn sne b maad . It

effectively produce homogeneous and continuous mi
field to construct irregular nano or micro topog]!
various strategiagiltihaed recseanwolpeorgraphy regul a
superhydrophobic modification.

First, controlling the concentration of pol ymer
topography of the prepar[éi]hi tmncAst rseopleudtiednl lyp t .
in DMF (25wt %) would generate a network structur
nanofiber. A dilute precursor solution (5wt % wo

fromen tdaae7t o the constrfiinme nkcreo mlnat < od U raiprsge Dd | |

the evaporation of solvent. I f the substrate was
the prepared film would comprise of microsphere
substrateopabacihc!| miscri s interlinked wi t h nanofib

nanofibers constitute a 3D networ k wtohd{tdérlgdnhanc e
examined the wettability and topography of el ect.
solvents. They concluded that in contrast to chl
a protuberant secomamofyi bsetrr ustufr @c eonwitthhe a hig

hydrophobicity. [Foekceepnotritye d Zah ofunm cetl exltornes pi nni ng
13



prepare a super hydr op hsosbalcv e dne npbalayn(ev.ic myilhieg e n d i
hexafl uor opr ¢dg-\Pl) e n ed od( pviiDgRt s ol-metn@-g VY rir.oel.i,d oM e

( NMP) , and control the injexmstobphnngahanobi bensheu
di fferent itnjeectfioomed atmésr osphere possessed di
mor phol ogies, endowing the membrane with differe

I n addition to the modul ation of precursor soluwu
al sorantave approach to generate complex surface
wor 833t nxiso el ectrospinning could gesmlegatthe homo
structure and enhanced wetti ng dreexsaifsltuaonrcoep.r oTphyd ep
( PH) core offered a high stf®icAlurat sthéi buter as
nanofiber could provide enhanced surface roughn:¢
factor s, the formed nRnefabehi craelmbstamec twirteh d3ibs
potentidlerfmoraplpdngaei dnsinl mamboa.

A post treatment of membrane go®d aaepdrgofjdruccoe el e ¢
complex topogrephty.pazZ@&dgraephaehe fiber by carbon
polyacryloni ttanflcel Ifoweed b i mttiNélofr adi al ly oriented
sheeGSwsi)at hbemapr €c&/dDI ey cl aimed that the carbon
woupmdodnuucnreer ous por eshneamd fdtbreedsks aommd t he vertica
producetd ef rtohner mal chemical vapsru l de@osmhibsenapeo
roughness. Additionally, the | ow temmperegptauree si n
hi erarchi ca-t opnoagnroa p h ;i ewr@ao i & r5eda d polytetrafl uor oce
ol y(ethyl exoRBTBEI BED/ Si Op)y ecmu Isirfo ashoglddiodaitio In e
roughness membrane via the combination of electr
believe that during sintering process, PEO woul ¢
formed in themolithdéemvo,udwwhf beet hel ow and f il t he

fornPTnFQE/ Si G efhihbaenrcsed roughness and hydrophobi ci

Chemical fabrication
Chemical fabrication is one of the easiest prep
varying tod ocodsti smlprent type, and temperature

14



could be prepared to construct more compl ex micr
deposition method is an effective appsrtoraacthest.o ge
For exampl e, Ui58% proe s ear om a@r dwpmpd d peo stietmpd na t nee tf hroe
to producecoomyear omi wradg i ous substrates. This app
to develop hharmemehiacalaymiusnmmg secondary deposit

to prepare doubl e | ¢nbg7t,Uths8cliatiengotulpd teoeplbagc amaiyt

al] 58eposited a-lli.kgemi ofoftbwegters on the surface
cluster i s compossiezde do-f eilnitibkgea loame Nlaam®. Thi s type
hi erarchical structure dramatically enhanced the

the superwett i[n@gDidshrrifcaacteeadnXau dwitcdadi t i ¢ topography
t her mal evaporation and chemical deposition proc
aomogeneous copper film of 100 nm thickness on a
Uusi ngsA@INWOt i on woul d gr adXdalbkby coxi-layyedi bigr &at it @t
( XRD) and the silver recrystadtliinzge da idna wb Iteh el ednegn
roughness.

The chemical etching is also a surdfaamecrougher
topography, which is widely adopted|[i6fifeHde prep:
nitric and dwehfiwgi ageanitds tads pe epare rough topogr
island structures on the surface of steel/ coppe
mor phol ogies were attributed to the distinct e
herteegeneous distribution of metals in the alloy.
al so widely used as et chi[n6ég2 frenteer nste.d Lferie sahn dc olpipse rr
dilute ammonia solution (0.03M) for etching over
Cu(@GmMéedles would form on the surface perpendicu
surface ofad hael e edd welsptwured with nanogrooves in
needle possessed 4 to 8 grooves on its surface.

attributed to the hydrogen bond inamrs atthatonwebet
stacked along the axial direction, forming bundl
Anot her convenient and effective method to cons

met hod, such as -dhgldr mé h ban[dtal EYpaonrdttesdola compl e x ¢
15



nanowire array structure on nickel Ry ®M, vi a t he
NHF and JO(BlHsi des-wo LK édddogprde dcnro®@ @Sh &®nor od array ofr
cotton fiber, t hat di spl ayebd ozkishgomrmdpamwadteer irset
generation of the hierarchical topography compri
cotton f iclmertds naglrao(tdh)eprma l reaction to construct 2
by ayer depotsa tiimor eeds Sitbhe naBeegegbsonedassheldr t hege
designed a robust hierarchicagl sgtlricotner ex amy fd d rabm
Ti:anoparticles. -Obpgpmiepadet spadr avyeh y, three maj
I nitially, €rh)e gniag v shcead ks (Wed een gslietpy sp d leydetomy It dree
substrate and iprmatrd i tathé ymatmbiexddbegd medium temper at
dr oalssti sted growth and shaping (DAGS) method, a |
was coated on the surface of L DPnE nsowbasrttri atl ee sa nvde
de@adrd on the SNF surface via al hmiyl d omyd ruadtehlde rtnh
mi cswal e structure (glass beads) woul d enhance t
surface topography and the mamormpauadh necs!| d r denc it d
t he -lsioquidd contact fractionThedcdmlitirratsieon heaf hiyn
nanoparticles and organic polymer is an alternat

of hierarchi callbgsttarbubcetidinroep.r opw la@tri &It hoxysilane (A

of silica nanoparticled,i kfforomi rsgema swelsld | ggies per sTe
wer e utilized t enam®@n sparuccus tshter umit umr @ on gl ass
aggl omeration of sil i-ccoaatnianngo ppraorcteiscsl.e sl tf riosm wchret t
coating of APS <could increphby medhamiccalasst it &

transmittance[.56®epcoerntteldy ,a Lcionevtemilent and practi ca

the construction of hierarchical microstructure
|l ayer of diluted and uncured commercialized poly
solid surface and acted as glue for powder fixir
topography construction, the nanoparticles which

l ayer or rtthel mscwopd They afbahdt bmetsenal | er parti
aggregate and form the microscale clusters on th

meanti me, the increased roughness and encapsul a
16



repell ent propertty. tbéffFargaetdyamduer of mi cr op e
mi grate and partially decorate particlesdé surfac
al so worth toi nmerminitstiacht hatythbhé& parto ctlhees fhiamall i |
superhydrophobicity of solid surface, expanding

superhydrophobic surface.

Templ ate method

The templ ate method refers to the useaofd suitab

nanostructures. The template can be from natur al
a special regular structure, such asopiogiomal al un
template is inversed, t hesodopy gl ayiidern sceanmp i @¢ eao bt

convenient and cheap way -ntaon oc ohnisetrraurccth i ncaanl o ,t onpi ocgrr
The | ot us -kinecawn issu pae rvheyldirhoapttscelnite ey ptae mdo

nano hierarchyncami ckopggr aphgndvwackeérRg parct aid ef. o rd i
the fitrestuldiegmef d poly(di methyl sil oxawniegélad PDMS) 1t
negati veaftteemplsaotlei di fi cadfi onmeffTihelnc lal aromwil lagyree (-
second PDMS replication was perforymedoulThhebdier
transferred to the artifibDuathe@DWM&t euréaapowat ho
t teempl ati,sgrpnkagsesof epapudilacd magwlattiumae siodr & ur f
topography.[ Gairisltinzed etthealpol yether (PE) to repl
wi sahsi mi Harp ongircarpdhy wi t hout nano crystalloids.
There arepamatpodi ehe devel opmentsuof amethepograph
reploincdatffif er ent bi ol ogi cal templ at es. For exampl
wi t h ¢ o nbpd aetxe re gtgo p ®gtrhaep hswirddedsopwe ¢ ied la¢c abrid i t y
under [ &¥@ther .duplication of t opproogdr ulapehdy wicferhom g e c k
supephdbbculttyi gddesi weotfhorime dry gn/dBywteit!| icoinrdg t i o
rice |l eaves ampaptidrmpmpleataer,r amgi cwiot h ani sotasopi ¢ di
prepared anddi rieaciipitosns et ® eetbadpinl 1kfy.addi ti on, the wi
butterfly (Morpho aega)mpoalsaersgge unnuingbueer toofp ogguraadprhe

of ength of 150 mmtanf@iowmdahpiedli dfu mimheeceesatrichgl vy,
17



replicating t huics uurei,queres udrrfoppdeetstwmoul d transport
on the surface[]T72] reverse direction.

The inorganic materials can al-andbmiosedtapoygemj
For example, anodic al umi nundeonxsiidtey (pAoA Q)u smesnibrruacnte
good candidate for constructing nanofttu®d$edr nano
porous alumina (AAOQO) as a template to prepare

polyacrylonigoliywi fyIANaA)camdl] 748 ¢A) AAXQ sam,d L eex teut

aluminum sheets as replicatingast euspddataess.a Thweb gro
the templating process. Af ter coolingatsedt he ro
materials) was remo®d uby oinmmémsitmgsi wakkgCli t i s

PS nanofi ber ar raarye awi tAm olt dhrege psowpruflaaace i norgani c
soot . DO e7n8g¢ peots iatle.d ac alnadyleer soofotbloancka gl ass consi s
of diameter of 30 to 40 -Innk,e tnheattwodiks p |Tahyeend tah el occ
deposition process was conducted to coat a silic
clhcinating, the carbon core was combusted while

topography.

2.4 Superhydrophilic treatment

I n 1996, t he term "superhydrophilic surface" W
super hydr ophobfiiccaddryf acrees e@paedier s l ed by Fuji sl
superhydrophilicity as one that exhibits a stati

wat er [d7rGopptleert st udies suggested that a superhydr
contact angle of |l ess than 3A, or that a water di

onraugh sur f akoewewietrh rt he MHefinition of superhyd

debate, as roughness i s nfootr mailnaga yssu rif eactdesss afroyr twoa t
I n technological applications, there are two dis
di scussed. -BAhe ofribri sitg isuurdwmgers, which draw inspirtr

sucBpasagnum or peat mokiskeTsesecporessarepoapgeaebl ¢
than 20 times theliirkedrmi cweod sgthrtu.c tTuhree sh aoifr t hese

superhydrophilic properties, uwhriicehntai.d Fiom tshie hu
18



structures, the appropriate definition of superh
researchers suggedtasddt satpet hgdradpirlpite osur f ace:

spreading ti me otnpd7s8 ees s CRaatineer0 .whe tstei ng mechani sm |

based superhydrophililce sdirfuftea uerece se xvh én t sc o mpd
super hydrophobic counterparts. Owing to their hi
forces facilitate the penetrationBafteatequamnitaon

must be mecdaiofuingd ftoog t-hlese effects (Eq. 2

Ai-6 .+« AI-© p »p (3)
wheres the apparenits ctomd aicht rainmgdeied sc a mteaptoramsglt g
The relationship between the surfache dporphsiltiyc ar

surfaces is ew)l dehRt-3irietm2a€Eagn K& observed that wh

angle is below 20A, surface wettability is mini:i
superhydrophilicitoysinegquiOmed henlcynd rlacw, powhen i n
greater than 20A, porosity significantly i mpac
superhydrophilicity in (Buxh9&%)erguiosd, apargihcuwpl

intrincsti carcplng sh 7ebdovecerde r40A n a porous system, the

the droplet when thesvohemeropl ¢ehe pores excee

B(deg)

T T T T
0 20 40 60 80 100

Fi gu3&kel ati onship between the minimum porosity a

to achieve superhydr o@®Billicity on porou:
The second type of superhydrophilicity is <char ac
water on a smilnigd asutrifiarcel i dwird fil m that el i min
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adsorbing the |ight. To achieve this type of supe
is not the only considering factored Tthe meeate atdh en
specific criteria. As for the superhydrophobic s
sufficient roughness (r > 1), fast spreading tir

classified -mssea sporpehadhiymd/he ar fcahcaer acteri zing t he

spreading behaviors of superhydrophilic surfaces
since it accounts for the complete penbPtueation of
to ydeophilic nature of the surface, capillary f

and pinning forces acting on the top of the r o
advancing force encourages thehwhteet hteopspnead
restrict the spreading. At this point, the rougt
when it surpasses a superspreading criterion doe

forces and conltli wmater astpaedd &idn nki, g arse i 2

a b
( ) Pinning ( ) Superspreading
Shortarray |
Peo) |
\ :
AU - IESN 1

Figaed4eEffect of surface rougHhnegsus do ms pwaetaedri nsgp rper aoc
be pinned on a short array. (b) Only when the |

nanostructured surface is | arger fthaih a critic

Many techniqgues have been used to prepare a supe
modi fication and surface ctsdmidtarry tfou nchtei osnuapleirzha
surface construction as discussed in section 2.
achieved by grafting functional g+OdH)ps awi tdlo gleing h

(NH) and caobOk)wudprs( A range of met hods <€an be en

20



energy functional groups onto a surface, such a
modi ficati on. For instance, UV I|Iight can induce
genating highly active free radicals, [rBeOgardl ess
Similarly, plasma etching can break and reform cl

formation of hydroxyl groups thrasgmh B8drigge and

However, these physical fabrication metctadd®s have
applications. For instance, the highliyndaoteve fre
unintended side reactions, altering the surface

complex equipment and energy requirements of the:
modi fication processes, ttihleirzatyi ooni.miTheigc hemiiaal
of fers an efficient and eeanseyr gayp pfruonaccthi otnoa | c ognrsoturpus
silane coupling agent and sul fhydryl modi fier be
RCA (RoRerct#thaAmdher son) redox reacti on JuS8skdpce sien t he =
modi f imeathooadmsl d motuoatgely tune the surface hydro
pressure windows, the additionalt of urhcet isaurdala cger acdw
the surface grafting, endowi ntghagnhh é m$ er fodbé¢ @l wiptr o p

anttoul ing proper.tTyh,ushi obcacsnrepdatdrbi it heéytypes and pi

suitable modi fi dat ichmsmat Hods ssaihdwalce hydrophilic
The surface topography construction i s anot her
superhydrophilicity, while it -shdasorabilng tdred d9d @ 1f eec
surfaces, which focuses on the creation of a por
increase the roughness. Except the-gafilgr dmendt isorf &
templ at es, t he porous and smi car ocbasineér actoinosnt r u

super hydd optpii Iriedi tty om ani mal ssop rcena chierags twihmec ho fh alve

839,trhee superspreading phensmahenmi er pwhdenedsbyut

periodical p ol yagrornaayl nmmiacnroofdiobneai ns ar[e8 Thepar at ed
nanofiber ar/raoys! ainred urceewn oicfraopriclel sa, whi ch i mprove
hydrophilicity, while the mi crochannel s control

superspreadiSmnagni farmaddvpok Bdéported that the spreadi

controll edofbfy btenteweternadeh e tchagpi Vil ado/u sp rreesssiug tea nacned
21



the I ength scal e Tohfedy¢ $rieg rsa d utc raeior nenpedceticeddu riieVh t gerr 0 0 v
copper nanowires on surface, where the hydrophil
provided safyipresguoapeThwetW sufficient height

film transport microchannels that reduced the vis

2.5The superwettable surface

The rational asidr paeceei clkemiesti gn @fd topography c

uni que water mani pul ation capability, l'i ke di st
regul ation methods and speci al capabilities exte
s uarcfe s . I n the following section,f abwe iwialtli ode tmaitlhl
for these speci al superwettable surfaces and o]
applications

2.Funable adhesion of superhydrophobic surface

Rectenstudies on Lotus |l eaves and Rose pet al reves:
a | arge CA could exhibit signifi[c8drttihy udyihf fbeortent
surfaces are covered with micro waanprwetusngn,
situations in nature, 6Lotus |l eafd and O6rose pe
droplet and the soléedsspefhgedropbobilLotssrfiaadé, |
the surfalkewwiiht uabnhglhe and the adhesion force i
dropl et wildl be pinned on the sticky rose petal

forcRecently, the controllable adhesive super hyd:!
since their representative wetting phednosmenon ar
microdroplet transporfa&8Pjifeni oms miesedtaoahdde mderyf
synergistic effect of surface chemical component
tuning the |liquid adhesion on the special functi
seaér examples on the modification of surface f

nanostruct umrseepfhoyd rdoepsh ogniiecngsur f ace with tunabl e e

Mor phol ogy control
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By mimicking the mechahigm siir §dc &oattide]a dliiovznefdh ul
a porous anode aluminum oxide nanotube as sacr.i
polystyrene (PS) | ayer. The prepared PS nanotube
and CA hysteresis. Thsurdfraoqpd edan dvotuH ed iardthesrrec ttioort |
and surface cdlppmTbhachedh&8. 8l ai med that this remar
from the intimate interaction between the PS tub
of geekp the high density of PS nanotubes would
to the strong adhesion between PS | ayers and |iq
to W .when the density of PSubtayemeemppsoaaheédg?:!
tunable adhesion property of the surperhydrophob
the mechanism between tunable adp8@é¢ovingaed tobpeg:
types of supenapdsbphobucedi ulgsdareavkleisc msc amoiwat d
of nanopore array (NPA), nanotube array (NTA) and
three structures displayed various westttihnagt prop
effectivelypadkaessedelbew Bahe water droplets with
and NCA exhibited the highest and tunable adhesi\
force gener adiedpbygk éeBaes & ad e diploecikre tosp emo daeilr, t he
would hardly stick on the NVA, displaying the ©o6L
results indicated that the surface adlhieguive f or c
contmdctfraacti on of air pockets within nanostruct.
ReceiKti Imy dt8,pra®lpweylpoefs structur ed -psourref azciersc wd xihd e
nanowi rZensO) ( Sathgposeala@ddi ¢ al umi numAAQ)ifdteArnanoc h:
depositing a monol ayer oft loogeuttaed e dasyhiewfoa ceeh,F baoes b1 a
di sphagédcontact anglFe gadbeThwea twart esie et dogel hebt g
SHAAO suwhfedarce s whasti averatnedddeatdh@&8i onippapgerties
the dynamic bsEmawioort dseftpdr bptiebphobic surface. A:
3B the water jet wduwh$edA AsOp Isausrif asared wbhoouhrecaeg to fwfi t h
th@eHAAO surface without rebounddapg) | iitndi o&tisntg c
superhydropthwdbieth rsge f @aea&n tAintoitdherofsuwatesrs.f ul exanm

topography control of surface adrhkfeSrOsf Ehdy riceedvas
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the commercially available methods to construct a

and polydimethyl siloxane ( PDMS) was uni formly
modi fication agent. By contcoodtliimgenooarh en gy epadat
fabrication time, four types of superhydrophobic

constructed with different roughness factor and
chemical Eogqpie.i RElke (kseyarfei:ndilng Single nanosi zec
l ead to the gecko effect super-bgdsophuebi andy,coah
utilized tsopeheanddlreopHhieglbs and need strong adhesio
mi cg¥iozedhireumghchi cal structure would reduce the &
from Petal to Lotus state (from high adhesion to
Besidesl ithe moabephol ogy, the surface constructed I
superrchppldobi ci ty with switchabl eharntg cki@ghedtaetaec.t er i
al] 9Aalesented a super hydr oppwlby nce rs uprdratciec Iceosn,s twhuicd
the wetting property-ciredmabilghltyheadhegiovectod , s ¢l

particles were fiamkar prr2ip@lIr @ d§ sancehti lleovdeasderfaiéfeimaril t i

hierarchical structure, mamgaugmileax awas t $yomt r esic
di pent aer y/t heaicar yIl apent(dAcl ), octadecyl amine (OT
ethylenediamine (BPERF). iBy tedntarhgldlriofgurahe (Té&lac
bet weelerme act or and nanocompl ex, the nanosized r ol
oversized to undersized. As a result, only the s

hierasthueatihe Letnlls super syadri apghhed brigeq U iyr e men't of
pocket | ayer -thqgukdessesnbtadt sbt bodteiresn .z eldn oad duintdiear
nanopart pc beduheee ualddh e s iavceh itedivee Ca gin@ tii mgr wet ti ng
(repsed al |i ke superthedrapbebce stir hankRagoimpd £x o0n
X u ef02ja¢ported a solution precursor pl as ma s p
superhydrophobi cOyyt ceabi ngp. oXheeslU¥Ybacezewds di st
cluster sclwisttheri ngtagprs. For eachOspanlgée ahdssleat stw
randomly coat eds,i zfeadr mionugyg htnhees sn asnta uct u-seal ®ue t o
hi erarchical structur e, the resulandgesur émekypb

rodflf ahgl en(8&r edteisn gley ,f otrltree ggradual ly increased
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scans and the surface | ost its superhydrophobici:
adhesion was attributed to t hlei gsunodo tahreeflaa tforgadcgtriaop
al] 98ked a f adirleees h3tDemipilmag emet hogdett@|l dgenekat ggra pfh
mi cropapillae superhydrophobic surf ®©de.aanHhe hydr
COOH) on surface promotlkke Whtercheémoplé¢t adthesi o |

The adhesive force of superhydrophobic surface d

papill ae arrays. Additionally, this superhydroph
t weezeg$owes, acting as a physical barrier and s
reacFkFiowbDf . 2 1t is worth mentioning that the hex:
adhesive foreN tolfatupi & opalpke9b. Mg af maxi memn | i quid

whil e maintaining the superhydrophobicity (The

inspiration for the design of 3D superhydrophobi

Control of Chemical composition

The cheémicomposition is also a critical par amet e
adhesive force. For superhydrophobic surface wi-t
composition, such as the chemi cerersatad ee-xtfe rsrualf as
liquid interaction, thereby increasing the surfa

One example was rwprokdddi,obprepiaraeddachagdr roughr
with sponge | ike morphology.p&dftlkovomodcfykatienh:
(PTES), the droplet placedraen sthlag es wamfda cwe ud xdh ielais
the surface-ldcud tsa pteréh yldatopshobi ci ty. However, if
mi xture of PTES and trace amounts of nitrocell ul c
resist thé @oavciessamphen wahse ti |l ted vertically (90A
(180A) due to the strong adhesion. The morphol og
indicated that the surface morphol ogyicdald not

composition. They characterized the surf-ace free
NC mixture, concluded that the high adhesion was
on surface would disrupa RThES dsetnrsued tyu rpea,c kleeda dhiyndg

contact angle, (ii) the hydrophilic nitro groups
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with water mol eculliequii ccirretaesri anq@t itdhre asrod idur f ace
Recendnaak®¥5eported a supe rphryedoraa pdhdodd &g hsaudrafbal cee
pol ymeat dicvpimaygad acti vi toyn alnnd ttthd gsahbel e c hai dt hoessai n
nanoparticles wehkesodlivati gmgmafledd bwi th di pent ac
petaacryl ate i(rfpfacltyed @mbe heed vyl ionlgi thhwon t ypes

of functional groups, amine and acrylate groups.
treatment with octadecyl amiumd ac®DAoul dhdeagnranlfate
hydrocarbon chain, showing a strongshydmephobi ci
chitosan patrhseu cf ac esnednosttattiptHieey dwo pfl @rtm a spheri ca
s haopiehseur apeer eahan 3 anaph pmwehmaln oluatt Thi Buted to t
protonated amine groups in acidic condition, whi
free d¢emart gy)s f operceepsasaatreyg r e p eclal uvesnetdn shuyneat ess of

pockets trapped Besrodegh b espsutpoefrahcyed rwoopunlodb i ¢ wi t

adhesi on whens tshueb satnmitnet egd oluyp decanoyl chloride (
sindhe hydrophi liincdsaicceroyniga tceh egmigoeaplesrsactben gi t gt andct i
force hwei tdlhdoplt et . Additionally, the saudrhfeascieo nwoul d

and superhydrtoipdaobmipaweyewlesed wi th DG aBodt hODA mi
the acrylate and amine groups would be replaced
t hdeotl e tiperhydrophobicity

The tuning a@fheimmtcralnstructure can also adjust th
sur fRaicgeu-3de. 2L i[ 9t si glned a new type of sticky supg
forming numeirloaisc duindihemmindbe ssbeCe®n t he outer su

experi ment showed tthheatprtelpea uwditaeCre OCAubfl reach uj

indicating strong water repellency and superhydr
strong adhesive force to the | iquid and the crit
whenitthme wfas tilted at 90e. The authors believed

the preferentially exposed daynddr otpHheo lote taheendrld ) cr vy
hierarchi cal topogpaphgt s Me e-pWwiEe jOtahnect tloughecasi runder

the water droplets generating negative Laplace p

QD
(7]

ticky effect. I nteresuperghwdr d hteo middh esu wfea d e r
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after UV irradiation as shown in Figure 3C due t

Céin the structure. The peroxide interfneldinates d
convert'togiCE€&hich increased the amounts of hydr
confirmed by XPS analysis. Consequentl vy, t he en
additional hydroxyl groups and liquidndndapel et wo
static CA. Besides, the adhesion returned to it

(450eC) since the replacement of oxygen atoms at

the tunable adhesion property.

A ArTAAA Airtrapped in closed system |3
K;x XX ﬁ% Ucuid-sokd"area* contact
Superhydrophobic nanopore array with high adhesion

ir trapped In closed system
A LQ ﬂ-mld'“\' ontact
OO O/ opened system

Intermediate
Gecko effect

VR, L L

\8

‘ B Ar cuemsys(em
5 Lcuid sold peint"sontact Lotus effect

Petal effect

AW w%wmw ,

-

f Voo View for @, View for 8,

t h e Anisotr PN
Height < R . 4
m, - e -
t
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Figagb€he exasmppeshypdsruopfthaocbehsct uabl e ( &Sittheesniavd cf or ¢
illustration of three types of superhydrophobic
controll able water adhesi on 88rh ¢ oswt atait @ rc @amtha®cti
and SEM i mamg@ sarmdAOSHlt op t wo ilma,geasnd trleeiprecwad tve
contacting beh&@¥iskhediaftfi esemde water droplets sit
surface with di[f9gf@gdent r wkelt it hggt Beamaxi mum | i qui
adhesive force of imgpitlhleaaramamagyesnemy mndgulhat paj
snapshots show the transfer process of one dropl
via micmadippl ati on [t9@d&czheernsa t(irci gihltl)ustration fo
water adhesion oaapot[fudbEfSthlemaoi cCdDagrams of L

mi cropatterns showing geometric parameter (I ef
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heter-dg@apeo®dan LI NC micfoOpatterns (right).
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External force control

Thesihu or posxtt etrrneaalt npernotc ebsys ees , such as |l aser e
can be used to generate superhydrophobic surface
al] 9t epared a fluorinated graphene superhydropho
The surface displayed strong adhesion between t
illustrating the synergisticraphectrbguwaenosurf
or der eidndluacseedr nanocarbon (LINC) pattdrNCed asnudr f ac ¢
fluori neLlIdd®)i nwger(eF constructed on flexible polyme
pitch distance .asAcdomwhi ngn tFd gtulre dibdFservation of

direction d@md agdreden@i (utl art ICA dirEicg ir5sha BFf t he

an important findings is that the strwct &koe stro
N-LI CN surfd@&weyeal bdceihmet dhiafnf er ent programmed | ine
since the Wenzel wetting state of the droplet <co

to the perpendicul ar airredcudtoinom fi s utrhfea caep, p d reeardti
surface modification could significantly increas
superhydrophobicity was achieveth whdnt hbetltappedgd
pockettsh btemeeadr opl et were clearly evident. I nter
droplet and this adhesive force can decrease by
the micropattern arrays, enasbl stngdyt her owveil deeass ea 0
structur al engineering and surface chemistry mo
devices with tunable surfabWezalettdf i eammadsadadd hae si ©
facilveramdsitleep tewtoc htipnrge madkraghtoidve super bwidtrtophobi c
tunabl e Amébbdainoc dIr aicisdiuedgpeardvo ul dr sdigme flIsiedadnidd vy

cont athcehaemd cal etpaloidmg @Er ®@®wess gngpnso sainzde dp rbout r usi on
t he stulridtaccce @® nanorougness of the surface. Not a
tuned by alteri ngwitathef |suvorrfoasciel amtee miesatgreynt |, achie
adhesi vceonftBeodiede@gssewsrad ri s also a convenient way
mor phol ogy and strudt9®georfFed aexdmapgl é¢ceo fatinrdelts call a
met hod for constructing superhydrophobic sur f

polytetrafluoroethylene (PTFE) microparticles w
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di sper seded nepfdxuyo rriensaitn sol uti on. By controlling
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ess, the modifiedsBEmMBI pairnitol @as hweulad chekh
erent roughness. The | ower workiumdg apgreeanudr e
dropl et woul d partially pene4 mpat egntahtei nmi ¢
rhydrophobic state and an increase in the su
icles would aggl omer ad er o ndg loerl agtgreu c tpurroet,r ues
ace with a | ower adhesion and the Cassie sup
utilization of shape memdrtw polintmerl (0SMR)o pw
ctur e, resul ting in a] 1L Qdaepshc rei bveedt ta ngh abpeeh am

mer ( SMP) superhydrophobic surface with dir
aceesbfutbtus | eaf, this study designed the
pits on the pillar tips. The wetting experinmn
ic contact angle as high esntlXligeand omnsl,owng
sur face possessed a superhydrophobic i sotr
restingly, the surface can bemfobygt puessdngyi
a templ ate atl sa etxecnepeealri antgu rteh eo fg | lpastsE mtéraa nsi t
sed micropillars exhibited uni form defor mat
opillars maintainebdeahel okegshabcmorehol dgg

r hoybdircopdani sotropic wetting behavior, wher e

ured perpendicular to the groove was higher

vior can restore to the inonghald stuadthetafamnesi tl
be repeated several times without any deteri

ial and different wetting behaviors of two s

ng f rphry.t hTehitso psotgrraat e gy t o mani pul ate the dy
hology control of SMP materials can be exten:
es [ 1Bulilscetr eaported t heesdpeimihduhsseep holbd ge sme ma
mer s ( SMP) wi t h switchabl e adhesi on forces

hol ogy of the micro arrays from vertical sta

om Cassiinprteog maatsiieeg sCate that displays high st

ul

d recover its original wettability and morph
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feet with tunabllel G2Zsée ginom, | Alyamg-BP®t hyldlrapdhodi ta
on shape memory pol ymkirs glSawPe d ssulbmsd rray cer, o pehha beihe i
adhesion to both water and solid. The surface fr
treatment at diffepoeari edméet wepdntll B @xil bes5,a8 ftlh en

SMP al éowartace reversibly to transform from cur

above the glasg.tFanstheooupoedt shape, the numbe
pl ane and only very few pill aards teiree tion ad o mtdaheets i v
would increase in uncurved shape due to the higl
control.

2. 5BBydrophi |l i c/ s uHyebrrhiydd rsouprhfoabci ec

Recentl vy, a single and wuni fsawrfmisugat hy cr oap hwibd e

applications. The hybrid superhydrophobic surfac
(hydrophilic or hydrophobic) on the same surface
requirements omfs. redall tahppsl ica@adti on, we wi || di s
superhydrophobic surfaces from two perspectives:
homogeneous patterned surface and heterogeneous
ofwettability, (2) surface functionalization th:

mor phol ogical structures in specific | ocations o

Surface patterning
A variety of methods can be used toffabrfeates bD
produce various wettability characteristics. Fir

prepare surfaces with patterned structures.

Homogeneous patterned surfaces

Lithography encompasses manyméedihiéesenandypesi sfu
generating superhydrophobic surfaces -dnehfeirreed.he s
One of the common methods igiwphatedl! iithhogwvaphy,usw

depending on utrite| taa/AXdyli0dnahstod @05]Cherf 1066] al
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demonstrated that the copyrobledpglrypyméeh mifccostdul
realized on super-Bydouvopbobdc smiccopiltleanpl ates b
mebd combined with el ecti gaaemi2cGalr umg KLIPiMG reitz aatli.
described a biphilic surface to study the dynam
mi crostructured superhydrophobic CuO surface an
characteristics [tloOp8tlbposadif meedbr eamalet ( D) hybrid
enhance theatcomidgmssatuboool ing temperatures. The

hydrophobic (SHB) nanowire arrays and hydr

(7]
c
©
(]
—

patterning of the photoresist ononhhet Shi mgubset r &

3
o}
-
o
o

h amingeu-6se . (2Besi des, nanoi mprint l'ithography
techniques f or[ 4pBaht ttehrins rneeplhiocda t ipoant.t ern repl i cati

pressure.al[led®gmehstertated the fast (>120 m/ mi n) a

mul tilength scatloeolsthallwi mpesntyl irohdgraphy on a
(Fi gbbe Mor eov#édnra,setemultentowwlesr y suitable to prepa
mor phol ogy .l 1dohv eedlto paeld. hi ghly scal abl e, simpl e, a
di ssolevrahd pel atsht i ¢ resin as the tDAMPIl amtme i wi threi gt

replicating from cicada wings.

Het erogeneous structured surface

Many approaches have been developed to prepare
i ncl udisnegp aprhaatsieo n , crystal growth, assembly of p:¢
be formed by the pkhamposepar mi xomref anchulbnie of
s ogle | mel hlo,Belslidles, hierarchical structure can be
the crystallisation parameteapqor atuicdn asr rad ki toifo
altered t o mani pul at e t he Sizelld@rdi gsrheadbe a of
hydr oplirlhiyd/ropmobi ¢ patterned surfaces through
zeolitic imidazol ataend rrmareovorryks t(azdlsF)onmi<ay pr ot e
selective modificationpaftbstkasi c@amni diodarl tcH ersiei
packed assemblies copnpasunhDac és gbdprpe irceovaetri snegp ipnr o c e s

addition, etching methods wutilised plasma and i ol
32



to prepare [rldwudh surfaces.

assemble 1o 0
structures.

v .- Hydrophilicisuperhydrophobic surface
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Pickering emulsion
particias

Fi guB®h@xamples obippathydropetdobic/suapdhusdmraphiolni
of patterned microsuckers on Supe[rhg@]) ophobic r
Scheme-tefolrdodWivwi mprint | ithodrld®)¢ hemadaipl astic

illustration sfupsupegdmhydhoph @b imencercdipd tictheermmi ss tur syi. n
[ 3B#Schematic ill4getr af GAhd)pu8Dr anhkon of 3D hyb
consisted of superhydrophobic (SHB) nanowire ar

enhancement on[ L @8&T)cp nddeepnossaittiioonrns met hod on supe
(SHS) and droplet freezing ek)p®&&pateenmatoinc SHS s
illustration of folgohiacvesti ageowi shiptumghlrephy

dynamic droplets[HaBdviors observatior

Surface functionalizati on
The creation of surfaces with a combination of d
patterned structures ar e key processes to pr od

combination of phot odmafsikc ad nndd mhcyeddrVonpohdoi bfiicc amoi on a
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grafting, chemical vapor modificastcah® parodbetea:
of hybrid hydrophilic/superhydrophobic surfaces.

irradilddi omV/ ozone (PVYOPriei rusaedd at bomgenerate sufr

domai ns. Mor eover, surface me cii ftii aa teidonf rmet h o d
pol ymeri zatuohacendgr afting have been used
superhydrophilic/ sulpelrthydaop halbtier ndhdommaiensapproac

super hyisupehihlyidoe ophobic patterned surfaces, pho

been actively investigated f ogi rprexdaelilngntp astpeetri
tempor al contr ol over pho3dgEwhelmi zead g o&xtsrseme | W
s , i firteieatsourr f ace modi fication method that i's

producing supepdyhyodpdhpibilci c myce opaliekos cheimnc
(Fi gu6ce. 2An al kyne f unc th yodirad xi yzesdh iy gobamrvdetgH eprmod y ( 2

di methacr yE®DMA) GcHEMAce could be transformed int

superhydrophilic surface under 260 nm UV irradie
hydrophilic thiol-ywastrigsnedc.o uSidn cbee tpheer ftohrinmoeld at r
water, this method could produce surfaces patter

functional groups containi ngr afc ®@de)mion[alt2 1tdhi.o | (
fabricated shiypemrdyhirloiphomi cr opattemmes ghlodctkf or ms
reaction for producing microdrop[ledztobdooertr al I
UVinduced disulfide &dotmahi 6norasdrfaedacftfuantrena
photopatterning, which permits the | ight induced
functional grioud&kveDoped al oewopsepatiegy fepar
superhydrophobic surface with hidden reactivity
di sul fides. This method allows the wuse of diver
hydrophobic, or hydrtdphislaime) ,r evalcitli ee emalii rstud if nidreg
of the funetriadneld surafiingsdsBghedt swandmapesd wi th
wettability patterns via sel ectciovd eicltliwmngi msatriadne g
both desert beetwhes earad pd pyii chggr pshioltkocat al ytic dec
heptadecaftumebdexys$il ane monol ayerur fomc es uwietrhy

phot omask.
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Additionally, selectively deposit ancdceal itdre t he
solvent and the patterned surface, is a facial aj
wettabilitlylLa2dhaoduetedabh. facile inkjdefpnedting
superhydrophilic micropatternshenuaesopermrhpideapl
based i nkj et printer t o di spense picolitre dr «
superhydrophobic surface. Compared with the wuni-
surfaces, the micropatctesr mee pauear hywd rtohpeh oibni kcj estu
exhibited enhanced watef 1a&dddmeercsttiromnt eedf fa cnewmcagpp
fabricate controllable 3D moghiolsitc ugitumiesg fp @imn ta
substrajet vprai ntnikamg.t hBd | yn(ea dhnaycleiryad aatcei d) nanopart.i
was used to perfor mi gbh@eh@drophilic pattern (

Meanwhi |l e, many novel approatcehelby thraive demer hdyedvred
surfaces. MIi[ 4 Rréddponrktoe daitpa aflectthtdodmol o t ben condensat i
freezing of mi croscopic droplets on topographic
(polyvinyl alcohol) and silver iodide nanoparti cl
of approach camosensyeasta&snad i xlad tifywadnmea Icyomnidreq smit d rom
freezing Pihgewihene2\a nQl legotle ¢ nigee auper hydrophobic
wi t h t unsachallee nhayndor o p faislsieanibtl e dvipa oz essl, f and it po
fog harvesting performance. The hybrid surface
Pickering emul shiyodnrso,p hcid mper icseilnguloofse nanocrystals
hydrophobic paraffin mi-modispheatisonawasnoecemphe)
templated surface engineering described here not
hydrophilic nanodomain density, but-hartvedtsiong mp

surface via tFipgoudigleapzhy desi gn (

2.4.3 Smart s upseurpheyrdhrymhodplbhicct i ¢

Wit h the aspuppleirchaytdireconppafd h yd ragghfodbé es i nto differe
as chemical, agriculture and biomedical sector s,
of surfaces to the cwveounthegckbhefebaempeat ive $it al

surface reemabncenthengtructure has been constr.
35



devel opment and wider application/ssupemkewdmgempmri lait
sur f ace csagoeaufl dr ebsepondi ng t o exter nalmpsetriamuulrie,, s u
pH, and external force that changes their i ntori
application.

Smagupydrhophobic surfaces with responsive charact

where swipcdhabdmemamlde wettability properties coul
The following sections wildl describe d-ifferent
responsi ve superwettabl e surfaces. Il nveda hi s sec

superwettabl ¢ esprofnad e (Spulpetrave tetspines | vyer fsaic & |8, ets
responsive surfarcespamdi veet heur fsatciesy!l icovering t

modi fication materials and applications.

PhoR®s ponsiweet tSunpgerSur f aces

Among the different external stimuli, |ight is
geometric and el ecteepbossveumbuees!|l af mhoeoi al s
and gel s. 't praocvhideseabtdaici adbntwagl toef surface w
benefit of l' i ght sensitive trigger of the surf a
il lumination arealhamadngeriadi ndaehaeii inp bdfs bttt lye s e

responsive materials is consistent with the mech
photogenerated by |ight irradiation and absorpti
The typtirceaslpomsdtvee systems Tiipga hd diei rcg acoorngpaonuincd s X i
suchzeabdbenzene, malachiAseegregnaand0BPlejpophrcaaor a
that the motion of | iquids could be manipul ated
modi fied with a photoi someri-drmribven amotbieamz eafe Imioap
achieved by an appropriatel etoieehefeghobodooaeacti
fluid substances. Foll owing this concept, many

azobenzene, whi ch could form ci s and trans i sor
respectivelyl2ddwmmset adadndsia bdpedf alded fabricated
strai ghlt fackmrgwd ng met hod can be engineered to ha

modul ated by exposure toinwmdscoétdewei gshetngs itttiiztehdz i n
36



TiQurface, t hey dgeunoded rad ridp u lhpdt dltd mgrodtfi d n qauli adn od
surface. This phenomenon could betapplitimddtbrihe
oi l emul sion via interfacial coalescence of brin
al] 12%]port the synthesdesmansdi 6madlri cayiobglhahbifoca t wi
framework (TSi MOFlastsogatl heomowiorlkespbesicVe hexamet
the surface. Il rradiated by UV I|light under air i
simultactdowsxltyed resulting in the intriguing surf

to hydcopWwhich could be applied BhngQ@@mecR Respons

Thermosponsive Superwetting Surfaces
Tempetrraetsproensi ve pol ymers have bieseonp rwoipdyel layc rsytl uadmie
( PNI PAPAarl)y,capr ol act omlei  ®Cdt) hywlnaln g odlyyco,l ) met hac
and these polymer chains often exhibit a conform
et [ ABdOe]posi tedsappopyldlcryl amide) -{BNtPaAAmd thiom
transfer r adifcraolm pao IsymoeortihzZatgiltddye.o BT hseu bssutrrfaatcee (p 0 s ¢
a hydrophilic state with a CA @nhd63 h®A sarfabe
hydrophobic with a CA of 93.2A at 40 AC. I n addi
thermally switchind 1lWwelojre PNMRAANRaEDd byolFausetanbdi c
oxide) (Mehbr anes. Atomic force microscopy (AFM)
changes in the surface nanostructure above and
Additionaldespiomsi vieercmar acteristicisonosul sduble as
anadhesivg 188arFaAG83ce, 2s mar[tl 3dldgwatceers[ L 8Bk st i ng

puri flilc&al]i on
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about 0 1493

A hv (185 nm) hessomy B C
ot w0 / : Intelgently wljunting
eS80 " W‘ Mg

Non-emissive sive
Hydrophabic 0 yelrophil

o R

Photoetchable 2D Si-Based MOF Film

Uterathin Coatings

Fi gu7E&he@ examplsayeafwedmdadbit ® nwibi e superhydrophobi
super hydraplhlisitcriatyi,on of-bpbsedo MOFHR&ERESIhwme 2D Si

of threspopoilywéEsNpropyl acryl ami del (&FNH PrAadAtmi) c t hi n
il lusttrimd iprmooddur e for the pregphhradiiwen odmpg dsi ts
surface withremhsnome aiih3aHPpaghdensa.t i ¢ pHI ustrati on
responshwder cplpehlri cd rsouprl featc et rvaintsi& &)l | cuasptarbaitliiotny .o f

super hydrophobic wit[hi¥8ggphe mae mer yildiunssigitantagidd .n o

programmabl e wettability] a89hys for dropl ¢

Reversible aRdsponable peltting Surfaces

Further more, the environment of superwettabilit
systemsreapdnpHve surfacesnghavd eatttiroanc taessd tihregyr ea
many applications, such as drug delivery, separ
compounds t hat possess t he sensitiv+éutpyH respo
acrylate) (-PuBmei hppodwpi I met hacryl at e) ( PDMAEMA)
(PVP-} thier capt oundecanami do) benzoic aci[dl4OMUABA)

fabricated a -ibn tod mmeti aleldi cmeltarmhi nat ed composite
wet ttaybi Iwhere titanium and copper foils were diff
The accurate control of the microscale structure
of the microscale structurealondithec tWCArss i wmad hien v

Wang [eldrlglported-fomend$ teabmmadread super hydrophobic
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combining SNPs with poly(édiimet lexltgialcdx aviaes) i nAro var
into the SNPs twi tehn dpoHv rtehsep ocnosaitviennge s ss,e ngseinnegr at i n
colorimetric coating for [fodElvel eghgeaauvmblhayer i
by ayer (LblL) deposi tproenp aocxfe psopleyce Ife cct rhoyl dyrt oepsh otba ¢
surfaces had the capability to sensebasnevd ronmer

microfluidics applicati omisguwiea 2vater collection/

Mul-tespoSsperwBut fages

As described previously, many smart surfaces caj
and superhydrophobicity have been widely reporte
topography control . Howerveesrptoonda per exy eohal heti ma
|l argely restrict their potenti al a g elsipooantsiiovre i n
superwetting surfaces are strongly required to n

and cowb4dkdesrcsrai bdaumd ponsi ve rough surface <coated

di splayed switching between superhydrophilic and
intelligent sruergfual caetse d wicthhar aet £ri sti cs that ar e
enviemmmuch as mechanical, pressurfelddagygaecidc, h:
a multifunctional smart surface baserdamanfitlhre hi e
with bdwalnspired roughness, i ntegrating-the adva
responsiveness. The surface exhibited tunabl e we
properties, which provided a gener amhanmrgetmeanal, f

microfluidi-<cl| ecaomitnmep,l , amscke!| vat er / dillddidxzipamrad i an.

magnetically transformable surface that coul d r «
slippery statemandroemitdhlrirregped! ebhestagej dthe t
sucétacould be used for adaptive liquid repell enc)
Addi ti onal 1®r8p.ovr teetd aoln. a superhydrophobic surfa
shape memory polymer (SMP) with pagdtircwdtaur es hampaet
the applicati onbds:med efwrn &taipdrieeSd2ZroonEtpp]e sent ed

a surface with programmable wettability arrays f

using a coaxi al capillary microfluidics- to emul :
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i sopropylacryl amide (NI PAMAN dhyattritadgodiresseal wettihoomx yil
trimethyl ol propane triacrylate (ETPTA) phase. O\
transformation property of the GO, the encapsul a
into the holesydropbopose ssiumfiazreedvi ¢t Nl R)eairrr adi a

i mparts the composite Uriflac evidrho pledfo gaedifiee Rwd n chtae

I ntegrawedtsbpface for various application

This speci al watparh i mawdy/tp dfladtédéanoger can be integrat
systems with added funct iwer d&ladbiidl idtthyaer | Ssgeocipalr ag re
For exampl e, the passive daytime radiative <coo
sustainable strategy t o cool t he objndatar g COl

wavel engths and refl ecdri,oni mf prsadtairc ad neapp/l. i cHuotw

materials were easily contaminated by dust accun
will severely influence the sunl i ghltddse]sf §petdance
a superhydrophobic PDRC composites film-via a so

propylieme copol ymer ( EPDMponpaarrd itcy cemsa p difjphdei ©3 i S ©
(25 nm) would aggregate into micronized-cluster
assembled EPDM pol ymer. Due to the reduced surfe
EPDM/Rionpositessefdi lam hpiogshs esst ati ¢ contact angl e (
(1.2¢), endowi ng -ddcret asni mfadad¢ en wiptrlropeamt y. The d
demonstrated that the system could retain its o

sandplampasi an and 70 times of finger touch test.

wetting state can also be utilisedndisndg amai emai a
membrane or film due to the waete[rafirée,pelpdb7elnedpr op
an electrochemical printingi ksetrhuocdt uore ds spudrsh y dart

successfully synmnamheéisngedet hle é6rgeganic frameworKk

patterned polymer fil m, respectivel y. They demor
easily peeled fremredbwtirnhtoat amdlhésaasf Besi de:c
roughness of thin materi al film can also be tune
micropillar arrays.
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The weaepeamhi keials can also participate in inter
t her mal transi ti ¢l 4Bdpaccrtti eoch sa thraantge geyt tad .t r ansf
to super hydr ophoabtiico nMXenn ep hfootro tahpeprl macl membr ane de
study, the superhydrophobi ¢ i ndtrearwfbaaccek se nigni ntereardiin
MD s vy skti egn@2-8de , such as; (1) Conventional MD mat e
consifsteadmmer ci al pol yvinylPiviDEne fTlhiegr iwdeer emehnybdrrac
while the Wenzel wetting behavior would generate
materials | eading to the contaminatthg dhdedtoul
interaction between bulk feed water and the meml
amounts of energy to maintain the temperature giI
water t o gener ate t het o @p orrainndg e Mto.r ¢ €r h eoyf pmae pee
polydi methylsiloxane (PDMS) decorated MXene | ay
coating -PvarE)r qdPuwMm d resolve the chaRFiresnfgleys, i n ma
superhydroptdDiFcictoy | dfivePMivegtbéemhavi or from Wenzel
state. Therefore, the feed water would suspend o
boundary sl i ppagfer eandwas embl er fsahceear | i ne during
introduxénmant eorfi aM s coul d endow the surface with
enablirmepaadai gl fsustainable surdace bDhat heouslider

water during the continuous desal ihnyadirioopnh opbri @cc e s

PDMS/ MXene coating |l ayer could simultaneously ad
thereby achieving a high desalination efficiency
I n addition, tvwet twduirlifeazcaet ii an smfmeis ospyasitleymsi ncporud vde dt

out put performance of the sysbamedOprbestchceéexgmpg!
(DEG) report ewlo rbkfelrikithie ya ndde sciogshedft he keotet syl ene p
(FEP) superhydrophobic film with | ow adhesive foc
Due to-wtehda emomproperty of the superhydrophobic | &
rangebeoutdlized to convert the kinetic energy o
and precipitation, to electrical output (even 6L
output). Besides, the Casspkés wptebdgngtaféeecou

further boost the electrical performance of t h
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superhydrophobicity can entdewnitmg DrEGp esrytsyt,e ms uvsi
electrical perfor mamtc.e K wnr tohuerdmeoproen, & ntvheer eghHnc t r i c a
could be used as the acidity alert of falling dr
the future. JilnbeOl]a ol desManeta &lupeathryider opdmodrni &t an
(SPEG), which can effectively harvest the disper
their study, the superhydrophobic |l ayer in SPEG
When droplets fall imlgasfhrionmg twvhaet etro pc dualyde rn o tt heen tse |
or accumul ated on the surface due to the water

However, the splashing water would gradually fil
mat erieal s Thaywy the accumul ated water would act as
falling water droplets with the magnetic pillars
bet ween the top coil and bottomamagoeput Coaosbkbdqud:

due to the smaller magnet i[cloMbldixfi ddki hg maghepol

hybrids system (MS) by replacing the I inkage wit
nor mal tiny springspibetawaee matggmetc¢acnguowwtdieves/ Ecof
superhydrophobic property of the coating | ayer

penetrate the magnetic materials to fix the posi
when tdhreoprsaiinlmpacted the MS system. This reversidt
change the distance between coil and magnetic ba
produced. Besi deensidtuiev ittoy -btehéee dhh kgihrgk ygeeulich har v
electricity multiple times when the raindrops f
superhydrophobic plate can also be wutilized for
combining the fog harvheerti ag &hdw@dsSi istysteml d og
simultaneously achieve the electricity generatic
toward sustainable resource wutilization. Combin
properties i nYoao ns jeitgdbepl ed loptefdydam,wet per hydrophobic

simultaneousHygex mdglhe aseddnfgpedin e canmnigi pad)p.erti es (

This special superhydrophobic coulsdurbfeasegpyr at ed
mcropill ar arrays composed of perfluoropol yet hel
assembled by chitosan (CHI) and carboxymethyl ce
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region could supportBahttewadtwagt dhedipsephasayhndCapbo
sedlfeaning properties. On the other hand, when tt
the water molecules would sondemrseanmcomposnder .l

forming the f ohgusont hoeutseur fsaucref awcoeu,l d r emain optica

A $Frestwator Momixane Seawater | Membrane wetting B Superhydrophobic layer
s Sations @«M 7
Superhydrophobic layer (P~

e " '
=0 +_ 4
t T =

Superhydrophobic layer ’—% © \, Y

o NdFeB particles

VA L. £

Inair Underwater Conduction  Convection  Radiation Conduction  Convection  Radiation

Silca nanoporous fim Rbraeaca, [ e RS
TR B

Figa8®he various applicatiowoof dsapeéijheat abhs. s
schematic illustration of conventional membr an
inefficiency and membrane -WEéDFi hgppessuiemageas) ngr
optimized PMD processhevdttihnd oaxmad i sdieperahdyedracpeh clel
membrane stabil-PYDF emambvreandy[ P& om i mage) .
super hydr opbhaoshe dc nda gorpd teare |(eScDtMSi) ¢ sshyosives| & chter inteaclh a n
conversion capability by generating electricity
simultaneous electricity generation [amdc]water co
Schematic il lttsdtyrl @&t isumpeacthytdhreopweobi ¢ antifogging
| osvur feamee gy mi cropil |l ar r &sgiiloinc aa nnda ntohceo nbpootstiotne p

(upper t wo ifrmoagggeisn)g, ptehrefsoaryntaen cseu poefr hwyedtr phobi ¢ sur

nanmr orous fil m (t hel OpsdpfEtMo m mtawae si mahgpevd )n.g t he hol |
aligned shell of a porous fiber. The thermal i ns
t hteher mal i nsulating mechani sm of thexdtriolpehiiln caitre

and under wat[er52]respectivel y.
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The sur fwat ¢ achaurp ealyso be wutilized itn |Ifi@addgr €lhaet ed
sensitivity of redpampeirnhegsdsrayysma)y@tt dphebobped

an -ecioend-by abraahed superhydrophobic coating achi
nanoparticles (SNP) and poly(dimethylsiltloxane) (

t oxi c-seemds iptH ve ant hocyahenbydeophi mnmobSNPzaddoa

coating could effectively increase the hydrophobi
l'imit during practical application. The color of
when it cnatnmaecti nwtiot hcodr opl ets of different pHs, a

protonation of the hytdhreo xgyuli ngorioduapls bians et.h eAtB prriancgt
sumpelt tmabtleer i al s could be coated non oadguwuat iocf ptrhoed uf
freshness during storage and transportation by m
I n addition to the monitoring of food freshness,
wi t h bacterdfoutdahgogang amtif ood packaging. A mul
superhydrophobic surface was developed by combi
pol ydi met hyl s[il53haene hfRBMSl)eposition steps endow
roughness, which could repel various |liquids, i n
the Ag nanoparticles @eé¢pestioeal gnki hé dactaceacs
releaseons. ABesi des, the surface enhanced Raman
nanoparticles could also be utilized to detect h

or ot helresmodfeci nterestthe Irhaxismuwo rlteha onhoitn g go ft hAag i

acidic conditions, which is above the safety |in
amount of Ag | eached was wit hirroptelaeen aegeld taa i loen sl i
for materials in contact with food products. The
Paper is considered safe in food packaging appl i
Keeping war m iwi rvamrmeruts ihsarcsrhu cecinal for both huma
and it ensure the possibility to expand activity

the polar bears which can maCntaiexttembbdycokbkdp
Shao[dttd2dvyel oped a speci al superhydrophobic text]

a f rsepeizneni ng meé¢ hpdrous @tiryctthre could effectiv
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cores and the filled air could reduce the heat

conductivity than solid surface. When serface ex
captures air between fibers and on the rough fib
convection. The strategy of combining superhydro
the thermoregulating texnibdes and Fhg@aédpWatiersu( a
Superhydrophobic suextaicregwiidgti raglddrnd osmdaHe diive pr c
for preparing adebacddntadpebymericreoatings for

Ma e[tl5ddk]si gned an -baadsveach cpeadl ywmaetreirc coating that a
fi-metardant . I n detail, by mimicking the mechani
various sur faicezesd wategr-tsymhshepolpp( Ye&erbeviradiacal
copolymerization of khyndrexydyeumybhvi agtglubdfen@tHEA) V
the abundant hydroxyl groups in HEA possessed a
hydrogen bonding and the sodium sulfonate groufy
hydrophobic treatment, the surface displayed st

moi sture sensitivity. As a repeafdhydrndpehdmiteigtrya,t i

insulation and adhesion offer the materials in n
devices, and transportation. Also reported by Wa
into MXene/si bmenenbaywybwi debkmeihge could | argely i
and water repell ency, hel ping t he functional.i

envirdqrmenqt .

45



Chapter 3. Tunable adhesion superhydrophobic surface based on wan-water

Pickering emulsion

3.1 Introduction

Th
che
sup
i nc
Rec
al a
sur
s ma
t ha

beh

as

A mo

e wettability of solid surfaceeldys tnotvhertyhei mp
mi c al comporpaygitdr asmd fhopo Among stuhref adciever se
er hydswmpfhaodvé ied e r contact angl eAh(aGA) atgrreaactt eerd
reasing interest in both fundament al research
ent studies on Lotus | eaves and Rose pet al re
rge CA displayed significantl] 5/t hbeganthowht e

faces were covered with micro wax protrusion,

1 sl i di nAwhainlgel et hoef waabtoeurt d2r opl et pimned on tt
t the size and topography of protrusions wil
afvi o7].

pically, the superhydrophoorbffaralblayli nggemst § adir |
orocarbon possesses | ocva rvbaotne IbHEEfefkivieirt v ,t hex awee
fluorinated compoumnme nhtaasl rcaoi nsceedr nsse rrieoguasr da my

icity to human | ife and the persistence of s
ign processes for formulating superhydrophobi
ardous materials

perhydrophobic coating materials prepared by
y are scalable and the [plabDojvelr er sidee cha bee
face area and high interfacial energy of di
table system without the use of surfactants.
ticlepsaoffealk wmethod to design and prepare su
| sion i s more stabl e, efficient, and sustainal
recent years, many types ofPiskleird ngagtmulIse ® nh
PLOOMet al nlikgbjpalry s[aldcadchr ¢ elel ul ose [h®@8hocryst:

ng them, CNE€sains egocesieatecemul sifier due to i
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strength, biocompatibil iabpganandyldowxgbdbsgr oApdi toin
of CNC obafenfumanyodi fi cati om.1a6Md functi onali zati ¢
The motivation of this research is -twatuernlize C(
Pickering emulsion to preparmweé tdawnsatbhd ien alWlhe ss wee ph
CNC and nroadtiiCoN€idcst abi | i zed Pi cikresrti npgr eepmaurl esdi ounssi nwg
and molten wax at mod®)r.atTeh et seenpkeirsaktmaermienag( GG thari 8 A
bl ocks to prepare superhydrophobic surface by spi
adhesion behawiper hgtiradphdlerensusf aces, we wi ||
relationship bepowgeaphhepsephaed with various Pi
water adhesive forces.

The overall objective of t hi s ssttudiye iasndt occ ag x @ln
modi fied -GNBACCNC€CoO pirreptagre RMRaxkering emul sion w
particles size, which was then spray coated ont
superhydrophobic surfacehydrmpbodec sor fpaeepawet h
adhesive force, we p rdeipsapreerds esdu refnauclessi owns ipnagr t mar ce
emul sion particles of wvarying sizes. To achieve
described bel ow:

T Modgdtii on-GIMACNG@s a cationic Pickering emul si
T Formation of priGIiMACLesCHGIitWwande@N@mu!l si on.

T Prepare superhydrophobic surface with single
f Characterize t tceaepalidriopyholminadi twater adhesi ve

super hydrophobic surfaces

3.2Materials and method
Cellul ose nanocrystal (CNC) was provided by Cel

are analytical &i @ddagdyipghrchhasded sfedoms recei ved.

Preparati-6mMmMAEC CNC
The surface modification of CNC with glycidyltrir

via the nucl eophaicltiicv aa ceddi tcied n ud fo sael khaldir ox vyl gr ol
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GTMC.glaf NaOH (ag) was added to 150 mL of 5wt % C
of 7% w/ v NaOH. After 30 minunlLe ofo fGTMAXCI nvp sa ta drda
and the mixture containing 10 ml,51Bomi/Saad @9 m
to prepare cationic CNC of different surface cha
fold with water and dialyzed using aofcfeldfullose d
00it4 000 Da from Speadtfriterd lweabs)r dgai nisSt dppwy s. The
of glycidyltrimethyl ammoni um-GaTWMAKLNi dad aelplrwlxa smat
1% w/ w, was sonicated and filtered under vacuum .

pressur em atnedmpaetr artouor e .

Ti reevol ution of interfacial tension change of wa X
The water/ wax interfacial tleln,s iDoant awehryes intesa seugruei dp p
TV 70 liquid temperature contrelquupiped Thbeclbinguio
dosing of |liquid into the measuring cell

Wax water Pickering Emul sions

The wamater w/ o Pickering emulsions were prepared
the aqgueous sol ut-GoMAC onG@R B)i ngn d hper ICNtCi ne CNC ( F
l order to control the size otramubassonapgrhpgcfles

4 wt % were investigated. The ratio of oil to wat

Particle size distribution
The size of the emulsions was measured wusing the
avoid the agagrltoincelreast,i othheo fPipckeri ng emul si on was

the measuring cell

Optical microscopy
Photomicrogr-agwhlas eof etmué swadans were recorded using

(Ni kon Pol sarciopien & cMii prsteh LNi1koOPP OS wCa m&JR2d . contr ol
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Preparation of superhydrophobic surface with sin
The prepared CNC stabilizeddliPutcekde rtion g5 eWmu% su oinrsg
water and the -emalsdoemtviacalslpy agl aced cl ean gl asc
sprcaoyat er with a nozzle diameter of O0.35 mm at a

was | eft to dry prior to further analysis.

Preparation of superhydrophobipasurét¢hes. with mix
The mixed size Picker i magidegnuG KA ss twaebriel ipzreedp aer neud
(GCPE) to pristine CNC stabilized system (CPE).

in emulsion size on the tsywrefsa coef rnoiuxgehdn essisz,e weemuplr
based on the weighted ratio of GCPE to CPE of 7:

mi xtures were sprayed onto glass substrate using

Contact anglefmdastieemant sypes of superhydrophob
The water static contact angle measurements were
environment at room temperatur-eeedhe (Ngwi Br avaBu
Systems Ihnca )sytrhirnogeg pump as a OsphMeasal e e mtps ewe
conducted in ambient environment at room temper a

the surface. The contact angle was aoarprasm.red by f

Zeta Potenti al

Electrophoretic mobilities -6TMAGewamd umeasowomad i a
t hkanosi zer ZS., Mabivleirtny W&l ues were converted t
Smol uchowski-1,e2gdia®3l)o Ba n(d® ptohret ed values are an a

measur.pméBi s
Og(x.t)
2R (x)g(x, t) (a)

wher e

L ( x)g] & -Dg] (2)
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W w -——) (3)

U(x) i s the potentiisalt heer efrerdgiycitaifiogisti es ldilhgta W K f usi o

coefficient.

Fourier trangRTo Rynpedctnfoacepy

FIIT R spectroscopy measur emefGITMAELCHh wielre @reirdiom anle dC1
a Bruker Tensor 27 FTI Rcsmfeicrt m otmeed ema@TMAICsa twiasn UG
when the spectrum was compared widthetdhangr psebsnae

into potassium bromide (KBr) pellets.

TEM | maging

The size and morphol ogy of the niasoipantietlees r o

microscope (TEM). A droplet of the sample soluti
and | eft for 10 min, after which the excess |iqu
and left to dry overnight before TEM analysis.

Adhesive force analysis
The adhesive force of t he prepared singl e Si z €
super hydrophobic were char aatbealiaznecde uosfi ntgh ea [ha tgahl

system

@ " () 4 ——

i | ; il
h.., 174 h|@ V,4p
i ' y
M P
=
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Fi guts®8cBemdtliustration of droplet geometry for

In this méitLhad,optilee 4as dispensed from a nozzle

force measurements as the dropl et madeheont act

spherical shape of the dropl et .OLBa(sFertigguorneAt3hes, w
calculating the geometry of dropl et prior to anc
achieved a rasdi ©s 50 mmn omfnlddkertohpel ertadwauss 0. 955 mm a|
the nozzl e tceplt.h7e8 2s unbns.t rVidhteen, we contr ol l ed and s
hac 0. 01 mm aftercotnhteacdr omiltent tnmmeedesuper hydrophobic
for the dedpteomdlesteda82mm to h=1.772 mm. Becaus:«
smal | compared to t hem diieameaiutserl . o/f8 2d rnom |, e twe( .ol 1e d
the spherical droplet did not changepr elshseurseaggi r
experienced by the superhydrophobic surface resu
pressure i s sgafo rt/,/hewhoerrdee rr oifs Pt he di stance betwee
substrate. Hero¢ o Wwe Oa3bpNuonx Gammadt eed wW8s mappoaoaxsxi mahek

t heafy®r our superhydrophobic surface was equal to

Surface force mapping

I n the single adhesive force testing, the diamet
mmTherefore, we could conducnm at ol idneet esronkifn eo vtehre a
forces when the dropl et interacted with the sur

corresponded to the wvariat i osntsr uicnt utrrmd dtifd etriema

aggregation structure of the wax/ CNC droplets on

3.3 Result and discussion

3.3 hmodi fication of cellulose nanocrystal (CNC)
Thardaati oni zati on of CNC was conduleatceed viay etdhe
cellulose hydroxyl groups to the epoxXyw, mai ety
sufficient amount of a base (NaOH) was added to

CNC, which also hydrolyzedndér thesaceosdi fiadms e
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surface sulfate ester groups were removed withec
extensive dialysis and soni c&ITIMAIC, wasstoblhlaé nague
The different amouatbyoex&mMMAEdweéonefind the optim
The grafting of GTMAC (5mL) could significantly

positiviNHCdhraogesd on GTMAC. As2kyviidenmL {GOMACI gaul

alterfahe csharge of CNC from negative to potisiyv

surface char-gé4muft €GNE3 2 r mW. I't worth highlightin
mL and 10 mL) would | ead to the acgtgrriecgaalt i noenu torfa lci
reflected by the broader and asymmetric peak in

al so be demonstrated byGTMAC htyedsrtaetd oant ddiiafnfeetreern to
As shown 2d, Fi per &wit&mernn atzeteather posdtonve+d2 ne
mV) exhibited a | ower hydration di am&TMAC However
solution when zeta potential approaching to 0 mV
stabmnggizhe coTheidataspetemtwhénremai vedumenst a@1
added exceeded 20 mL, confirming that the furthe

the grafting of moreTbaei R Bipe cdgarso s $65 oy nuvet ende tCoN Ceso.

the successful functionalization of caf2beopnic gro
the typical peak of 1t si maestshoycli agreaupt oatt h®4 8Oucam e
substituent in GTMAC, whenegsmmehei sarongdbagdmat
stretches are from the | ong al ky[llctohasea noés slttear

confirmed the successful gr afAfitngr ormo &iltfHiAcCa toind ro |
32f azngd) ,3 the average |l ength of cellulose nanocry
was approximatel yyGRPMAC nwadiasnped ritsheed GNaZ ewa.t elrhi(sFi gu
demonstrated that the modiflicancentloé siaztéonrcs|

nanoparticles.
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(b) (c) G
——CNCOTMAC smL 15mL - 20mL

~—— Pure CNC 8004 Pure CNC GTMAC GTMAC GTMAC 20004

P 10mL A
£ 600 GTMAC
-~ 3 £ 15004
2895 cm! g A E
= 400. 2 3
Tt ° % 1000
wrsom 3 . A
0 -40 40

e

Transmittance (%)

[~—~ \”/V\—\,\//\"\\/V 200

3500 3000 2500 2000 1500 1000 K -20 [ 20
Wavelength (cm™) Zeta potential (mV)

(e)

Fi gurkd a3 Schematic illustration of sTUhd-aE® modi f
I R spectra of -PUMAC.CNCclanOh&NLeta potentials of
CNEGTMAC (d) the hydr aGT MAC dii m nokit fefre rogwnit@NzCet a pot

containing -GTMA&/ wn CM&t er and (f )anQor(rge)s pAoFnMl i n g

i mage of the dispersion. The scale bar
3. Jixxevolution of interfacial tension change
Thienterfacial tension variation is a key paramet

generate a robudsgtabilet®ifckeei agd efmad mi #n. Thus, t
and water and interf a@TMACKiji ammiircg ,0faddNCr mtnido nC N&C
of wax/ water was fir sltl itrewmessitoingeateeed Wbiyhet lpeg i BEAN
di spexr sehck iwater phase due to its high negative
surface. However-3(a$% shewhnitierFiagumé Bension of ¢
an equilibrium vat uewhafc ha bwaust ec3vas8d widd er h s ys i re m
mN . This demonstrated that the high intrinsic
the oil/water interface, hence they were not int:
emul However, tmpedidateidonCiNNC signi ficantly reduced

and water, apptrwiatchhia gs Ba/l. 11 anNeGimtMIACCn t ®f th.el wto% u® N
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With the increasi n@T MPoOhciemtwat eon aff CNiCher red:i
t einen was obserltvedO( 3% ERMABICM i ndicating increas|
CNE&GTMAC was partitioned to the oil/water | ayer.
(FigB8BaerB8ght-GTMAGet ICNIC aggregated eta tlhoanggent er f a
electrostatic i nGEMACS i on wheée hbit hlkGTMAQUSt iaorne ( si N
zwitterionic possessing positive and negative c¢h
woul d increase3a,ndwd rohlsheér and etriBaatci al tension of
to 15.5 MNeme results indi cGQTMAC tadhtatt e ei mtsesrefmbd
be mani pul ated by concentration, which is critic
proveddgdrepta on and -GToWwAeQ aarer aonfg-eGN G t t heerofidce,
buckling experiment was conducitegdl wythdithe) a6BSY¥
aqgueou6TKANC solution with different concentratio
for 5 min before use to ensure the uniform disp:
injecti n@TMAE drNdCp Ineetl ti nwtaox tdhies p ersleydmewi-t hT hR SV cco
pol ymer caulspebesewleliin the oil (mebdndavawil}t mn@GNCEC or
GTMAC in solution, trapping the particles organi z
GTMAC ant dmfeacie could be monitored by the inter
equilibration of a pendent water droplet in oi
droplet was reduced by withdrawimea itrtee rfflaudidalu sa
would decrease and the buckling phenomena woul d
nanosized CNC trapped at t-3hbe. ilIntt eird awer tals tsdh ofwh
al t hougpholtyhmeercowas esesenhtalbtf aoci alBederdinen ablBieqic!
of ENTMAC (only PSV in oil) coul di Mot awseenetrlae e
buckling effect derived from the formati-on of r ol

GTMAC coul dhevimdasdiavmal ¢hrinkage of the droplet.
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Fi guf3g aB3he -évakeuti on interfaci awatteern,siporni scthianneg eC N
CNEGTMAC with diff dryeuWiilhwmalcmynt pladlithennidtghuad on t

rigpitcdse a vial containi-6gMACOIL B%wat &r sowhé¢i en
di sper sGETAMACN Q@ ar t i cl es aut orvattieaali(ny)emif @gN&Et.e t o
GTMALt abilized oand waherb uaomkleirnfga ceef f(ecc)t Tdhuer i ng v
oi |l /watenrf acadl f Yao dcar ticdal GGAaMAICY usndiagntpedr op

met ho@@d) the hydr aGT MAC dii m nkitfefrerodntCNzCet a pot

Thutshe Abuckling pointdo (the 1ight scattering e
measure the cQOTVMAG gaes soefmbGNC at the interface. At
GTMAC was uniformly dispersed at etdhecliomstear ftaoc ee a(«
other when the volume of droplet was reduced. Fi
GTMACs were closely packed 7Wo,geatnhde rt h(et esrumefda caes cjoz

of G@NQMAC could be ca&4)wul ated from Eq. (

# = (3)
wheiltYea efers to the surface "Yairse at hoef sdurrofpal ceet airne af roe
jammed state. The sGUIMALcatcavdrfaegeantofco@NE@ntrat.

and shown -3dr. FAtguwer y3 |l ow concentration- (0. 1wt %)

GTMAC particles warterparctei t ircemsaid tatngt hew ia | ow s
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al 0 %. The surface cover aga7 Owe uwhle nd rcaomac e-rctarl d tyi oi nn
GTMAC was increased to 0.5 wt %. Howevleirk,e due t
mor phol og@TMACICNY. coul d not closely pack toget he
coverage. The value would become fl at when conce

surface coverage was abouGTHA®W efveabatt a4 cwn%ent

3. WNad water Pickering emul sio

In t his wttdhdgGNTAMBLC5and pure CNC weirwmatusr dPitokesttiamgd
emul si on. I n order to obtain stable emulsions o
subj ect3ednitnut es of sonicationat Th2AQrampdaresed mui
days for further testing. To evaluate the stabi!
concentr-d4t wo ) -@GOPMANCand pure CNChwemwat@dirsphrased
prepare oil/water Pickering, emlblstberscoAsentlrasi
GTMAC were effective in stabilizing the emulsio
GTMAC -@.03 1wt %) successnftuelrlifyacset aabnid i fzerdmetdh ePiic k er
However, due to | owe rGTsMA T aacses ecnobvl eerda gaet, tthhee iQNG r
to completely separate the particles. Consequent
with eackgatleedr daggt o Browni an movement and Ost w.
uneven particlFeurstihzeer ,d iTshter iPbiuctkieoonin.ng emul si on st

GTMAC exhibited a particle size rangecafesapmudoxi

(a) 20 (b) 50
—0.1wt% - ->- - Concentration of CNC-GTMAC
16 - 0.2wt% —~40
= —0.3Wt% £
20 —0.4Wt% =
3 12 0.5wt% 30
B 0.8wWt% P
_.3 g4 —1.0Wt% P ]
£ —_—2.0wt% O I
o —4.0wt% £
8 4 o \
M o
04 “Beg._
N * o e o
0.01 0.1 1 10 100 1000 N 1 2 3
Particles diameter (um) Concentration (wt%)

Fige4@) and (b)) The emul sion parti-GQIMAGIi ze chan

concentration.
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formation of a stable emul siGETMAE€ysNemabbagj |l inhate
t hcconcentr atGiT(MACofbeg@gN@d O0.5 wt % resulted in emul
particle size distributions, providing evidence

of a more stable interface.

Fi gub®hdi croscopiPd cikmageyg @&fmul si ons particles wt

CNE&GTMAICs (a) 0. 2wt %, (b)2wt%wt, (c) O0.5wt¢

At a-GONMAC concentration of 0.1 wt%, the particl

codilbe attributed to the | ow surface coverage of
as illustrd8dedndni.Fgldaovweevd8&8r, due to the -extremel
GTMAC at the oil/ water inteblaceesuhéi pquli i @an b
di stribution. The size of the emul sion- particle
GTMAC concentration, indicating that t he di amet ¢

amounts -GIfMACNG n stabeltfacegashendncated by the
coverage d8da. (FhgueemuBsion droplets attained a
concentration greatwatéehanntet  hacehe@E8MABeuDAatL ed
particl eessc elrhee fdptoirc al mi croscopi &TiMALgevas!l so ¢
trapped at the water/oi-baiandrbacd heACadhown uion

GTMAC distributed mainly at outer sheg Isiagnndaloi | |

in the inner sherdse.stThict ucereeveal ed by the fI
demonstrat-dMAGe( C.NCwt % and 0. 5wt %) were wel/l d
separating the oil dr opPlueeés ChHeéandowp raenv eenftfiencgt icvoea leenr
concentration | ower than 1% as the high density

parti oiftchrei nNC to the interface. After the o/ w

interfacial esergiygniifdi amont decaglpteo memataei It odmo ml
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their free energy. Thus, coalescence between the
became unstable. When the concentrati onsioon pur e
was produced due to the highemsCNOGiedmdeanttrhat ied

repul sion.

(a)

Fi gusel hg&osbel IGTOWNC st abilized Pickering emul sior

(b) Oobwethfédobgscent YyptTlea ls déirnceaatsdm,b ) aj

3. xoAstruction of superhydrophobic surface

The prepahat issuqppeothydrophobic surface7.i sThsehown ¢
Pickering emul sion was first diluted with water

was then spray coated ont o -cao avteert iSciatirh gdoalzd3es wh s
a pressure of 30 psi. The distance between the s
and the spraying time famrd drhe <cwraftd  ng waocaelBsutwe
The coated glass sybdbefare was whlserd urehtert anat yz
the superhydrophobic surface with the s4ize of Pi
GTMAC concentrations. The nomencl at «&&ITeMACTf t hese
stabil i zenmulPsiickkner(ifmEg) ewas de38tedrasesPGREsamnd CGE

an average size of about 33 Om. For -8icnstteirec @, 2as
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0. 4, 0.5 an@TMACwts% aONCi zed PickeringPEBBul si on w

CGPES8, @GGREJd-2CGREspectively.

Emulsification Spraying
N @ T
iT {‘,m
==  CNC
e Wax particle
Figufi&schematic il lustration of supiewahtyadrr ophobi c

Pickering emul sions.

(a) (b)

(c) 50

- -u- - Contact angle of different surface |-
- -9- - Concentration of CNC-GTMAC

8

Particle Size (um)
5 8
_»-0'-1"“’
s

-
=3
T
L]
’

i
 $91
I i Ii"!i{

n
(=3
oK

(=)

1 2 3
Concentration (wt%)

Fi gu8€he&8 static comtepetl leamg!| s uaff awaet eroat ed wi th
(a)dom33&Aand (b),20m) The esnuzles idoins twa nbiruid ¢ lwensr wafmd) st a

contact angle of different superhydroph

Figu8eas)shows the effect of the size of t he emul

concentrations of modified CNC) on the contact a
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the surfaces displayed strong wateld4d4hpedl 656K. a
The surface pr@meanmuéddi wPiope etstiseeldxd he hi ghest cont
(Fi g8mae add b), which is attributed to the | argel
protrusion f odmeidmgdouer Han @y e v ehre, the superhydropho
gradually decrealseaaneas mahé epar Asc&e(ad)lene&ndr@Odn) Fil
contact angle was about Om4 4TA ef csrmad |pearr tpiacritd csliez e
a | csvweeprar ati on di stance between each protrusi on,
surface. I n addition, the packing density of smal
and due to the hydrop&GliMAC, cthha awdlteasips teiads owfer C
surface and penetr apechk extt or stelidymavwi qqdrer stmut sabn ap
possessed | ower surface coverage and | arger dist
area between t he edr ophleerteshb ya npdr otdhuec i snigr faachi gher s
characterization and demonstration of the signif
on the prepared superhydrophobic surfaces were ¢
(SEM)ur eFayi l lustrates the H@orpkroladgy ngf asuefdaced
and a |imited number of protrusions or bumps on
presence of air cushions wit hkiend tahrer asntgreumetnur eo.f |
particles contributed to a smoother topography,

angle and reduced superhydrophobicity @&ccording

composed of | argergphbartappasepbscenssadt aahgl e of
hydrophobicity could be attributed to their | oos:
structur e, consequédntgluy dr edwndiarcg talree a s amlnidd | mpr
supydrhophobicity. Moreover, when the surface was
CGPE3), the resulting topography became signific

height of protru®QibonsThisowmcirehBedurdealdnesacent
effectively resist water penetration and exhibi't

prepared surfaces.
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Fi guPerh® SEMoO{ MQ@RE anmdGP-E3 respectivel EMThe zoc
i hpaes CEGPExnd (d-B3C&RHE the clear observation of r

(The red arrow) .

The adhesive force testing protocol was conduct ed
bal ance slyewmrm. RlARi,guar epl3ati num ring (droplet hol
a test droplet connected to the balance that rec
to the droplet. -A9bil bBusbfawedei ooFbgobhedasoded
as it was raised tlowaAddsanthaeg!l pqgelcOdbs garnodp boe)t ati ge

constant speed wuntdrlopklte Tmairctha ;mtge do rtolcee slsi)y quiOGh t o

dropl et , -ctohnee soolf it omaorceol moved forward a short dis
of the substrate and moved away from the | iquid ¢
was re8orRemov(ii ng) . Finally, the | igeidatdeg ops et

indi cadfeparating prloOchess in Figure 3
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(a) (b) 0

= — — CGPE-33 £
2404 MAF: 52.7 uN : l
@ ! i\ - -
] 8
o
[T N
o 204 e .
> m il
i Advancing O
2 ) i
Superhydrophobic g 0. - - ’
surface Fay Lo 6
_ | roplet I
T ) [E————
‘ -20 1
T — 04 -02 00 02 04 06 08 10 12 14
Moving stage Downward position (mm)
(c)
Stage up Stage down Stage down
— — —
Superhydrophobic Touching Testing Separating
surface
| e —c
I
— e —
Moving stage

Fi gufled(.8) The diagram of droplet holder for testi
illTustrati onmeds wmrdéhmeritveprfotracol for33he(surface

Schematic illustration of testing process

The superhydrophobic surface preparedi svpltayetdhet |
smallest adhé&N)veTheraehé¢dirod increased as the e
which is identical to the trend observed for the
to increase frea&am 832. #1000 fONr aCGREpartbclrespionesol
to GCBPE

Despite the superhydrophobicit¥y,olBsenB8ed2B8n mosdt
33), as well as the high2,y thhyedrreo pvhaosh i & shhagtaart teir
the measured adhesiiom fforoces .diThel aaydehd a wi de va
ON to 79 ON for the superhydrophobic sdhfaces an:«
variation in adhesive force could be attributed

reesting wetting states  Thedauwcgdar tbydrt dhphobize odr fpa
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120
(a) (b)
10
50 100 Bl cGPE-33 i
[l CGPE-28 T gw =
R go{ [N CGPE-18 e | 2. 2
—40 T I CGPE-8 y \ H
E \ e 0] EmcopEs ) % w
= ,” a0 I CGPE-2 /, Y »
y
& 304 ,‘ 2 y
Fr 3 B y I e
|1y A S
Tl AN
E P i I
g | Y
o ' - -o- - Adhesive force of different surface l - -

-
=
1

;‘; - - - Concentration of CNC-GTMAC i
.
e R T =

1 2 3 4 , y X
Concentration (wt%) Forward distance

Fi gufld(.8) The adhesive force profiles (as a funct
(Il ow to high comtcetnd rlmadk ni f rtohme fgr aph) . (b) The

force and emul sion particle sizes.

using | arge emulsion particle could potentially
dropl etsudpermadned on the protrusion. However, i f
emul sion particle was relatively small, the drop

the substrate forming the Wenzela wlkeni hgestdavel
contactedegitzlee pmiodrawsi ons on the surface, it woul
the air pocket. Thus, the height of protrusion a

state of superhydrcpmpbiec ¢ href dodet oo surface of

the substrate if the surface was produced using |
with the substrate. I n contrast, whentitblesurfac
the |liquid did not suspend between thEe2plarticl e:
I nstead, the | iquid was in contact with the subs
surface, and this wetltisngvedttatng isds akrrowmsaa Wersa

CGP-E3 and2&GP&ssessed a rfedradée adblowt! 6@ . &d IONs iand
respectively due to the Cas&gi ediveetltaiyregd shti ggthee.r Ta
forces of about 110 ON respectively due to the W

was utilized ttotidegnostsatratef tdief wer ent surfaces.
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(b)

T ——

Fi gufle€T.IBe schematdfcdlhiddiuwsd rfadrimen generation for e

di ffer ¢ alMhes iCaesss.i e wetting state. (b)) The We

I n order to cleaoliydobesreraet thiené | quhe emul si on |

with Calcofluor white before the superhydrophobi

with a |l ow concefdbr@atwo®w) Rhdodeami ow &S8oncentration
i mpact the surface properties of water, and the
the experi ment al procedure, a 5 OL droplet stain
t arsguepter hydrophobic surface, and the fluorescence
i mage. The characltiequizdt cont @aé¢t thiene-osWwasek@achiev
technique, enabling the acquiosati phanésmal ongl e&h
(Axis) direction. These images were subsequent]|

representatildn. the RBirgeme dd®ts and red dots corr.
paraffin wax far tFiocrl et,her etsipgehchy sy df raocpdhodh icg uG &P E
clearly shows the gaps between the emul sion part:
stabilized for 30s, these gaps were ficlodpeyd wi th

i mage i Al 3Ki,guwreemoh strating the Wenzel wetting sta
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Figut®&.ad The | aser confocal mi croscopy-5i mages of
was in contac(c)witte dtrlopdetplagde contact | ine af
| aser confocal mi croscopy i magzswas ithreentpdats ew

droplet and (d) the three phase contact |

(a) l_a__i‘\g‘ \6 (b)

N
S

~—— CGPE-2

& 8

o

Adhesive Force (uN)

40
= -80.
Stage up touching Removing Water residue 03 00 03 06 09
upward position (mm)
120
(C) (d) = CGPE-5
Z 8o
8 /1
5 4 \
S % ) \_\
[ /
S \
s i 1
gl /7 f
° / /
<401 //
-804

03 00 03 06 09
Downward position (mm)

Fi guflel(.&)hadhesi on beh2awhoern ocfondGrE ed by a 5 OL |
The adhesive force-2charcac tTehrei zaadthiessh omh ebo@GRE i or

contacted by a 5 OL liquid droplet5 (d) The ad

Such an investigati on wbass uarlfsaoc ec.o nrAdsu ¢titeéepd aohre dt h en

b water only partially penetrated the porous str
resulting in medium adhesi esnt aftcer cseusp earhdy dp @mpthiodli |
digital i mage further i ltlhues tariart epmo ctkieets vonnf atshee) nC G
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whereas no penetration occthr rseudr faanc-e4lae- c guremr 8ysd r

t he moment when a |liquid droplet wa®2,detaehédnfr c
a small r espildeste oonf tthhee sdurrof ace. The adhesion mea
Wenzel weAsitnigesdrmaopl et became detached from the
by el ectromechanical bal ance did nothefe®trer mntdo z

at the end ofl4tbh)e. tAess ta (cFoingsuergeu e3nc e, the dropl et
during testing, forming a tiny droplet on the surt

the adhesion -betwasi @edothbof aCi®G®EWenzel wetting stat

314c, even though the droplet was deformed due t c
surface after testing, confirming that t he wat e
super hydsruorpfhaocbei.c Al s o, the value-1dfl wdbesioosi Bbe
before and after recording, demonstrating the dr

sur face.

(a) (b) (c)

inject

(d) (f)

retract; ’,

Fi gufleDi3f feragés of advancing contact angle (AC/

(RCA) measurement .

I n addition to the topography -&6TMACt odi sbesseadfa
al so plays a role in tthoe iadhdsitan nosfi ct hhey ddrroopphli € ti

the i mpact of-GhiMACophithe €N@Eer hydrophobic CGPE
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hysteresis testing was employed, providing a val
t hipehease icoe@tadweti hg droplet advancemenl5andnreced
initial 2 OL droplet was deposited, and water was
At this stage, the advancing conlteatc ts haanpgel eu n(dreCAn e
changes while the baseline (highlighted with a
attained, the baseline steadily advanced with th:

volume from 3 to dOr &torddiirngn.g Rore tvhedlereceding

measur ement s, water was initially removed from
commenced. Similar to the ACA stage, the RCA was
shape <chantghengbawshelliene remained stable. After r

progressively receded when the droplet volume wz¢
video. Droplets smaller than 3 OL became distort
t he dat & sxovbitdaeimte df-L 6 m BB Hrie pd ayed a | arge advanc
(ACA) of approximately 158A and a corresponding
indicating a relatively | ow eaqntaasctt haen gsluer fhaycset ect
CNE&GTMAC was increased to approxi nRag,el BB , 60,
CGP-&, ands,CGPeEspectively, the ACAs were minimally
significantly. Thi sntreectularegl @ nhyasnt &y itesa,s 26 Aam c!
for GGPHhe sliding angle testing aligned wel!/l w
hysteresis. The underlying reason could be expla
hydropmaodtircuntaur es on t he aautierl essu rwfaasc eved ft etdh éb ymi
bridges between neighbordngupidl cans azndairerar e &siu
adhesion force. When the droml ehesneoghhboti hgnepl
substanti al energy barrier has to be overcome f
domains. In other words, t her aowevetdrn magn cddtteh e va
contact angl e, awhiolne owgarttodores eisrapdreelgany ed t he recedi
Notabl vy, the hydrophilic nanodomains on the out

contact angle, resulting in a pronounced hystere
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(a) (b) 180 30 (C) 170
— & » Advancing Contact Angle = 180
Water LB!OI' ?Qn 160 Receding Contact Angle - 425 ﬁ _ )
£ = ) - I £150
< 4 3 ] 2 —
Water p 4%140 _E‘ gmn ’— |
ir E o =
. 8 : WE g .
s, o “ = |
o £l g 3w |
. 5 = Contactangle hystersis [,y £ ! |
419 ; - il
1I}ﬂCG s o oo o 5 100 ) ey . = o
PE. PE 5, COPE.; CGPg g COPE, ] h 2 P&
33 FEgg “PEgg “PEg E.5 (5’& (P.ie cPQb La,z & 6?4,
Fi gufles( &)chematic of a sessile Iiquid drop on a |

made of highly porous aggregates of microspheres
static contact angle. The term fiecegilgee i sontsaeat t c
line (TPCL) between nanMdBhe uxdwareciamg oo rctractt ra
receding contact angles and conThetstagle bgst &d

angles and sliding angles of different

At hough the single size emulsion particles are s
a high statwe moméeadctt hangtl e water droplet would

could be attributed testher mi ngl a bkshaleigde ntacbratsaodti

points, where the partially inprotdedsivan elre avaiun @
high capillary force with a | arge contact angl e |
hyst smuegdiaxc e s, such as |l otus |l eaf with hydrophob
hi erarchical structure were present on the rough

mi cgaops within the microst rsucztedr g.aplid | cateh eorn w cred s
suspend the droplet, forming a high stsatailee cont ac
sized wax pillars on the papillae offered more
solfliidqui d dohnacesased the number of air pockets &
a hydrophobic medium, the entrapped air pockets
a reduction in the adhesive force and sliding an
To wertihfi s hypothesi s, we prepared superhydropho
emul sions of two -8Bf{(8Be@®t) s(@amdOnMM)PEas CGNVPE emul si f
2 possessed negative charges and -3wmmudldsiicnt.erAast
showhabil#, 1t hi s surface was designed-7dAsrEEeft i xed

to the r a3t3:0o-ZpHEf CGPH .
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TablleThle construction of | ow adhesive f3¥ce super

and -ZPE

CGPE-33 CPE-2

8 o ME-8-0
7 1 ME-7-1
3 1 ME-3-1
1 3 ME-1-3
1 1 ME-1-1
o 8 ME-0-8

As shown 4, FigereadBdesive force of the super hyd
when a smal | -2a mwausn ta dodfe d@RBE WwWh&fil e CGGMEY di spl ayed
adhesive force of about 50. 50N, yi ndiugdtniersg tchaltl
significantly reduce t h2e weadsh easdidveed ftoor cteh. e Fsuyrsttheem
1:1, the-14dudfaptaybdv andhelsi vea forcel dDd amdy3 5. 7C
17¢c¢c) . For this swhidtdr datmeamedliiaqeildy drodpl eotf fwt he s
force without any hysteresis when a -4falbndilt a
b). As showwmBci,n aFiwvauree droplet with 1 mm in radi
tdn surface prlelp aerneud swiotnhh ME1d it did not penetr al
|l ayer. The dropdés kinetic energy of the |iquid d
the drop to rebound beforaedi tf iinradd ryweretstcecammperd td
Cassie state. I'n additionsl-lwbenfacedr splb8adh, t puEhg

the surface could easily be sepallatseudr fcaocnef.i r mi ng
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Fi gar¥l3d.(a) Schemati e2 dwiatghr anne goaft iG/PeE charge attract
CGP-E3. (b) Adhesi vel3f oMiEe -PlE o0 fMH, e-FMEQ f-8AW E

and -OME (c)The value of different mixing sup

Thecmani sm i s as foll ows2; iwheo8 3CW=PtERe dwed8UH tdh e CP
el ectrostatically ab88t b Thbns t+3h3e hveiutthGRIEaer goefr QG Prie
served as the rough structure, whichrabdbuhd sbppo
air pocket . -2T hoen stniad |G@R BC&®Ee f or med s maildueird protr
interface, thereby increasing the number of air
Consequently, the cooludtdu sbh el eaacfhG elviekdé-lasnpdo stshtes sseudr f a
an tdlotwr aadhesi velfeamdaemgardagalcft eri stics. However,
the frac®i awrp dfo @RE.attimerod daWfEe -ropar neghés vbo CRE
CGP-B droplets and t e ppapg iltd tewe dore clalmer &dmial Itlienrg t |
in an increase in the contact area between the s
adhesive forc@®Nfriowév &r 20iptbetdweer EPEntroduced
33, the contacting area between2sphirtdi ahdsl ecqulid
support the Iliquid due to the | arger distance bet

into the aeby ciumhrieoansi ndhetrhe dropl et adhesive f ol
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~19 ms ~3§ ms ~44ms ~520ms

ol

Fi gufle( 8) Static contact angle of s-kheamgdflophobi
droplet sliding off the surface as the substrat
dropl et -18ln stuhref aMEe . (d) Th el-la dvhheeiria ectoetdie by v iao 5 ©fL

l'iquid dropl et.

3. Mapping of the surface adhesive force

To precisely measure the adhesive force of our
force di stribution on t he surf aceenygd & e ecroendd u
super hydrophobic surfaces, the i1irregular and
wetting phenomena on the surface. Additionally
the accuracy of the wet tianbg Itihiys tneestth cadnodl oagnya, | yt
used compri ses afbcaa aprceeyiamitdampeext dattr mal | owed u

adhesi ve f aredeerani enre da spurrd ac e .
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10 mm

XYZ-stage
Fi gB1i9¢eThe microscopic i malglewss tdrredt deonsroodganp amragisnd T
scal e2 @t hies red col or indicates the high adhesi

adhesiye force

The forward speed ofacceurwassOmesthgobd Gphebi et sacfi o
set to 10 Om/s. This was to ensure that for each
We then scanned an area of 20x10 mm with 200 Om s
det er mihrei-oggf! If or c e, the adhesive force scan mapy

recorded-1i9n tFriggeurheer3 wi th the corresponding micro

corresponded to variations i n hthlee ssttrruwcctuuradl cdoil fc
of the emul sion particles. Therefore, we could o
surface even though the structure was uneven. Al

irregul ar unevermnf aper ofsartge magpi 949 demonstrate

(72}
c
©

erhydrophobi-&, sG&PRCERBE (CBPE G&PEan-d-l1)ME

()
x
>

i bited a homogeneous adhesive force over an a
shown i n20Fi glmoigse®heoi ty coul d be attributed to the
contact angle and adhesive force associated with
the differences in emulsion particleéedli gihese pa

cont act |l ines that contributed to the observed v
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Fi guR2dT.IBe adhesi ve (fa)GE-E3 ma(pbgionCeGPED 8 ,C GPE)
CGP-&, ( eYaccGMEL]L

3. Nod oss dmiocprloet transportation

As a result of the switchable adhesion behavior,
emul sion particles-l oegl chi beoudedpfet thaneportat
321, arloipdqwitd wath 60L was placed on a |l ow adhesi
surface was raised until it touched the high adhe
vertical adhesive force, the dpephedrophlothi besco
Finall vy, the water droplet was transported to a

transportation process.

Superhydrophobic surface with High
adhesion
)

PY. T AR O

\

Superhydrophobic surface with Low

adhesion Hydrophilic surface

Figu2é&ransportation of a water droplet from supe
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to a hydrophilic surface using a superhydrop

3.4 Conclusiors

I n this study, we i n@NGtuingdatieochabbe ediv evli t hatpao g e
functional groups as amwamel siPfiickrerf ag pmeparibn

surface <charge, and-GhmdA@hopbogycloéds taherceCNCIhar act

functionalization procetsises Befwatdllees , wWwdhher fateyrf an
interfacial tension and surface coverage, were e
CN&GTMAC |l ed to a reduction in interfacial tensi

cover ageupr etaoc h8 0n%y whTeMA G hceo lCCNeCn't exceeded 2 %.

The prepared Pickeri ngGTawAW spiaorntsi,c | ceesn toafi nd infgf eQNe

utilized to construct superhydrophobic surfaces \
Throughteahhogses such as contact angl e, contac
measur ement s, we successfully demonstrated the

adhesive properties, ranging from ¢x9r &NelL y Thew
variation in emulsion particle size played a cru
wel | asl ithei do¢donmt act | ines and contact areas. S
employed to observeoighapdietsi, nawthiive $asfeaceoind oc
valuable insights i nto tphhea ssu pceornhtyadcrtoplhiomé i by
Addi ti orddlmey,s itoma I adhesive force measurements f
t he suwrsfuaden,g €onsi stent adheFsiinvad |bye h aawsi ar deamromsd
the potenti al applications of these-l®opascimalcroupe

droplet transportation met hod, folrowchaessiEmgsuanen cef

findings highlight the ability to tailor the adh
the manipulation of emulsion particle size, open
control |l ed eard hderso polne ttso iwsatdesi r ed.
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Chapter 4. Unusual under liquid dual superlyophobic surface

4.1 Introduction
Surfaces with special wetting behaviors have att

of appli7rc aElxéaymsl es i ncl ddies ptilre dL stugprlhegafr ophobi c

possesbeanl hg properties, amphiphilic clam shell
duetheir ol eophilic nature, and superhydrophil]
selectively separate oil from oil/whi@80fhi xtures
I n addi t ifounn cttoi omi nsgulref aces, there aseanthatctreasni

dynamically respond t ¢ 1gxAtfed2all e mj dripBtpdH7 & uch as
and ymaont her external stimuli. These surfaces off
wetting behavior. More recently, a new and intr
superlyophobic sufl1@aBpese waar fracpaert edn exhi bi't
supeérophobicity underwater and superhydrophobici
under | iqgqguid dual superlyophobic materials remai
entrant topography and sfph&®hel urmsderfdaydienmges nrdeaghy m
designing unldyeopHhHolmiua ds srufpaeces are stildl uncl ear
of sur f gclerTTRereefggr e, signi fiicnandc hciheavlilnegn gersd errer
supegophobicity without relyingnomahnyddhohlidd8limatse
Further research | sappedadhes arpgl andenetvand the

governing the design and fabrication of such sur

For a given surface, achieving under |liquid dual
and umderegihlydrophobicity) is not thermddynamical
surfaces with high free energy, such as normal h

a stronger affi[ni7R9nd®qweantelry,t hvaechoenm iadcitl wciotnie ss uicnl
hydrophilic surface, it is displaced by water dr
and dogl! ©On the other hand, when the hydrophilic ¢
cannot di spl adade otnh & hveatseurr ftarceepp | eading to a high
oifll8olnversely, surfaceschwiadh $pywt smsg facmes ienteirgy

chains, alkanes, or organosil i dormAlshad era |adlst,, etxthe
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surfaces display a | ow c¢ domd aacntd aan ghlieg hb ectowneteanc toiar
water and -lo)i.l T(hFeirgeufroer e4, only one st atpeho(baict)yher s

may be thermodynamically

Hydrophilic
. y

given surf

Oil

Hydrophilic

F i g u-t €he wWetting behavior of hydrophilic, hydrophobic and stipephobic surface under

dual liquid (water and oil).

However, usnwpeer Ilyiogpuhiodboi ci ty can be achieved by

metastable state. This conc-leipdtgaihrd ssydsleBnBige Xt ensi v «
empl oyi ngblae met ataaitre ra syslttiedp,e a oCposiiea e can be
I n other words, the droplet (either oil or wate
bet ween the solid and th&doigktusedsker §acd, (ewbher |
need to be satisfied: (1) the surface must posse
be compatible with water and oil that ensures th
configured suhdake $Suppowamtteagystnabelref acciel when a se
i s int[rlo8tmjcechi eve this, we will combine the supe
and superhydrophobic ODA modified | ycopodium sp
hydrophobicity of the over arlolp osrytsitoenm afs tshter otnwgol yc
in other words, t h-ODAYBES)YX wewmbd abec ¢@&Fmore hy
hi gher percentage of ODA.SES is introduced. Cony
affinity to water whendrhipghhdri cc cCiNtFe nitss i nft rsowdpuec e d
on the composition of CNF and ODA. SES, the free

tuned and determined via a sessile drop method.
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mec hanieratli eosr owhen smal | contents of CNF is inco
densely packed CNF and wunifor ml-gondtirsotirliebdutfeidl tQ

system t o oswaperratnmg xtthuer eoiflrom oi |l / water emul sions

4.2 Materials and method

Materials

Lycopodium clavatum pollen (Flinn Scientific Ca
purchased -Alrdormi c$hi gwear e used as received. The ce
prepared from cottonn.puAlpl vdle nMTicMP G oweirdeatu e d
purification, unl®swastat édecsiibb)y wvadg. odMed BiL @ pr

the aqueous dispersions.

Particle size distribution

The size of the lycopodiwsn mplthrrea PARIATILXIE® parst im

Anton Pear. To prevent the agglomeration of the
introduced into the measuring cell
Optical mi croscopy

Phot omi crographs of the popdlear ipzaecdt ilcil gghst wmircer o sec
Pol ari ziscgopkli Ecdi pse LVIOOPOL withUXN) kohhiDS Wasne
used to characterize the morphology of I ycopodiu

poll en shel]l

Fouri er tirnafnrgifroeRNsect roscopy

FIT R spectroscopic measur ement s on t he pol |l en [
ODA. SES were performed using a Bruker Tensor 27
the modification of el spegaddiummwaae! Iceoompaamred twht h

Sampl es wderrieed raenez epressed into potassium bromide
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TEM I maging

The size and morphol ogy of the nanoparticles wi
mi croscobPri I(iTgM, AMLOopl et of the sample solution
copper grid, and Il eft for 1O0monviend, uasfitnegr awhsintahl It h

filter paper and |l eft to dry overnight before th

SEM i maging
The morphol ogy and el ectrode surface were charac
Ul tPrlaus FESEMs) t ogedihsepre rinsaiyvhes p@et eoecgyy for id

el emental composition of sampl es.

Contact angle analysis

The rwadgteati c contact angle measurements were p

ambient environment at room temperature. The |
vol unfkussing -aeendlce o( New Era Pump Spsmems | nc.
Measurements were conducted in ambient enviror
dropl et was dispensed to the surface. The con:

using -a5D&Ad Labview progr am.

Prepar amoinoondiosfpepséeéidumypol.l en particles
Natur al Lycopodium clavatum pollen grains were
yielding indtecsughictdefl ®t,t aud tp@l | en microcapsul es

clavatum pollen duxrdl esn @x@tphewd rPed Ortenfim) f 1 as k3
under magnetic stirring (50AC, 350 rpm). The def
filtration for intine materials extraction. This
incubation in an alkaline medium, wher® the def
potassium hydroxide (KOH) at 80AC and stirred fo
KOH reated spores were next s2A®b) emL edf tY)@ 5 ®wc i vo Iw
phosphor iP@) aaci6dd (AHCL 846fdtrer3ht he acid treat ment, t h

cooled, and washed extensively witHP@®bteatedcet ol
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spores were dried at 60 AC for 24 h in an oven, a
Spore samples after each chemical treat ment step

stored at room t esmepaeéarnatfwrreg hbeef cerxep etrhemerntuat i ons.

Preparation of superhydrophobic ODA. SES particl es
Three different cowtc®Wntohtobobhadédyl miamal (1LODA i n
were prepared separately by wsuingtoidoltshtes binsr ibreg aimi
transparent. Then the ODA solutions were added s
SES suspensions and kept stirring the mixtures f
wt %, diluted in wabet hew8ES8 adbedi ehswhigater cont
55AC to complete the reaction between the two r
filtered and washed with sufficient uwateearc tfeodl | ow
ODA and glutaraldehyde from the SES surface. Sub:
oven dried and I|-labeODgHdSd&asd @WDA.SBHES ed on the O

concentrations for further analysis.

Prepar aGeiddlm sef enranwwdiirbg t he TEMPO oxidization met
The cel |l ul os ewansa nporfei pbaerre dnCtbNyHf) & dh en T BpleUP[ChoBt 7] 0 n

this process, 100 g cotton pulps were d4 spersed
Tetramet hylopiypériadi me concentration of 0.1 mM/ g
concentr emMigih foifbelr were di ssobwdd mimedewohhzed
suspension at a consistency of 1% pulp. The pH o
Na OH s oAfutteniom¥ mi xi ng at 5S5@&mkedimamedt hxi TEMPON pr
initiated by addingoai swml htypowrw hlodr iNNaeQl Odr opwi s €
concentration of Na@l/@fr anbed. fTbmodghoutl2t he r e
mai ntained at 10.5 by adding 0.5 M NaOH. The rea
further cofnsNanPi wasdFobbeswimgd.t he addition of N &
continued at pH 10.5 (mai #ahh aiOmeeé bheadeéiaocgi @n5 wi
the T®EMPA@Ii zed pul p was thor ouglhplfy dved some dz ewdi twha t sy

remove any residual chemicals. The w@Nkasg proce:
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stored at 4AC wuntil f ur tamalrctoinszEee nitr ag u e pu e nptr eepx

suspensi bafiwti%s about

The prepasrugteirdry opHs @®IDds CINfFa c e s

To prepare the superhydrophobic ODA. SES particle
various concentrations and sonicated to obtain a
addetet ©ODA. SES system. The weight rati o between
achieve the desired superlyophobic properties.

di spersed in 100 mL et-dvaindil zedheuwmperlhyndmn codh iTIEIMP C
(10 wt%) was added to the ODA.SES suspension, r e
ratio of 1:1 between the two compon@®bAsSEShis pr
0.5, indicating that the wed gshytstpemciesntsalg%. oBy CWe
volume of CNF added to t heODODASESSE 9 rseocluurtsioorn ,s odiuftf
be prepared, FOeDMg i SPEGD 5 r tenh ACNIE 2 5 . Finall vy, t he

membranes composed ohdsspeehhwgdoppihloibbc cCOPAaSES
using a si-ampsliestveadc ufuim trati on method. The precur.
membr ane, and the vacuum pressure was applied to

format eomembr ahe.

4.3 Result and discussion

4. I hwmodi ficfatswmer hydrophobsc ODA. SES particle

P : Defatted o o, Extraction

Figurerh&chematic of transforming Lycopodium cl

Lycopodioumpaoati hens hekl following the defatted

Poll ens, as vital components of plant reproducti
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i nti ndi naendl aeyxer s . The intine, rich in cellul ose,

components of [tih8@Bnpolhlemtdrai rhsand, the extine
sporopoll enin served as a ‘robust and chemicall
reproductive material withiinvalheampadldeanc@gsafinml am
of pl an[tl89gecdes, the extine exhibitedomgmar kabl
di fferent pollen species, enhancing their adapti:
chall enging environments.

Among various pollen particles, l ycopodium poll
architecturedkandorhpmelycogpynb This microscale roug
area and influenced the wetting behavior of the
particles increased when the particlde miughHhearce we
hydrophobicity when the surface was hydrophobic.
functionality of the Iycopodium pollen, the exti
asllustrateddenaFligdr exggleuriarsendraé provi ded i n tt
Met hods section). Briefly, the natur al l ycopodiu
t hat effectively protected them from being wett
defatting cpmdauede®edwasing acetone and et hyl et he
remove the hydrophobic wax -lmakerimald pholexgpy soafgt h
particles. SubspoguekOHytr aasmept ewaseemplnoyed t o
based reproductive materials, resulting in the i
The extraction process and the morphol ogical c he
mi croscope (SEM) andsdddedgpigarB ediscintoisaclolpye, t he pol |
exhibited an wuncl ear bowrfd@nmy WSEMhi mag-8pipmoki qal
revealed the pollen particle coated with wax, ma
However, ashengtheepmws, t he outer shel l structurl
showcasindi mearmssitomrade architect&rguBbeds4d fFomauvd yto
foll owing the KOH t-de&t medt|ydopboidnaom (aHEHS)eebl | e
particles with a meldl,owsstdreppd3atrea werr &i ghutrei 4
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Fi guf3efhe digital microscopic images and scanning
(a) nature pollens, (b)l ydceofpaotdti eudn psoplolreompso | d redh i (nc

(SES) particles

The hydrophobic modificatuonhedfviaeassrmpkte obdbup
with octadecyl amine (ODA) and glutaralGHhyde (GA
on the surface of SES would initially form the he
groups of oObAYyecghamedewi(th the aldehyde groups
formation of a Schiff base. This reaction all ow
exposing |l ong alkane chain on the wupper sides of
paticles. Three different ratios of SES and ODA
particlesd superhydrophobicity and exposed mor ph
and method sekx3$peoani f isccadltRiysm et Wi sa reveal ed si
changes in the surface functionadl).grTduwepspuafe tSHe
exhibited a broad tped8B2Dncdarhree s mpomgaei md t3d 5t0he ab
hydroxyl-OHrmuelsvdd in intermolecular [alndO0]i ntr am
Foll owing the modification -lp,r o@EkA.sSEEadl ODAr SESs a
10) displayed newlameakKs3 4ar § wrwd 016406 C ourhd be attri

stretchi ng anhde dcedfnotomegh)o nf(uanfc ttijonAll]ldgtr oapal |y, a
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new peak ardumdi d&84é&d ctmhe f o-nimat 8Q=eNh odr otuhpe, car
indicatingcobhel sngcesgattlion bet welehdTBJaAr XxPDA, and
photoel ectron spectroscopy (XPS) results furthe
groups. The surface atomigncbmpasitredudatantrieme
content, from 49.52% for pure SES-1t oODB.  3E%, 15.
and ODAOSESrespectivel y. The reducti on in O <co
concentrations of ©ODAesB,thedmodtfingathengpaftin
onto the SES surface altering the atroensiocl utaitoino b
C 1s spectra -dshhowenveaal &d gasrsei gdgni fi cant reduction

t o0-OCand cafCigxywultat2e86( 2 eV angd 12387 .c% retve a gte s ptetcd i
of tChepeCak increased substantially, indicating a

derived from the ODA backbone. These spectral che
modi fication of the SEbSbypaquérct esl wert ot O®A ahdt h¢

and composition.

(a) (b)
. [ SES.ODA-5
oo [ WAy ST o Raw
o/ \ / 'f" v\,v/ cc
~ I S A
= - I\ V v c-0 %
H | 3 %%.
é ! 2 2l oo ocoliER RRSrhaas-0-e-af
£ z
% 2 o Raw A% Pure SES
s g c< g,; -
2 — I N E o -COO- Y W
N — ‘,_\//’\,- P Y. B
Pure SES ——CNF /ﬁ;—gf Ahd
ODA SES-10 ODA.SES-5 S5 Rl R e,
‘d o Ol .
—— ODA.SES-1 Lu_mumt__.q.!;:{‘ PR PN T -
4000 3500 3000 2500 2000 1500 1000 280 282 284 286 288 290

Wavenumber(cm™) Binding energy (eV)

Fi gar¥d4( aT)he-l RT spectrum of CNF, Pure SES and SES m

of ODA. (b) TIXé Stpiegh fruéduioleu tSEE@GrRSand SES. ODA
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Fi guéel hédet ai | mor pttot ogyent ODA e 8ECQGSJESr tODAI e s, i
1, (b)) ‘DESnODPCGMA Andot hespbatdiagcontact angl e

di fferentd)par(tei)clasnd (f) .

The concentration of ODA wused for the modificat
hydrophobicity and topograph-§% pfesadrt ODIAhSESEart
illTustrating the mor phnooldoigfyi evda rwiatthi odni foffe rSeen pQGD A
the ODA content was very |l ow, the morphology of !
clear edges and a hollow structure after modific
t he topogS ampearyt iocfl eSSE changee bsi grief indegaetol et we ehR

the pores of SES particles became denser and thi

relatively unaffected. I n contrast powbenof h&ESGDA
particles became saturated with ODA and GA, res
boundaries, which |l ed to a significant reduction

The wvariation in the topographywgheaedoé&d dhee ODAL 9]
particles. Three types -bf ODA. SES dp arDiA. cSIEBse ( ODA
characterized by their static contact angles to
were constructed by fillduteiromgi nthe & DrAe rBlErSa red .h akD
45c, ODA. &ESpl ayed the | owest contact angle, whic
of hydrophobic materials (Low ODA and GA grafti

i ncreased trheey waft etrh e esperlflaece, as demonbsd.rated by
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ODA. SSESdi spl ayed an increased contact angl e fr
super hydrophobicity with a higher 1| evel of ODA g
wascrease further, the reduct i-100n pianr ttihcel essurlfead et a

static contact angl e-5that reduced to 151A (Figur

40 nm (b) o (C)

&

20

Height (nm)
2 BB

&

Figuserhe (a) AFM i mage and (b)prtelpearcechda rCdNdt ericd aft

TEM i mage of CNF made from cotton fiber by T

Th&Nmade from cotton pulp via the TEMPO oxidizat
the functional groups and4amortphhe | pegayk ‘Ate dashowmd i :
1650'acm attri Bt egd ytcoo stilée cCsCOOachoryg!l bshdetaali
bond respectively, indicating that the TEMPO oxi
groapgeneamatw®OOH groups § 4 9Tdhhee AsFuM fiantaege was ut il
measure the diameter of CNF. Usi ng ftalte iort @rhaect |
materi al s, and different testing modes, the char
di ameter of the CNF. Togetbhcer, wihteh dtihaemeT EEM ioma goe

was estimated to abou@GNROwasn-Z@mdurnche2 | ength sing

4. Prz2parat i -ObDAoSEENKReamldr cme respondi nign weitrt i ng be
The -ODNAR. SES membranes were-akcahsteat éd| atsiandg oa wma
ODA. SESparticled aweieatieedheosuperl yophobic surf
excell ent superhydrophobicity and hierarchical
il lustraterd iFn rBitgurle004 mg of ODA. SES was disper
thorought gd sbai @aedhisepveer s@dweluls pens iODnA. SEBbsequen

membranes with varying weight percentages of CNF
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characterization (refer to the Mat errdtadcolamn)d. Mern |
this formulation, n represents the weight perce
ODA. SES wused. For exampl e,oxbiydi acdi nsgup@rhychtomplhii
suspension (10 wt%) to the OBA.ISES omt hwa rnt dhl as uwseg a
of 1:10 between the two componenOPA.WSHESL obtaine

membr ane was prepared.

Cellulose nanofiber

ODA.SES particles :> . Or ‘

Superlyophobic surface

FiguTBl4astration oCGNPODA. BESpaupéeibpwophobic surf a

separation.

Thwater contact angle in air was initially measul
As illustrabed time Fingmbrame formed by aggregat.i
through vacuumefli excatltiemtewhilker repellency due
rough structure and hydrophobic coating. However

the static contact angle decreased,-ODAdBES&ti ng a
0.1 membrane with a contact angle of approxi matel
i ncreased, t he static cont act aneglDA. BDERt her de
membrane exhibited a static conthhert canmgtlentofofe
superhydrophilic CNFODA. SES& snyesmbernan e,0rt henes tCaNtFi ¢
decreased further to 85A, indicating aTheansitio
SEM morphol og8 alnsoFigbmefeividmedati on in the wettab
ODA. HDESL me mbr ane, the outer surface comprised

generated numerous air cushions within the struc

86



A similar tbobpegvadhidPDwa SERCNFROIDACNPES3S membr anes
(FigB8eeaad f), where uniformly distributed ODA. S
established the hierarchical topography where a
t hpearticl es. The CNF fibers formed bundles and
ODA. SES particles through hydrogen bond interac
i nt er conrde cnteends itohnradde st ruct ur e tchhaatn isciagl nipfriocpaenrttliy

the membrane.

(b)

Fi guB8éelrhe stati c contCDA. SENMNYH | e (ODfA . BEFR2 CdNrFkd (¢ )
CNPODA. OES3, and the corresponding SEM i mages of |

(frlespectively.

Further increase in the CNF contents in the memb
For -CDA. SEHA, the dropl et initially placed on
hydrophilic cotht8&IcA. alwdre toifmea,r otume dropl et gr adu
structure, resulting in a contact angle of 76A a

contact angle of aspgr exiamat éOm)t3 Anaf(tFérgu2 45 4
For -CDNA. ESD wi t h a higher CNF content, t he n
hydrophilicity in air. The initial static conta
penetrated tmuaoct uhse opfd tsetuasb3isl -8bz)at iTonn s( Hingdurceatde d

hi gher content of CNF on the outer surface incre

wetting phoceEM,i magleld supgparrtece®d i hihs ahnhpagthees iCNI
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content, the ODA.SES particles were partially or
of hydr ophihlei cneGfbF acnre 4 @r hade b Fi i ehdaccount ec
initial static conhagheangbateAtddiofi cuplelrhydrloerfl
pat hway for the water diffusion, facilitating wa
ODA. H/ESS was more prone to dropl et spreading ac

compar e dODtAo SEISH .

(a)

After 60s After 115s After 210s

(b)
After 35s After 55s After 64s

s s e s

Fi gu@ea he contact angle measODAMSESA menmbariarn e oan d

(b)) -TCNA. DES membr ane.

(b) Fmm

Fi guifldThe SEMoi{ mNDA. DESnd ( bO)DAC NSBE S ntdh e

corresponidimaggeed o@amd (d), respectively.

The excessiNFprtebe nmemrf a-0 b A, SOE 8¢, kD , a8s,-0 CaNhkd

resulted in the emergence of superhydrophilic pr
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pl aced on the surface, it would be adsorbed wit
presence of an adequate amount of hydrophilic CN
me mbr ane, facilitating the interaction between t
naftd zed CNF with its |l argel squdr f@@cet aacrte aarienac,r e@r
spreading of the water inside the channels for me

facilitated water transport that contributed to

4. I h2 twentg behav-ODAr SES GQamdeahe and water

The oil contact angle under wxDAe rS Ewa smeméba anreesd t
evaluate the water affinity of the hybrid syste
membr arfiée rwds i mmersed in a water environment, and
on the surfacdheifl tbenmambrangl e was conducted t
membrane. The resuODA. SOB 8w eank ntbhratreat fremxchd NaFntdeed wm t €
oil repellency.11A,0kchbwxnane &igpkretd4was fully rep
and the oil static contact angle under water !
superol eophobic behavinom wademwatreb.utEBli ¢« ophdrom
and superhydrophi l-ODbAt OEPiIi meanbrlanef The GGERbr ane
strong interaction with water mol ecules under wat

structeurnee nobfr anhe, which formed a uniform water p
the membrane, preventing the penetration of the
Figurledc .4 Si mil atODA, SEB e HEGHNF membr anebi taeldso e X
superol eophobic behavior underwater, with the he
static contact angles of apWheri mbaCelDeACYSIEIS5 8¢ and
surface was employed, a rcdt aabnlgel er ewdausc t 0 e rivne dt, h
approximatel 2418118 eThEi Jumenédshed oil repell ency
surface free energy resulting from the higher c¢
| mportantly, pheseéchgdrephobi ¢ted enhanced water
resulting in the aggregation. olfn odtlhenrolvecrud se,s tim

interplay between the hydrophobic OODRASEES partic

0.4 surface illustrated the nuanced wetting beha
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an overal/l underwater oleophobic natur e- the | oc¢

repellent characterwsestg$eat ¢ i &3 diilnlgh e mpatred ailnd yFio

(a) CNF-ODA.SES (b) (C) y

membrane

Water ) N

(d) (e)

—
—h
N
3
g B
5

3
0.2
1

2
CNF-ODA.SES-0.9
CNF-ODA.SES0.8
CNF.ODA SES-0.7
CNF-ODA SES-0.6
CNF-ODASES0.4. |

EQDA.S ES-0
CNF-ODA.SES-0
CNF-ODA.SES-0,

Oil Contact angle under water (°)
CNF-ODA S|

Figusld(a) Il lustration of oil static contact ang
contact a-OPRe VEM GNIFFr face underswperol ed¢phobi tust
under water. (d) The HDRAarRESX onntrafcacangnhaacde o nwaditNe
'l lTustration of partially oil wetted state under

vari ousBDACNSFES membr anes under water.

(a) (b) (c)
o
— 3 — 2
| 0s -Zs ‘ 5s |

(f) $(e) ﬁ (d)WL

] &= ]

180s ' 20s l 10s |

Fi gufle@Tidrdee pendent unarirbtwiaeameofcont a©ODAa®s&EISe on CN

02
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The augmentation of hydrophobic ODA. SES content
pronounced-hlyywddropphlhodbdicc i nteraction that resulted
angle under water;l1lds (dempimc tsacd dird5d lefeGdydin oShE MF

0.7 to the-ODA66S&MEMOr. Gy ci fically,O0MeDEUB i | i zati
membrane | ed to a considerable reduction in the
CNODA. DEB exhi bitedobindietry nitn hgidm,opl eading to th
its rough structure. When the surface came into
di splaced by the infil #ir2at whgrei It h&&s hiexlaemegt datoed
to th@eDANBES3 surface and penetratéd nttlkee vmeouyugh het
previously trapped air was displaced and repl ace
bubbles formed by the aitrhedirsepl aacrervipvct i aanrdei dj.unrdei
Ultimately, after a stabilization period of 18
approxi mately 48e¢, signifying the achievement of

(Fi gurdé )4 Dueontoauntcleed phydrophoObDA. MERUMendof t he

membranes, a substantial volume of air was trapp
in water. Concurrently, numerous ol eophrirlic regi
oi |, facilitating the rapid oil penetration upol

illustrat-@a8, i whérguwatdr readily permitted the i

textured surface, effecwivalyn éi sphloadci "Wgrtahé oinr @

(a) ——egy (b) (c) -

— —

0s 2s 2.15s

i -  ——
60s 2.51s 2.33s

Fi g urle8Ti dee pendent variation of undeMAwaStEESr hexan
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(a) oil

CNF-ODA.SES
membrane

(d) »

Fi gusled( &) ||

(b) . (c)

(e) (f)

under water (°)

angle

B
=]
Oil Contact

lustratcoomnaof a&waglee méasucement unde

contact a-OPReVER GNFF face under water. (c) 111 ust

under water.

(d) The HDRAarRESt onntrafcacangnaade o nwdtNe

I Il ustratyi ooni lofweptatretdi asltlat e under wat er. (f) The

vari ousBDACNSFES membr anes under water.

The water af

finity of the surface was also asse:

hexane, yasetidhggreswmttrs compared to the oil cont

highly hyderODpphoSBES2Z @&8lRmbr ane di splayed exceptiona

i mmer sed in

structure of
surface, | ed
demonstrated
me mbr ane, w h

resul ted in

hexaneldlas Tlkips chelavino Fd gamehidc alt t r i
the hydrophobic ODA. SES, which faci
d/ipreg wted tda n@Qa s4 iad e . Conversely, me mbr
reduced wataere, c srutcahc@ B fa rfiEHIE s CNiIFh d e |
ich exhibited a contact angl e of on|

a contact -CDAgISRESB edndtcompl et e 3we ff toil

contact anghlCDA.BOE0OS ( BLridgf @QNE Tdhi s behavior coul d b

sur faces hav

ing high free energy, thereby exhi'l

Consequentwatoeil hghha séei dont act | ine was disrupted,
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of trapped hexa#ideby water (Figure 4

‘*%/

-
[=2]
o

4180

Water Contact angle underoil (°)

01 02 0.3 04 05 06 07 028 0.2

Fi gufrlédThe under liquid wett-ODA. PEBaiVi nomoCNEB er i

ODA. SESL t-ODAEANBE D) sur f acwatienr tshyes theem.ane

As il 1l ustr altbed tifdDedD AONEHIIBe 94 5,0 adhvdsur faces displ ay
underliquid |Iyophobicity, demowmmedr Aatxaget hadr @& K
under water. -DDAaBE® -Gtnke s@hRuddesachi eve superly
behavior under both Iliquids. To provide further
and adhesion experi mentls awerna oqgn duwcctld dh.e dl s uR if cau
were prepar evih,t eup onr wheixame droplets were caref ul
behavior was recorded using an-16bt raafda sdt, o amee rGN
ODA. IESS surface possessed a thin |iquitdactprotect
area between the surface and the secondary drop
water or hexane coul d slide down effortlessly
measurements were alGhA.pPESosmedl aasfthee@€NFNn Fi g
17. A water droplet was introduced to the surfac
Evidently, the droplet detached rapidly from t he
These observati ans ocad  gb o & the dtahheln eCogpssuspieer | yop hob
the -CDA. DES sur face, wherein the dropl et rest el
mi ni mi zed contact area with the surface. This sg
rati opefhysdrophobic ODA.SES particles and super
appropriate surface free energy and attraction f

o iwa tseorl i dp htahsreeecont act | ine achieeveduatmettast alplpe
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water or oil within the rough structure; forming

superl yophobic state.

(a)
CNF-ODA.SES
membrane
(c)
CNF-ODA.SES
membrane
Fi gufledl 14l ustration of sliding aogber mbasanement

environment and (c) hexane droplet under water
showed that both water droplet or -ODA. SE®pl et coc

0.5 surface with a sMaitgehmlsy sitrecl i ned degr

Fi gufle/Adlhesi on meas-ObDAmMEE®S osfurdMFce. The | mage
controlled experiment where either (a) a water d
t he -CDHA. VESHS surface and exhibited no pinning e

r e stpievce | vy .
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4. I hgurface free energy induced under liquid sup
The mechanical mo d e | a Rla8l,y swass acso nddeupcitcetde dt oi ni nFvieg
CNODA. SES membr anesalktloaWwvaddaidd -pthaseeee aosat act and a
a superlyophobic state. The model analysis invol
the formati esnoloifd a nsttearbflaec eo.i IThe tot @) iimttelrifsaci e
configuration ¢l8gn fciog.r els piom dFsi gguwr & hde sfuwm of t he
and the interfacial tensi ¢4h.beStiwedrmrtlhye swhleind tshier
were placed in a waterf aaovak)eaimentglyi € Beeo rt foit qad r a tni
3 in Fl8ureordresponds to the suwh a@afndt hehes urmftead :
tension between wajtletr iasndi mphoer tsauprdf, atpoe erdetnd st h ante
interfacial energiynfgesed at edglwheinr a hteuroe lwas rep
water phase, 4dH@duwilsttidngtirmcd uwat eMhe equation inc
which accounts for the wwrtfuade sa.ndL pger excdrefdo aale a

employed to determine the roughnesk. factor, and

[ ]

CNF-ODA.SES

membrane
Eii =RYso + Yo Eywaterjoit = RVsw + Yw + Yo

Config. 1 \ Config. 2

] Water AE{=Ey— Ewater/oil [ ]

Qil AE; = Ey i1 — Eyater CNF-ODA.SES
membrane

CNF-ODA.SES
membrane

Eyater = RYsw +Yw
Config. 3

Fi gufle8T.Hler modynami ¢ wetti ng -OfoAd edES ammean byrsainse oufn dte

i qui d.

TablleTodt al interfacial ene©ODH. ESESEcmémbranesn v
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Stable Film?

5 - . . AE,(mifm?) AE,(m)/m?)
surfaces liquid A liquid B R (#m A (mI/N)  yB(mi/N) yAB (mI/N] BA [:1:} z 1

d 4 (Hm) - vA (mi/N) B (mi/N) - vAB (mifN) ) ) =ExEy =ExEus Theoretical ~ Experimental

water hexane 395 724 17.9 41.8 117 65 138.1 2343 N N
CNF-ODA.SES-0.2

hexane water 395 17.9 724 418 65 17 -66.8 -79.5 Y Y

water hexane 3.58 724 17.9 41.8 85 50 -23.1 731 YIN N
CNF-ODA.SES-0.3

hexane water 3.58 17.9 724 41.8 50 85 -60.4 731 Y Y

water hexane 325 724 17.9 41.8 83 32 211 751 YIN DL
CNF-ODA .SES-0.35|

hexane water 325 17.9 724 418 32 83 62.4 -75.2 Y DL

water hexane 29 724 179 41.8 81 15 -24.4 7.9 YIN DL
CNF-ODA.SES-0.4

hexane water 29 17.9 724 41.8 15 81 -59.1 -71.8 Y DL

water hexane 288 724 17.9 41.8 73 12 -52.9 43.3 YIN DL
CNF-ODA SES-0.45|

hexane water 288 17.9 724 418 12 73 -30.6 -43.3 Y DL

water hexane 276 724 17.9 41.8 62 10 -86.9 9.3 YIN DL
CNF-ODA.SES-0.5

hexane water 276 17.9 724 41.8 10 62 3.3 9.3 YIN DL

water hexane 213 724 17.9 41.8 55 5 92.2 4.1 YIN DL
CNF-ODA.SES-0.55|

hexane water 213 17.9 724 418 5 55 8.6 4.2 YIN DL

water hexane 1.85 724 17.9 41.8 3 13 -123.5 -27.5 Y Y
CNF-ODA.SES-0.6

hexane water 1.85 17.9 724 41.8 13 3 39.9 272 N N

water hexane 143 724 17.9 41.8 21 0 -119.6 -23.4 Y Y
CNF-ODA.SES-0.7

hexane water 1.43 17.9 724 418 1] 21 36.1 23.4 N N

Based on energy considerations, f the
the ener gy ssthatgeheaf wtEranditcBakt n odt e a nakoarrdes ,

greater

t han

O ’

opposite

l'iquid.

than 0.
result
signs,
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ODA. EX2 was found not to be able to attain a s
t heoretical model analysiswandneXpewlken# ntt md Dbrsfe:
was prewet ¢keax tbiybiwtaeadkra positive value, indicati:!
watmermbr ane system wasmmbarmger stylsd reqitwadsd dailtsioonal |

cal cul at ed tge shtei npgo stihtatvet,hesurgepl ac ©ODPAnNtSEST oi |

0.2 structure was not energetically favorable. Si
exchange of | i ghta dgEle xahnidb iB)e,d bnoetghat i vhavatbhes. TI
otilnf used membrane was in a | ow energy state, and

infused state was hindered by an energy barrier

membrane could only arcchdtleolki @ns tuaatde.r 9Dii rhi Isaimp eamaylc
for -CNA. DEH anGDACNBES/ surfaces. The results indi
were more |ikely to be wetted by water rather th
|l ower e nersgey vetda ti-enn ttuhsee dwantoedre | s , which aligned

findings demonstrating that these two surfaces ¢
Except forsohiedstampesiot € i nterfaceeioalbcll aredve:
from-ODNAE SDESB, 305.,4 -0a.ndd5 me mb ga:a egE; s(nbaoltlher t han 0)
gEcangEswer e oppositesohi digwmr fawece waThkirs coul d be ¢
system being in a metaoab¢anmbeysbamie andt ewocoppdsa
surfacgkei hdheates that the interfacial energy of
hexane fill gfds sygd aatc et lwdnti ltehe i nfused water can
ener giyerb)aar rThe final experi meDtAa INVErSES50]. BS54 reveal e
0.5 and 0.55 could combine the underoil superhyd
achieving theateeert adt abt erbate ngdssaperl yophobic
To further evaluate the relationship between th
surface wettability behavior of di fferent conmn
superhydrophobic ODA. SES, surfacedf t®e assesgy the
mol ecul ar attraction forces at the interface. Th
() and dispersg)i vehztompomleadtise (esti mated based on
l' iquid (wat eroddrmrdde)matnldy Itdhre@wens | dWbredf j t Rellelt oam (

(OWRK) met Hod a(seEos.hfomwn6lbel ow
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C)l _
1 € ods 29 3—V+23§— (8)

whedeeferred to the oornetfaecrts atnog |teh eo ff rleieq ud mdesr,gi e
solid against tb'di®R rseafteurr atedt hapdree energy o
superscripts p and d, are thlkespecitdyefAdRdingdper si
are documented in many references for di fferent
met hyl ene iodide, were utilized for the,evaluat:i
both the contact angle of waittehr tahned hniegthheyrl emcen ti
superhydrophilic CNF in compoGDA.e®E BI t35iss amar t h

0.4 displayed similar water £botabe angfasei firate
became more st ammind emliemwaGhAH. BHBBECHBY. compared t
CNODA. DESH 5 -ODCANFHOE B -0a.n7d demonstrated alp. sTlgins f i can
could be attributed to the differences in the int
Wa er primarily gener at eld ployckr agnéarerbacrtd iomg awi d hd it
met hyl ene iodide relies on the dispersion force

groups on theCHurf@aears d gwaatad dags, i n htehaleltydr ophobi c
CNPODA. IEV5 would | ead to a smaller increase in

di pol e force was gr eODtAl. Y DE BN h a@aemldi na fntgerwi@MF t h
dynamically anal ylstime, detieempeaedmehatrassurface fr
56 miom40? mwam capable of -weastseabi d shningr hasé abh e

a metastable superlyophobic state. Mor eboever, the
worked not wmltyerosyléreanewaten!| sposti eamdt hRY Dhdwn
3 and H9gqgurod her four types of oil with different
measur emeniODA. BlEeh CildEmbr an en @o wsitvibabybewil mtdd i nt er f ac
under water environment or under different oil s

oil and water repellency under oil

Tabl-2Cdmponents of Surfac@DAnNnREYYmdmbr avraes ous
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Contact angle (") Surface free energy (mJ m?)
Surface

v Moe g .
onpfggé-o.z "7 83 16.2 0.1 16.6
ODA(.:;II:;‘.-O,S 85 57 24.0 45 285
ODA.(:IIEFS-O.:!S 83 43 355 438 403
onfgnls:é-u 81 36 38.9 33 422
ODAT:ShIIEFS-OAS 73 30 40.2 5.9 436
ODA(.:SNI;-O.S 62 25 40.1 1.2 51.3
ODA.%::FS-O.SS 55 18 42.1 146 56.7
ODA(.:;II;-D.G 37 3 41.1 247 65.8
ODA(?SNI;-O.T 2 1 38.7 37.4 76.1

N water CA under oil [ Oil CA under water

Contact angle (°)

40

vt o o
. & 0‘,65‘3 00@(\*

Fi gul@eThRBual superl yophobi-GDA.rdHBr i ine swiabtfeertr at CNF
system. Trres bil uei catl a1 atnlgd ewaitnedrerc adntfdcetr ent oi | a

represendnttéhoet oadgle under water.

Tabl-2PHysi cal properties of four tested
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0il Petroleum Chloroform Dodecane Ocatne
ether

Density (g/mL) 0.64 1.49 0.75 0.7

Surface tension

(mN/m) 18.4 19.1 254 21.6
Interfacial tension 38.6 22 4.2 431
(mN/m)
4. Na5-e®i | andWaOEmul si on Separation

The achi awnmdheeaqgui odf super | y®@pA.oDE S i meymbirna nNGNF enab |
application in t he separ at-i-wat eorf oonididwaner e mu
emul sions, st abGdtiyzletdr immethh yl anmgmomii um br omi de ( CT
ealuation, with vol urbe gi 4a tail o saonsud onli: d 0i0M@a&Og e sl 0iOn 1F
revealed the presence of N u me HMoautse r e nadinHasi i v ant edrr o p
emul sion solutions before fiolntsrtatnitom.ndHd wew e/ra,c uw
MP a) assisted filtraQDANDEPS omembr asengbohle EMNMEI
effectively filtered. The final fI|-QXresODE0H t he en
membr ane were deteryni hetsSibme‘ber alpexatxeermaetneull si on
and 17¢0°0allf om -whtemane emul sion, calculated basec
mm) of the substrate and the pressure difference
performed by passing 100 mL of the emhi®agobhhehr ol
membrane with 15 mL of eth2aTtolhfbeinsr ¢ hatyitmg ifh
significantly decrease with increasing cycle nul

separation capability and stability of the membr
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Fi gurd@THgot ent i al ap@DA.c®EHomeontb r @b E eafi o r atnhde

otiHvat er emul sdrmd dspetgiiacraabtfiecoemagesmul si.on and f il t

22000
16000 |

B e e TR
< 14000 | - 20000+
" —e— Separation flux for oil-in-water

bar™)

S
=3
=
2
-1
h

"::: Sef ion flux for water-in-oil -1soou“-‘E
_:, 10000 |- A . %
E 8000 | < 16000 E
6000 |
0.0 5..IJ 16.0 1{;.0 2‘;.0 14000
Cycle number (times)
Fi gurRedT et ability sepauvae momd@OAUREDf f ENFH he wat er

hexane a-nh#aheenkualnsei on.

4.4 Conclusiors
I n this study, we have devel-bpgdi @ daali | super Ihy:
membr anes whi dhlgueowlpdplbrciatg omms i n various field

key components used in thiseappdoagbowedeudetbhtt:q

and cellulose nanofibers (CNF) derived hferom cot't
treated pollen provided essential rough structur
grafting hydrophobic materials onto its surface.
hydrophilicity and facilti traegmmhllr atnhees cdounesttrawrct hen
hydroxyl and carboxyl groups. By combining sup
ODA. SES particles, we were able to tune the wett
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membranes over a willhedmramigebi d rtoon ssumgédd hydr ophi |
and contact angle analyses revealed that increas
the system both in air, water, and oi l environme
the superhydrophobic ODA.SES particles effectivi
cushiono for superlyophobicity, depending on the
and experiments demonstrated6tmMbaomdld mfumpelg sur
would | et the s urtfadbehwea teealilnd ai nt ar mac a, l etting t
favorable to these two contradictory wetting st a
under oi l supegr hydrtolpihsobpart) . Al so, a simple
demonstrates the |importance of this kind of und
mul tiphase fluid -apwaltiecra tsiyosntse nssu,c hs uacsh psacgisleche o |

transferl iaqui diigut @r f ace assembly
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Chapter 5. Highly hydrophilic and oppositely charged cellulosenanocrystal

intercalating GO membranes for ions transport and osmotic energy harvesting

5.1 Introduction

Wi t hev-dhreowi ng energy demands and environment al c
seeking abundant, sustainable and i fqd¥fensi ve en
osmotic power, al so known as Obl ue ednefrfgeyroe, i s
salinity are combined, and it of f ee[sl1 9p8r,onli%%] as
Among various devices and methods, the reverse e

to harvest &éblued osmotic energy from the direct
via-sebectiveg 20@®mlb radnehit ur e, many |l iving creatur e
converting osmotic pressure into the electrical

voltages gr\Wwauviea tthanp dc®@ddbeiddmdchanndle ®A]Jectr oc)y
However, co-emmehangét membranes for RED system su
i nadequate mass transportation, hi gh energy barr
densit.y26réhjursce t he harevneesrtgiyn gc aonf bsea laicnhiiteyvwed by ut
channel due to its specia@@®6]Jon transportation ph
I n contrast t-di memy ie onaanooncghllaDhnred t hat requires |
geometrydamsi thy gmor es, many 2D materials were in
to produce highiygaéetef  REDg e mbWi@ohe dtrlpyee assembl y o
materials, the ion trasbpetssowitbhss thanparam] el
in the direction of intfemMt]dn ital e pcahan el tdhiemerDs i
to the Debye screening |l ength, the surface charg
functionalities of thel ebdtinwniel g, oiferr satppiefrii ocat i
per me 4 RiRlQidtlhye b-opt asmsembling of pristine nanoshe

possess good 2ilnH®edAdert,i viID ynanochannel formed b\

| ow mechamdgtcha,]l &g rwell as undesirable swelling
durability of t.phe&IRekcmeenltlilayr, nmae mbhrraanesgyy of using p
materials intercalated with other charged mater]
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increasd ermerctycdgd el ectrochemical pefR2@bmance o
The guest materials gener adwi tah sspuarcfea cceh aamgde szpoancee
the interstitial channels generates hi2ghiér i on
Kev[l281d cel |l uloz®sleanofmi hbeet®rcal ated 2D channel
dynamics. Neverthel ess, soft fibers with a micro
the fiber axi ¢ odiar éhd tgihenmr timaterlnemdds esi stance and
to pristin2a2ZItnMemedf ame, to achieve a nanocomposite
osmotic performance andfaméchaniecalal atedn@Dh chans
rati onal structure H28LlpPn needs to be developed
Cellul ose nanocrystal (CNC) derived from nature
bi opol yrmérr shiwghl y ordered [2R2Rtsantsystdlplkienest I Dc
nanostructure 1is composehdonafeddomsal y epbackheadnbyoc
repeat i nyglanchoypdyrrod 22&SBYC umo $ sesses high tensile s
and Youngdés modulus (around 150 GP®B|esidempatalkl e
di mensionbnmidndtéd bé2@GO hnmfr d00ces entangl ement a
linkage in the 2D ebamrec&l nighaf|] IndMelneainms beles si ng
the distribution of three hydroxyl groups on th

chemical modi f-hydntoloynsi sWin éna toisdn, the surface o

cationicarfiaommnino)gmooups (carboxyl and thiol), that
zone for interlayer channel ] 2B&1 enhances the io
Her ein, weD/r2eDp ocrotmpoonbd raa@le consi sting of negativel

CNCs intercal ated wia hf ogrrifialpahieshaer corxe Weer sséh eckit sl y si s

for high performance sustainable osmotic energy

urni of CNC imparts excellent structure stabilit
me mbr anes. Benefitting from the high charge dens
inside the nanochannel that gernergatiesn a efl esttdrviit
to the special geometry and architecture of the
spacing of the nanochannel allowing for a higher

CNC reduces sgeiromr tefdrespordturas reflected by the

barrier (friomr3®u8 ek GOmMbflor2 P.CNX/kpGOmalfdr26. 89 k
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NCNC/ GO) . Al these beneficial properties result
4. 73 2t mroom temperature under a controlled sal
solution. This osmotic energy conversigcgat corresp
3 3K, which exceeds the crivoncdgl5?)d wm aAmdland ohat | g0
tandem oppositely charged CNC/ GO when pOoudmices \d
connected in series, indicating the commercial v
suggest that tthhee cogheaorngeet rdyenasnd y of i ntercalating
play a cruci al role in modulating the ion diffus
i nternal resistance and electrolyte ©®huxheOur f
devel opmencthaonfnea nbaansced i on transport membrane pi

and 2D nanomateri al s.

5.2 Materials and method

Chemicals and material s

Cellulose nanocrystal was provided lfypyoCgldli afldryd e,
di met hyl ammonium) solution, 20% in water), CMC
(2, Zl,e@G,reamet hyl-@x pler i-di2 nZx,a6hpd pelri dinyl oxy, 98 %) ,
(Sodium hydroxide), KCI (Potasdium wWéteradeae) yaind

pure and purc-Abhdedchromng&i ghMmatural fl ake graphit e

Preparation of GO and pGO

The negatively <c¢charged GO was synthesized acco
met hadeé6]ichoencentration of the obtalindtteGPosobtuveb
charged pGO nanosheets were prepared by the drop\
1 wt %) to the colloidal sol uth)i.onT hoefn ptwhies t minxt uGQ
magnetically stirred for 24 h. The solution was
the obtained sedi ment w@swwhehedt f3b00ti pmsf asi b
sedi mendi svaesr 3 &d wian eMi tathdd fsorniS ami ns yi el ding the

pGO nanosheet s.
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Preparation of NCNC and PCNC

The NCNC was prepared using. @ 27nE MPeQ abials,e d4 0o0x i ndla t
water wtae adgeadf CNC. After vapgpolrioeuds fnoirx iln5g ,misnosn,i
(59 amgd NaBr (0.65 g) smespee nasdidoend 2tdod ntishtes r@GNeQ@ r 6 om
temper at urteh e Tshoel uptH oonf was t hen aTdheu soxeidd atoi olm0 wias
initiated withNaO€lI addi tibooanofl452%mLpetbotihe CN
of 30 mins. The pH D@ orhd &0l amidoh eWvaz2t bralst i at ov
of met hanol was added to stop the reaction. The
washed four t-Qmensat esi ngrh#&li Ifliinal N C N-€ p eweads col |l
centrifugatwaosn.prTehpearPeClNCaccording to th228focedur
I n detail ,-diNCINeCr sveads ime )waatnedr m(i x%,d 5Swvi trhl )PEflorsol ut
lhDuring stirring, the pH was reduced to 1.5 to i
PEI . Afterf uratti,onalei 22eeEd NCNC ( RLiNeCed d waen tcroil fl legd te
and washed fouQ wames ubbowmmdWVMREI ucnhai ns. Finally,

successfully prepared and collected by centrifug

Preparati on of NCNONe@GINC/ BONC/NeGINC/ p GO, CMC/ GO
CMC/ pGO membrane

The NCNC was diQs pvart ead it eMi stloon iyd aetl edd af d\rC N2CO smoismp
at nog./éml . GO was di sper@evdataerd tsm nd kctaanigmd md ns Ui d d n
Then 1ml NCNC suspension widsg minxded hwei tNn\CNE&Q GLDo Imetr
was prepared by firloturgaht itohne oAA Q h(ea nsoodhem tagnlounmei tnhu m
Size) substrate using vacuum assisted filtration
and CMC/ pGO membrane was prepared using a si mi

constituents were changed during mixing.

Electrical measurements

To tesiton htransport behavior of the membranes, th
into the small pieces (10 Mmmtx Znmm)y eand agsodlhedn
were fully open. After that,tHhéd eepareyx urte Inemba rmd ec
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at 60 h.f dmwo2sides of epoxy plates were carefully
exposed. Then the epoxy plate was fixed between t
Ag/ AgCl el ectdr bde smew\ uEecwrprbhetnathe )-Vpcofvégesand i or
conductivity were recorded using a Keithley 2450
wa.4 V to +0.4 V, with acisrtcewi tveaM a dahgdeg sohicould t 05 V.
currgntwe(rle determined from the intedceptrsesn t he
respectivel y. For the ChCNC/ GO, NeCNC/ GO, CMC/ GO
t he oppositely charged nanocihtaon &lh-e metnmidreeaaen e s |
el ectrochemical cel |l (Figure 4a). The effective

were about 0.2 mm

Ot her characterization

The surface chemical groups of different membr ane
33 units over the -AWaW@Enaimmberzetaamgrotodnt4i0dDl s and
solution were measured using zeta potenti al anal
was characterized via scanncdhnig SU80clt0O)o no bnsi ecrrvoagtrise
energy dirsapyerspeectrXoscopy (EDS) anal ysi s. The m
composite membrane waempoessictvR)dtwiatt lar a elMeda dieng |
1 mm/ min. The membiabhe séampbsesswwéheacwi dth of 2
The Youngds modul us can be cal cul atsetdr abiyn tchuer vsel so
and t he weodegthenresisned by thiestaméa condeesthdhsgtreep:

s tnrget h, modul us, and toughness were the averages

5.3Resultand discussion

5. 8yhthesis of oppositelys charged CNC/ GO membr an
Figure 5.1a illustrates the fabrication process
chargedpGOPCMG@MNof |l uidic reverRsEeD)difaolry shisg hmeprebrrfaonr
osmotic energy harvesting. Using the -vacuum a
tetramet h-d py lped-me dli aeed ( TEMPO) oxidized cellulo

and eptohlyyl eni mi ne (PEI) modified positively charg:t
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with graphenepoolxyiddeal(IGQ) danmet hyl ammonium ( PDDA)
(pGO) membranesForldsopreicntgi vaelmi | d t heceat heeduabi bin
i n water against swelling, a pairtr of oppositel:
embedded in epoxy gtaoampandmehntacelded nr ac t eamiecea l r
high and | ow concehhe at adfinesm KtCeg r miod ruadtieo ntshr ough
charged NCNC/ GO membrane toward one side (From h
to ,LCWhile the anions wildl be transported by PCN(
Thus, whysseéedvecti amsmembrane movement | eads to th

the electrodes that generates power to the exter

-0--GO
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fo) uc - -0--NCNCIGO
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s
C 7 -
\ w ¥ z
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Fi gufld a Schematic depiction of oppositely cha
nanofluidic energy HhaxdOs easntdi nPgC NdCe vpi GcCe .s ol bu)t i NoGIN Gv
Tyndal |l effect, indicating the excepoboeeantidabpeft s
di fferent colloidal -pareénciel sahdtcomducti{idyi fThe(

t he osnacletntcr ati on in colpotdadmtli slol wdrn ioat i qre)wiTthle

The TEMPO oxidized NCNC was a 203N10 nm in lengt
observed by the transmission electscompemi( AFdM9 ¢ o0 p ¢
(Fi p®r.e The PCNC was prepared by coating a o6pr.i
introduce positive surface[daad8Tdmammallehiargei tol &:
scattering (SLS) system was used to determine an

Figbd,eafter PEI modification, the |l ength of PCNC
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from 8 to QUusmpm.nslihen G&s prepared ugi2Zidgsléede | mpr
O6met hod sectiond) a npdr etplae eme mm noisheebf wabe ameun
predominantly 1.1 nm thick monol ayer a8 confir me
2g220uring the exfoliation, var¥rO)o usc aff@idantyilo n(a l gr
and hydodH)x,ylwoul d be terminaft2z3®doydit &alel yslurdiamet
ammonium (PDDAYXowderetusedet of charge on GO surf
el ectrostati€sthackZa3dlfji emo chinfdi ca-pobant itdle afet @O w

shifte#dnwadamwm positive +33mv (Figure 1c), indicat

on the surface of pristine nanosheets.

Figb2ea) Typical AFM image of NGEW idnasgter iobfu tNeCdN Co

and the inset image show the di nreenssalount ioofn sAFRM | ¢
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