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A b s t :rThecfdrmaton and accumulation of ice can easily cause sesaigty issues

and damageThe siperhydrophobic surface can delay ice formation due to its liquid
repellencefeature,but doesnot work very well under super coldtemperaturesThe
electrothermakoating can effectively prevent ice foation while it is very energy

consumingIn this work,a multilayeredsystemthatcombined electrothermal lay@eT)

with energysaving superhydrophobitayer (SH) (SH@ET system)was fabricatedto
improvetheenergy efficiencyf antricing/de-icing coatingsA programmable automatic

spraying machine was used to prepdhe graphene nanoplate(GNP)based
electrothermal coating wittontrollable electrical resistance aaxtellent electthermal
performanceAfter sprayng the SH layer, the SHOET coatingshowed excellent water

repellencys u p earniitatri ng pearddrevancemel y | owl5 ce adh
k PaDur itrhgenit ¢i nghamea & oi ceeccumumbatthieo sur face o
assembPHIE sy st e mu neddeasrwo w@r. W) at-1 € f20 mi n
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Supedeiogiemd or md e d déatni olgdi busr en@aé happear e
| oavp plviodd ag e ndwemigeehye conti nuously formed on
coatingp fwhrembheadhsH ayefThe resultsbbanbéet aisc
water raepdll ewcy ce adthh&#li ayne lBHirse nwaahk ogr o v |
feasi bl d cheppirpraichg mudieti hgyeysbelimdradea pr ac
appliscati on

KeywoEtdectrothermal; Superhydr-ophabi.cbeMaol n
1. I ntroduction

The formation and accumulation of ice can easily cause serious danfagéities

such as power lines, aircraft enginasd wind turbine§l]. At prdceesiemitng met hod
ar e classified i nto active deti cwonrgk i amgd p
mechanhi2dnmshe active met haaedx treerfnearls ftog ,cdee iacfitne
i ncluding mechanical ,,asndal to,t heslr e cdtéridogti halegr mae t.
whi elgurre certain Téreerpgaye $chro edr esed errcse st.o t he
coating waotferomvenondensing or to rlkywbce the
6] Thisrmkedmewi nd or gravity to get t he 1
traditional mechani cal and ther mal technol
from r & hreehg wmigreefeneed-6 gy anildi ght wei ght design.

cur pastsiywd emo®t asefficient 4ermcomplteteéei anc
i ci ng plrhoebolreemsi.cal ly, the integration of ac!i
t h®edvant ages odatiamdjisve xdhuiabli t desThearbd e per

| i t erlada melpaesd el e cctoracthidrsapndndilec i n g ,s ywsatireerhs
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mai nl yedfnoctuhse functionalizaf{i7oH®BWYé vheedr,@ectt r ot
are not matnydtehretgicnifelsuence of t he -iugpipreg | ay
perfor mancéd aogfedtedet rnoutl hteir mal coati ng.

El ectr oltehyeeawriad el v us-edimedthioweitsthee t he t emper
offt hseubstr atper,evteflggeebyng or &l t ilRgctecht t e i
I mproivei i@ perfor mameneragryd cheicesmpd ¢ oot wér ma
| aycearr,bon nanotubadgshegg CNdsgoamidngrwermhe i nvest
dutet heir high ddogtustiedtyheandnlgl ,TH&EBHger at ur
carbon mahemveadt el ectwithehigigyledtioi chhe at
malséehegwod cahdi dpe&reer ati on el ecGrapihemaenal
nanopl ate (dGNWwensiasnatl wocar boh hfaolcluost roofp ema s d
i nvestigation in electrhitdhiieemmdal fcenh dsc tdivwei
superior el gclt4r.@nlebgs dwmbaEVvV e tgemonstrated t ha
based pol ymer nanocomposites can be fabri
condadttiHo wever, the practicalbastmdiadaenggi f or
coati bhgemasel y Trheepomaierd.r eason i s d4latmnmgachi
performance needs|[ BjghlFiwvod@thigpeeisginst A c¥) of
heati nganlnaoyterbe adjwu ¢ thed eacowmt d@ mlglsgas @ah so &
why It canabt Iskcead @alsheed ef or e, It I sn necess
el ectrother mal l ayer with | ow and adjustabl
For passcveg abpgehgdr osphobi c sot Easeselhya
i nvestitdaitiedifriggal d.arnfpdéue59cont acwi tamgwat er
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(CAW) reduces t het lde motpd cett &aarneda tlhet vseugprer hy d
resulting i n a decr easand nf iihneaghté ytf rdeentsafiyenrg 4 f
[ 19 . Mhbnwhidluee to the small rolling angl e, v
t he sutrliceoag i aafher eby, | essowat be/l s aefsadeou el
not ecdasupat hoybdircoplamyheort st op i neaacedvmueatel gr
envir oBhenmceanus e water vapor wild/l form a capil
the superhydrophobic | ayer, promati el thzht tr
there i s a strategy ttheapirlelvemy Ikirhceidmgfgeo r mti h
perfor maheseopeohydrophobic [ ayer wild.l be furt
is to I mpracteemp & e & ksaurpte rofy dr ophobic | ayer.
Basedhdeins c uasnsdi ojnusda b ¢ tr kssgutpieaomy dr opbhpperc coa
| aywensnt egwridtheedect r ot huenrdnearlin@laaaymen-it ¢ i ng/ de

i cing. sVyYhtewmhuepepcetr okfaagnatre i onigc/idneg p eoff otrhmea nc e
SHOET cowasngnv.esPolgwn( &idnuyetrdrddeecmd | uor opropyl
(PVBIFRMI hhgbl vabihlyidtr v p hsoubiiteceebtiyed misdda engt h wa
sel ect lepelo |l ymeri ct healtercitxr oftchrer ma | and. super h;
GNMbhased el ectrothermwadar bomat i magn chaanddeeds Si OC|
superhydrophobi c ceouwtta mat iaggertehlTdpde epamnedr bgt i
oBmul til ayered system is illustrated in Fig
the substrate i LLoa dovwat dicapggeese ucseende eecob |l t o t h
powsupAluy omati c spraying equi pment IS asse
ai rbrnusahkoWwWhi gwmr e 1
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. . et
Automatic spraying =

‘ SH

SH@ET system ET system

Figlufta&) | usafr attuhtenmat i ¢ spr,apyrepgaeqti pment
process-f£diecoifnga.nstyist em

2 Experimental
2.1 Materials
PVDHFPpell et, aver,digmeMwyr#00maa@®@&m ( DMF)
particle siz804ganfiahanapoar2i@d nmlpayticle
were pur chas-Aldd fRreoimh. | $Iiogwassi | bookuwaghlket from FIl u
compéabpited KcnddE&INDCCOOH,; Outerd dnm;met er
LengtemweSg@ur chasedNdmom henmegdu, Chi na)
2.2 Prepalratiopebbéat mah
PVDRFP (0.1 g) wWlalsnL d DMBolwy @ dh ivmgor ous st
temperatur eHFMddiessoPPWDeFd compl et el vy, 0.05 g
the solulipasf@mmdc dt &d &ah anoo goebnteavivneldy GiNIPsp er
solution.
2 3 Prepaupéeirbpdsmlopthiodbn c

Gener al HF,PO®RJBDaFs di sWolgy ®MFi by vi gorous st |



temperature. Toheeoni dtddriemds @ eretda iSn Op e rwfelrveor os i |
added into the soluamndn.r pWintbhecd hikrela s il st & 10«
can be ©Dihe awaedht rati,@anadbtiS§00.10y2mredri, 8 i CZNeTds
CNTasruesed in this wodgnkantop airmmab ielsi,zevh3ic® wi
i ntegrity ofi opeatthemga s iaomdoftt aiissit gnadE]sur f ace
2 4 Preparation of multilayered system

Both synthesized sol uti omsn-t diacni nbge cuosaetdi nagss
sprayi ng,anhkr udihppnigng met hods. I n order t o
adjustabl e and t o ma k e t he Sspraying proc
pr ogr anumaobnmaet iac spr.aywhighlewmomi pmakil g sraenpl & s
were prepared by this autombei cnospbbagi hgt m
moves iax,itshenseXr ay gunVYmgves-awhe&hiZs used to
the distance between spray gun and substr
evaporation splened hofs twhoer ks,oltvheentd.i st ance wa
8 hot plate. Thtehsepo aiyrsg@usiBdead ndfess steel s
selected sdegetsludist r &t @ eismp riemad LAutsraymme r ci al p
paint (Halfordsé$, Ei aBuPti mgr baOriecoado ednh &i nge
steel ®Bsobishicestleessei on strengt AswshbwBTi ao&t g
commer ci al i nsulating paint was sprayed on
t hel ectrother mal | ayer wa s n fpapleyidcraotpendo b b ¢
sol uwasondeposhiefed agerraSHRE Tf cdritec i ng .AMAslylst em

samples tested i5cemt hin s stvan enk oelasrse s& eceth s heet

6



2 5 Characterization

A scanning electron microscopy (SEM) (Evo |
the surface morphol ogy of the fabricated n:
and bouweeet mebyppt ed al t enBii ®lmen eBpdaiofm c
AttéemnE Theta Contact Angle Optichl offensi o
dei oni zed watedfheniwat ar sbhbshcat eest was al
equi phmeeatneedl e was placed 2 aom8labwateert he
dr opTredrsmogr avi mEBGAwacs acnaarlryiseids oEutmeurs i2n0g0 Oa |
i nstrument, under c70nkt/fmumaod Ai10omgns powl e
and the weight | oss was recorded from 30 to
A 25@&dg nlgowas applied to the coatings, and
abrading surface. AOZ osrtda nndga rtdo, AtShreM sDa3r3dbPa p
the surface of the sample. To test the i mpa
mLIwawas hed against the SH sur fTalketiacarmtgi cal |
test was p-&2®f dmraehdeeirhnunna Jequyi: pp&dd 2W t h a tr
doafeasur ement of ice adhesiavrerdtircearndgtmotwasd
test st-BOAN MXRMADA Co.l,celtadd,hed d)jpanysatsr engt
calcul ated through the adhesion sswietnlgt h di
t hsea mpulref @&sc ed.et er mi mien g hpee rdfeop ima ga ¢ oplfmdsi elEtT, a
equi pment consisticogtofolaDICr powver, sa popil gi, t &
assemblied ngd s meoadsdache time taken tter the

from the coating surface wuQustroncegdtaums ew
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designed and conduct ed tsoy nitnhveessitziegda tseu ptehreh yre
coating. Detailed information can be found
3. Resdlitscuarmrsd on

31 Surface morlpahyod ro gsi yesst eomis mul t i

Figwkr eSEM i magftaceb) and f{crdleodt WErTe skiotad d tnigo n
di fferent ®SBMnNi mMagads i @ ;FSrHa cstuu rf eadc es U ref, a cf € ¢
SHOET nanocompf@si the ;c &EDtSi mappi ngmi.mage of
Surface mor plyomlt bhgiseé  eaf sasnpl es were observ
I ARl QUGHRP 2slrecete mbehdnpee dy mer iac dmdrnoarunxha sur f ace
(FiguOeelbppped GNP provided a wd€lIFli guaomrduc:t
2b) , which is benefi ci abkwiftor oanretpraalilnagb | eo
resi sTthaencneor ph dferogggyt wrfed hEeBclt ayer oshows t he

way of( guNR 2c¢c and d) . Randomly dispersed C



formamonti nuous pat hwaSH fagrercsdamogves tar aindpgemter
with EWI hbelyieter uotduirfderdatosatzed on hthe sur
SH ayeé&r gut eanazmep)l i fwi ewde vciaenmisce ¢oy u t tuempe d
compodeod@Y Ts sgprmhdBro@anopa(rRiigdlees bBehede por t ed
that t-hilse | sdaunstcegsulrpe¢ ehydr ophobicity to coa
surface roughness and § &.ditheraaskcitnugr es asnufrafcaec ef
i ntegratemdpoeydEEIm | a ySeH a §se ds hiofving wgr el 2 c an
be seenist haatcltehaerr ebd lheddawy bBety@bBsnous separ
iIS oOobs®revesilame pol iyse e dacreadetad srii vked mapgreonvte t h e
compat itbhdaved ydioff f armhenttu atahyienr supper | ayer car
2h, the thickness ad&mwWihieclfSHwdsayleesd umfcdam on s
hydrophobic coating a@QNMTs nwssuddtiimgt Riady ieve arhke
and the concentr «tli. 8n wd %) whsigddh tiay e e | €ctr
i nsulation. The resistance of the SH | ayer
(20@)When a voltage of 30 V is appllitesd, n
confitrhmadconducti ve tphoedh |, wareers mletmerdg r ncal | vy
i nagulng dwh&atieh@gmental distribut-mooanfifr @edSi
t he aggl ommearnaotpeadr t S ic@iessp earnsde dw eplo{kaycmhe rnigc ansa ta

bi nder)

32Thermostability of | ayers
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Fi gBr(eln@G@ ndbDTG@ur vESan&®H ayer s.
Thermostability plays a significantisole in

an effectivedencarsmierendretr mabd s t[ab5]|éTihT G of m
cur vebesbdposmiamed o mpos artee schobamgiBargesThe wei ght
| os 6 heelf &mMHda werubh dg @it 4 O®, I ndihceaytabnage ¢ | ent
thermal Cempéar & diEeWyiatylkee ,i i ti al decomposition
tempepo & thieH e (ee®@9PC)is | ower ERfaanyaeB°®) , ofwvhi ch
can be ascribed to the degradation of | ow
angler fl uorogdhloxmanxe mum degradation rate car
thermogravi metric @BDITH maxivmewsm ide ghiagduartei or
smpl es oxt@tuempar at B0, atwbsv erhi gh f emeatgihn g

pur 308 diitgntad s A mphlaesvse good thermostability.

33Coducti MecanmdpdeemiailEBBasciidt s system
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Figufdhe r dledtwtepprmay ti mataesd odHEC EC &t i ng

(b,Elee)ctr ot o rmahieE sc o at(idnYHKRB m d s yusntdeenn

varheatiomg fC)o mp aro tsloencst r pehé& ormhebmween previ ol
papaenrd t h[i 56 weltZd], 26

An interesting phenomeaondebkbhatdvedshspthat

t hickness alnhhde rreessisstasnmceee of sampl es was
decretabtemigc knelsBT olfdyher aut omati c Sspraying
homogeneous ET solution were apipmloiwead itho i r

Fi guAepdaver correllac¢t minc beé¢ swsieehance and spr
fouhd. oo debt ain | ow resitshekdAntayet hehohl dkne
threshollmd tvhailwewor k, wewiptrhe pvaarsetda dicTe s(af nmpol ne s!
70 bagyontrokhic@methilsd 2Zm) of t hTeh ec oradisiglgd. yi s

consi sttédgeitmwli d.thddu rdrabteac t e ot h er nfadlre sy sntge m su s ¢

mai nly | i mit edcadoinys unipetoihaBgeg.e/ePreerpgaywvioh ¢ ag el ow
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and -memgthor mance el ectrpt amatheeh qalpgpy arc aitd oan k
materi al s,wehpptah e&x twaprorkael r ama xtihmu m ovfloll t ag e
V. Codwiatle previous r eseaQocnhs,i dietri ng t bBeEeatei

1/R1LER 1/sR whedenoR es total erasdsytRamaocee whi

-~

esistances of ET |l ayer andhe SH aRswaug ero,f r

i nsul>a2t0iyNs much |Imm(gQwe haam®l uh&H t he

ayer has wal afel st eRotnr itcheel t dEeh dluacyterv.i ty of

Figdrehows-ttehmperiamere curves (Figwre 4b,

—~

Figure 4c, e) of the EmMecbawengt @Gehder BBH@ET

(7]

ample is, the highthseapnewedd ¢ salycelye 4obbt Bi ged

o]

ndtédr hi ghestatsd elaedgt iinmgc rteeanspeesr awiutrke i ncr e a
power. However, to protect polymeric compon
ci ”c¥®W.Consi deérei negg &Y iRon where P is power, U
voltage, and &nd shitdglrer emdaiisipal eajyes, r -ESTt ea dy
state temperature and | ower cceemnparngd evaitteh a

SH@ET spBbODEMer reason is that the hexitst enc

~+

ransfer between the ET | ayer and the air,

SH@ET system shows Headtiigrmhgerr dateati sganat enpc

estimate the electrother mal p te mhdecagt menac e o f

ncreased wioff h ptolwe diafn@ibgaesce r ot keamalt ebaler
high tesmpterladwiee |l t ageared t hé&fdomad tainmgage s ¢

SHOET syastt é@n26nder di fferent applied powers
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temper at ur ek ioxatarnBERELTI cryastda feanmme appli ed powe
homogeneous. This even distribution of heat
and el ecuatiicwmilt yomfd GNPs as wel |l alsT t he hi
coatainBIRPET syGaommavwi t h previous reports, ET

this work can reach the highest temperature

4fThe si zseanopfl eteshef abrdg praay ddpupsacnegs stchoeut | i ned
not | imited to smallscaiteseppt EMss f oirt aippl p ac
require | arger active areas.

34Wat er reg®lalte mgy
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Fighr eVNatoemit act angh®di)eslta g oafWangr
dropl et affgthiedylco @astvadtfer rol3Ha@d@way nfgr om
wi t°sl 2dnghgVat ert endaSsHtwfat(itigdeo process of d
bousucpe and rdownt heSHduaryfeaoace of
Stainless shgpdfophpnivsbhgbppd smal I[( GMVaW)er con
(48.,7 which is much | ower O( Facdataad ThYe ET

fl uerriigihd y mer and hy e pdooodd cwaGtNePrs repel | enc
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Dropl et on StHheasiunfapkbepBagped t he value of

over? 1i68di cating thet sSSeHpea thiFm ga)p b e borfofi Lt 'y of
angdte which a drop roll s iod fatodtui®eHZ Ihay e m.c | i
The | owfr eamigpwe excel | emtf wahtee rISH .&pealth tngges ¥ a )
steel and ET coating s howateerc ed dliegnltfeitwantl eyr
attached on their surfacesbkbowhi @gilda@aead ien a
't stands i nt hsdHaa ywenrc ovti recdhrs ewpalt eetirsd | Wi r o Inf

t hseur f acevewwpal A®p(eFilguWet mrirst , prodselkdl dy h
watey kcansprayed onto uncoated ansgNeoated 7
smal | idsr sléSets ur f ace, whil e blyi gvad recmlid tegd sr e
on t he & buenfcaoceet lecelft r at e, i ndicatindghS®Mcell en
c o atAisn g hownb5hiawaF ie g ubdoeuonpcftels$ets ur f ace wi t h extr
|l ow adheai°vBacf boAhlaleimemsul ts above confirm su
excewaeat repéeFHomtcy ngf Less water odccumul ¢
SH |dgmraot es oludds m cetnwyequen

3.5 Robust n&stso atfi nEglTs an d
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Fi ga(rad)nwviear test ;olbWaE®Brc o atpiddcdgy d (ecs)t arft i

wear test of SH coating.
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Aschematiwc of the abrasi ofmh&Bsdovwatsi sdubdbwedi n
reci prf @@ ametder s ons arhckep ssfjueg dvaicreg odl ear but n
mar ks. After the abr asheed ns awapsle er eelt eecstd reildy arneds
no chwansgef oumdi cating the robustness of [
phenomenon can benexslclaeinbdteuds retil af att i 8.3 Dh e eGP N
robusttnhSHso atfiangeme nst awmd tear biynp avatt etre sftl.ow
wi afhl ow 3 @tmwaisd ej ect lSets &t ofwac & v er taibcoavlel y fr
t he <coaatsi nsghown i n Fi gurtehSellshu.r fTalcee waotre ra sstha
and was quickly sgueezed down by the subsegq
separ at ed SMsaurefracamd hree d ec t cont acAf t bet ween
contifmluegilk h-sipiegldl wat erhd 16almbLéfsdPEHWEAating
decreaseé&d’tbkd »hwilt Blimm n . However SHddeet iWIQA o f
i ncreaséed afttoerhb@di ndit hdHI ager rmeogsd i1 ntedd

superhydrUdph®dn wiatydar, ftlheew bt mi hiet ehorr onmer

coatisngxtremedsyzlei goiro pmsit livirtetrattehe voi ds a

5

aAdoni-stouct ur es ntgheh unsa ti entchSatfafsi anyietry. oHowever,

~+

henfi Wwatiasteendolvye devapotrheéiwater repell ency/ si
of the $SHmeomedhignedcovery of thecaswmpédrehydr
attributed wtad etr hadindprectt daémage the micro/ nan
sur facewatirdergored b y n gmapi rnet ghehrmeyc hiasni c aolt hset abi | i
SH | ayer was tested by sanBepapayern Adheslha

Figure 6c¢c, the suW$eldr dyalt iompuinoabhe atradgaaydade® e n
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m | enghhadihienefore, it can be cdnrcatuidreg t ha
exhi booddrobustness.

36And ici ng perdoatmamgs of

Fi gurAemd i ng ftadbstiscadfed nanocloaprogitieme owit ti |
di f fweaglemmvea t @bl )l | ust r aitciionng otf{edgitngtisie & u pi; mages
taken af-iteirng htteamtwi th di f(fdelrlemdt raatgil ®@rs off
icing tesgsupyiledDh gp d wmddruir mbge antnign ddeisftf er ent
power .

To compar-ecitmge pernfior mandesofgneald tboaei dg$ f
i cingilt%e sit mul at iampe |ti ycpaitdeohn csocl edhhaereigonsb hs e nc e
of he vowatmetrhaah-t ¢ i ng p e rnfaonrontaonmcpe@ N angy sf | r st

i nv estaingda ttehde, srhecswin ti nwARil g sraeanp7 &.s -W€r e cool

16



