National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
Ministry of Education and Science of Ukraine

National Technical University of Ukraine
“Igor Sikorsky Kyiv Polytechnic Institute”
Ministry of Education and Science of Ukraine

Qualifying scientific
work as a manuscript

LI CHE
UDC: 544.722.132

THESIS
Organo-mineral textured coatings with enhanced water repellency
161 Chemical Technologies and Engineering
16 Chemical and Bioengineering

Submitted for the attainment of the Doctor of Philosophy degree

The dissertation contains the results of personal research. The use of ideas, results,
and texts from other authors are accompanied by references to the respective sources.

L(‘ (//L’t/e Li Che

Scientific Supervisor: Oleksiy Myronyuk, Dr. Tech. Sc., As. Professor.

Kyiv - 2025



ABSTRACT

Li Che. Organo-mineral textured coatings with enhanced water repellency. - Qualified

scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 161 - Chemical
Technologies and Engineering and Knowledge branch 16 — Chemical Engineering and
bioengineering - National Technical University of Ukraine "lgor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, 2025.

This study is aimed at establishing the possibility of using scalable organo-
mineral surfaces to achieve tunable water wettability. To this end, systems comprising
a mineral filler with particles of controlled shape and a polymer binder, as well as a
thin organic layer with an extractive texture on the surface, are considered. The study
demonstrates the relationship between the size, shape, and hierarchy of the texture-
forming elements and the surfaces' water-repellent properties, as well as their durability

under ultraviolet radiation exposure.

This study also contributes to addressing the major challenge of scaling up
superhydrophobic surfaces. Since the systems investigated here are based on polymer
binders combined with dispersed mineral fillers, this approach can be readily scaled to

produce such coatings over large areas using existing manufacturing technologies.

The purpose of this study is to establish the connection between the structure

and water repellency of organo-mineral surfaces.

The object of research is textured surfaces with tuned water repellency on the
base of organic interface layer and mineral texture forming elements.

The subject of research is the formation of water repellency of textures
consisting of mineral structure formers and organic binding and interface layers.

It has been shown that in organo-mineral systems based on dispersed particles -
using red mud as an example - the water-repellent properties are governed by a
combination of key factors: the ability of the particles to form a textured coating
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surface, which in turn depends on the ratio between the particles and the polymer
matrix; the surface inertness of the filler particles, with higher inertness leading to more
stable water-repellent surfaces; and the particle size, as smaller particles contribute to

higher contact angles and thus improved water-repellent performance.

Using an integrated approach based on hydrothermal synthesis, Zn-O-based
particles with tunable morphology were obtained. By adjusting parameters such as
temperature, catalyst type, reaction medium acidity, and the presence of doping agents
(e.g., titanium dioxide and silicon dioxide), it is possible to control the particle size
within a range of several tens to hundreds of nanometers, introduce hierarchical surface
structures, and tailor the shape of the primary crystals, including plate-like, elongated,

or irregular particles with complex architectures.

It has been shown that the use of hierarchical zinc oxide-based particles,
particularly those doped with titanium dioxide, leads to a significant enhancement in
water-repellent performance compared to undoped or structurally simple particles. The
observed increase in contact angle is approximately 20°, enabling the creation of truly

superhydrophobic surfaces based on these hierarchical structures.

It has also been demonstrated that superhydrophobic surfaces can be achieved
over a broader range of nanoparticle concentrations (20-60 wt. %) when the particles
possess a hierarchical surface structure. Unlike those lacking a distinct dual-level
hierarchy, such particles enable stable water repellency even as the filler concentration

varies.

The studied materials with high specific surface area have shown strong potential
for use in atmospheric water harvesting from fog. It was found that hydrophobic
surfaces enable condensation of up to 7 grams of water per minute. In contrast,
hydrophilic surfaces—achieved either by using unmodified mineral particles or by

annealing—can collect up to 8.5 grams of atmospheric moisture per minute.

The scientific novelty of the study is as follows: For the first time, it has been

demonstrated - using red mud as an example - that surface inactivation of its particles,
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achieved by reducing their polarity through thermal treatment at 950°C and
modification with organosilicon compounds, enables the effective use of such waste as
texture-forming components in the production of coatings with pronounced water-
repellent properties. In particular, contact angles of approximately 143° were achieved
on the treated surfaces.

This study advances the theoretical understanding of the formation of water-
repellent surfaces composed of dispersed micro- and nanoparticles embedded in
organic polymer matrices. It was shown that particle surface topography and their
chemical inertness play a critical role in generating effective surface texture.
Additionally, fine-tuning the ratio between the polymer and the film-forming agent
allows precise control over the coating structure, enabling the achievement of
maximum contact angles. In this work, contact angles as high as 154° were obtained.
This study further develops the understanding of the synthesis of zinc oxide (ZnO)-
based particles with tunable morphology. It has been demonstrated that the particle
shape is governed by a combination of factors, including the type of catalyst used, the
synthesis temperature, the presence of dopants such as TiO2 and Si0O-, and the ZnO-to-
dopant ratio. By adjusting these parameters, it is possible to control the particle
morphology, ranging from plate-like structures typical of pure ZnO to complex
hierarchical architectures characteristic of doped forms.

It has been shown that doped forms of zinc oxide (ZnO) crystals exhibit
pronounced photoactivity. This effect is significantly enhanced when titanium dioxide
(T102) is used as a dopant. Specifically, photoluminescence analysis revealed that at a
Zn0:TiO: ratio of 2:1, the photoactivity increases by approximately 6.5 times
compared to undoped ZnO.

For the first time, it has been demonstrated that the use of titanium-dioxide-doped zinc
oxide particles with a highly developed surface structure leads to a significant
enhancement in water-repellent properties compared to conventional nanoscale ZnO
particles. At high filler loadings, the contact angle increases from 135° to 154°,

classifying such coatings as superhydrophobic.



It has been demonstrated for the first time that the developed hierarchical

micro/nanostructure of doped zinc oxide particles enables the formation of highly
water-repellent surfaces across a broad range of mass ratios between the polymer
matrix and the mineral texture-forming particles. Specifically, when the content of
doped ZnO/CO: particles ranges from 20% to 60%, contact angles remain above 140°.
In contrast, the use of individual TiO2, CO-, or ZnO particles results in such high water-
repellent performance only within much narrower concentration ranges.
It has been shown that coatings containing texturing elements based on modified ZnO
particles doped with TiO. and SiO: exhibit high resistance to UV-induced
hydrophilization. These coatings transition from the Cassie—Baxter state to the Wenzel
state only after 170 hours of UV exposure, while maintaining a contact angle of
approximately 120°. Complete hydrophilization occurs only after 250-280 hours of
continuous irradiation.

It has been shown that textured surfaces, particularly those with hierarchical
micro/nanostructures, are effective for fog water collection. The efficiency of water
harvesting significantly increases upon hydrophilization of the surface, with an
observed improvement of approximately 30-45% compared to hydrophobic surfaces.

The practical significance of the obtained results is as follows: In the course of
this work, a novel synthesis method was developed for doped hierarchical ZnO-SiO:
and ZnO-TiO: particles. These materials can serve as a basis for water-repellent
textured coatings and are also considered promising hydrophilic materials for
atmospheric moisture harvesting. Additionally, both types of particles exhibit
pronounced photoactive properties, expanding their potential for use in multifunctional
surface applications. The developed organo-mineral coating formulations based on
composite hierarchical ZnO particles doped with titanium dioxide and silicon dioxide
exhibit stability under ultraviolet irradiation for over 170 hours. These coatings retain
their hydrophobic properties under prolonged UV exposure, making them promising

candidates for use as UV-resistant water-repellent surfaces.
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AHOTALIIA

Ji ~Ye. OpraHo-MiHepalibHI ~ TEKCTYpPOBaHI  MOKPUTTA 3  MiABUIICHUM

BOJIOBIIITOBXYBaHHAM. — KBamidikaiiiiHa HayKoBa Ipalls Ha paBax PyKOIHUCY.

Jucepraliiss Ha 3100yTTS HAyKOBOTO CTymHeHs JokTopa ¢ditocodii 3a
crnemianpHicTIO 161 — XiMiuHI TEXHOJOTIT Ta 1HXeHepis, rairy3b 3HaHb 16 — XimiuHa
Ta OloimkeHepiss — HarioHanbHM TeXHIYHUN YHIBepcuTeT YKpainu «KuiBchbkuit
NOJIITEXHIYHUM THCTUTYT IMeHI Irops Cikopcekoroy», Kuis, 2025.

JlocnmipkeHHsT CIpPSMOBAHE HA BCTAHOBJIEHHS MOIIMBOCTI BUKOPHCTaHHS
MacIITa0OBaHUX OPraHO-MIHEPAIbHUX [OBEPXOHb I JOCATHEHHS KEpOBaHOI
3MOYYBAaHOCTI BOJOIO. 3 II€I0 METOI PO3TISHYTO CHUCTEMH, IO CKJIAJAOThCS 3
MIHEpaJIbHOTO HAlOBHIOBAYa 3 YACTUHKAMM KOHTPOJLOBAHOI OPMH Ta MOJIMEPHOTO
3B’A3YIOUOT0, a TAKOK TOHKOI'O OPraHIYHOTO 1Iapy 3 €KCTPAKTUBHOIO TEKCTYpPOIO Ha
noBepxHi. [loka3zaHo B3a€MO3B’ 430K M1 po3MIpoM, (POPMOIO Ta 1€papX1€r0 €IEMEHTIB
TEKCTYypHU Ta BOAOBIIIITOBXYBAJIbHUMHU BJIACTUBOCTSIMHU MTOBEPXOHb, a TAKOX IXHBOIO
CTIMKICTIO /10 BIUTUBY YJIbTPa(10J€TOBOIO BUIIPOMIHIOBAHHS.

JocnipkeHHs: poOUTh BHECOK Y BHUPIMIEHHS AaKTyalbHOI MpoOJjeMu
MaciTabyBaHHs CyneprifophoOHNX MoBepXoHb. OCKIIBKUA OCHIKYBaHI CHUCTEMU
0a3yr0ThCS HA MOJIMEPHUX 3B’ A3YIOUMX Y KOMOIHALIII 3 TUCIIEPCHUMU MIHEPaJIbHUMU
HAIOBHIOBAYaMH, TAaKWUW TIAX1J JIErKO MacIiiTaOyBaTH IJii OTpUMaHHS IOMIOHMX
NOKPUTTIB HA BEJIMKHUX IUIOMIAX 13 BHUKOPUCTAHHSIM ICHYIOUMX BUPOOHUYHUX
TEXHOJIOT1H.

Meta poOOTH — BCTAaHOBUTH B3a€EMO3B’SI30K MDK CTPYKTYypOKO Ta
BOJIOBIIIIITOBXYBAJIbHUMU BIIACTUBOCTSIMH OPTraHO-MiHEPAIbHUX TTOBEPXOHb.

OO0’eKT MOCHIIKEHHS — TEKCTYpOBaHI TMOBEPXHI 3  PETYIhOBAHOIO
3MOYYBaHICTIO, CTBOPEHI Ha OCHOBI OpraHi4yHoro iHTep(dercHoro IIapy Ta

MIHEPAJIBHUX €JIEMEHTIB, 1110 (OPMYIOTh TEKCTYPY.



[Ipenmer nocnimxkeHHs — (OpMyBaHHS BOJOBIAIITOBXYBAJIbHUX BIACTUBOCTEN
TEKCTYp, IO CKJIAJAIOThCS 3 MIHEpaTbHUX CTPYKTYPOYTBOPIOBAUIB 1 OpPraHivHUX
3B’SI3YIOUMX Ta IHTEPPEHCHHUX IIapiB.

[ToxazaHo, MO B OpraHo-MiHEpaJbHUX CHCTEMaX Ha OCHOBI JHUCIIEPCHUX
YaCTMHOK — Ha MPUKIIAJl YEPBOHOIO LUIAMY — BOJOBIAIITOBXYBAJIbHI BIACTHUBOCTI
BU3HAYAIOTHCSA CYKYITHICTIO KJIIOUOBHUX (DAKTOPIB: 3AATHICTIO YaCTHHOK (popMyBaTH
TEKCTypOBaHy TIIOBEPXHIO TOKPUTTS (110, CBOEI0 UEProro, 3ajJeKUTh BiJ
CIIBBITHOIIIEHHS YaCTUHOK 1 MOJIMEPHOI MaTPHIli), XIMIYHOK 1HEPTHICTIO MOBEPXHI
HallOBHIOBa4ya (BHINA 1HEPTHICTh 3a0e3neuye OuIbII CTaOUIBHI  T1IpoQoOHI
BJIACTUBOCTI) Ta PO3MIPOM YAaCTUHOK (MEHIIMH PO3MIp cHpHsi€e 30UIbIICHHIO KYTIB
3MOYYBaHHS 1, BIIMIOBITHO, TOKPAIICHHIO BOJAOBIAIITOBXYBaHHS).

3 BUKOPUCTaHHSIM KOMIUIEKCHOTO MIiAXOAy Ha OCHOBI T1IpOTEPMaIbHOIO
CHHTE3y OTPMMAaHO 4YaCTUHKM Ha OCHOBI Zn—O 13 KepoBaHOK MOpP(dOJIOTIE0.
PerymtoBaHHsI Takux MapaMeTpiB, SIK TEMIlepaTypa, THUIl KaTalli3aTopa, KUCIOTHICTh
peaKIiiHOro cepeIoBUINA Ta HASBHICT JieryBaidbHUX JToMiIOK (T10z, S102), no3Bossie
3MIHIOBaTH PO3MIpU YACTHHOK Yy Jiama3oHi BiJ KUIbKOX JECSATKIB 7O COTEHb
HAaHOMETPIB, (POPMYBATH 1€pAPXIUHI CTPYKTYpPH MOBEPXHI Ta KOHTPOJIOBATH (Hopmy
MEPBUHHUX KPHUCTAIIB (MJIACTUHYACTY, BUIOBXEHY UM HEPEryJsipHYy 31 CKIAJHOIO
apXITEKTYPOIO).

[TokazaHo, 1110 BUKOPUCTAHHS 1€pAPXIYHUX YACTUHOK HA OCHOB1 OKCHY LIMHKY,
30kpema  JjeroBaHux 1102, NOpU3BOAUTH A0  CYTTEBOIO  TOKpAIIECHHS
BOJIOBIIIITOBXYBAJILHUX BJIACTHBOCTEH MOPIBHSIHO 3 HEJIETOBAHUMHU a00 CTPYKTYPHO
MPOCTUMH YAaCTUHKAMHM. 30UIbIIEHHS KyTa 3MOUYYBaHHS CTAaHOBUTH OJn3bK0 20°, 110
nae 3Mory (opMyBaTH CIHpaBXkHI cyrneprimopdoOHI TOBEpXHI Ha OCHOBI TaKHX
1EpAPXIYHUX CTPYKTYP.

Takox MPoOAEMOHCTPOBAHO, IO CyNeprimopoOHI MOBEPXHI MOXKYTh OyTH
OTpPHMaHi B IIMPIIIOMY Jiara30Hi KOHIEHTpamiii HanouyacTHHOK (20—60 % wmac.), Ko
BOHM MalOTh 1€papXxiyHy IMOBEPXHEBY CTPYyKTypy. Ha BiaMiHy BiJ 4acTHHOK 0e3
BUPAXEHOI JIBOPIBHEBOI l€papxii, Taki HAMOBHIOBaYl 3a0€3MevyyloTh CTaOUIbHE

BOJIOBIJIIITOBXYBAHHSI HABITh 32 3MiHU KOHIICHTpAILi.



JlocmimkyBaHi MaTepiaiv 3 BETUKOI MUTOMOIO MTOBEPXHEIO MOKA3aJIM BUCOKUH
MOTEHITIaN I BUKOPUCTAHHS B CHUCTEMax aTMochepHOro 300py BOAM 3 TyMaHy.
BcTanosneno, 1o riapodoOHi moBepxHI 3a0€3MeUy0Th KOHASHC Al 10 7 T BOJM 3a
XBWJIMHY, TOJ1 AK T11podibHI (OTpUMaH1 HUIIXOM BUKOPUCTAHHSA HEMOAU(PIKOBAHUX
MIHEpaJIbBHUX YaCTUHOK a0o0 Bigmamty) — a0 8,5 1/xB.

HaykoBa HOBHM3Ha moJjisirae B TOMY, IO BIEpUIE — Ha MPUKIAJl YEPBOHOTO
nulaMy — IOKa3aHO: Je3aKTUBallll MOBEPXHI MOro YaCTUHOK, JOCATHYTa ILISXOM
3HIDKEHHSI 1X MOJSPHOCTI TepMidHOIO o0poOkoro mpu 950 °C 1 momudikaiiero
OpPraHOCHJIIKATHUMH CIOJIyKaMH, Ja€ 3MOry €(QEeKTHUBHO BHUKOPUCTOBYBATH Takl
BIIXO/IM SIK €JIEMEHTU TEKCTYpU IMPU CTBOPEHHI MOKPUTTIB 13 BHPAKEHUMU
BOJIOBIIIITOBXYBAJIBHUMH BJIACTUBOCTSMHU. 30KpeMa, Ha OOpOOJICHHX MOBEPXHSX
JOCSITHYTO KYTiB 3MOYYyBaHHs 0Jin3bK0 143°.

PoGota po3BuBae TeOpeTHUHI YsBICHHS Mpo (QopMyBaHHSA TiIpoPoOHUX
MOBEPXOHb, IO CKJIAIAI0THCS 3 JUCIEPCHUX MIKPO- Ta HAHOYACTUHOK, BOY/IOBaHUX B
OpraHiuHy noJiiMmepHy Matpuiito. [Tokazano, 1o Tonorpadisi TOBEpXHI YaCTUHOK Ta iX
XIMIYHA 1HEPTHICTH BIJIITPAIOThH KIOUOBY POJIb y CTBOPEHHI €(peKTUBHOI ITOBEPXHEBOT
TEKCTYpH. Kpim TOTO, TOHKE HAJIAIITYBaHHS CITIBBITHOIIICHHS
MOJIIMEP/TITIBKOYTBOPIOBAY J03BOJISIE TOYHO KOHTPOJIOBATH CTPYKTYPY MOKPUTTS Ta
JOCSITaTH MaKCUMAJIbHUX KYTIB 3MOYYBaHHS. Y Iiil poOOTI OTpMMAaHO 3HAYEHHS 10
154°.

Po3BuHyTO ysBIEHHS MPO CUHTE3 YacTUHOK ZnO 3 KepoBaHOI MOP(DOIIOTIETO.
Bcranosineno, m1o (opma 4aCTUHOK BU3HAYAETHCS MTOETHAHHIM (DaKTOPIB, Cepes AKUX
TUIl KaTali3aTropa, TeMmmeparypa CUHTEe3y, HagBHICTh nomimok TiO: Ta SiO: 1
cuniBBigHOomeHHs: ZnO/mominika. KepyBanHs IUMU  mapaMeTpaMyd  JI03BOJISE
3MiHIOBATU MOPGOJIOTiI0 — BiJl TUIACTUHYACTUX CTPYKTYP, XapaKTEPHUX JJISl YUCTOTO
Zn0O, 10 CKIAAHUX 1€EpApXIYHUX APXITEKTYp, TPUTAMAHHUX JIETOBAaHUM (OpMaM.

[Tokazano, mo nerosani opmu kprctaiiB ZnO XxapaKTepu3yIOThCs BUPAKEHOIO
(OTOAKTUBHICTIO, fKa 3HA4yHO 3poctae Tmipu JieryBaHHi TiO.. 3okpema,
(bOTOMOMIHECIIECHTHUI aHaji3 MokasaB, o mnpu cruiBBigHomeHH ZnO:TiO: = 2:1

(OTOAKTUBHICTD 301IBIIYETHCS MPUOIU3HO Y 6,5 pa3a mopiBHSAHO 3 HeseroBaHuM ZnO.
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Bnepme pnoBeneHo, 10 BHUKOPUCTAHHA 4YacTHHOK ZnO 3 pO3BUHEHOIO

MOBEPXHEBOIO CTPYKTYporo, JjeroBanux Ti02, 3abe3nedye 3HAYHE ITiBUIICHHS
riipodoOHUX BIACTUBOCTEH MOPIBHIHO 31 3BUUaiHUMK HaHodacTuHKamu ZnO. Ilpu
BHUCOKMX KOHIICHTpAI[isiX HANOBHIOBada KyT 3MOUYyBaHHS 30umblIyeThes 3 135° mo
154°, 1o BiamoBigae kiacy cyneprigopoOHUX MOKPUTTIB.
Brnepiie nokasano, 1110 i€papxidyHa MiKpO-/HaHOCTPYKTypa JIESTOBaHUX YacTUHOK ZnO
3abe3neuye (GopMyBaHHS BUCOKOTIAPOGOOHWX MOBEPXOHH Yy IIUPOKOMY JianaszoHi
CIIBBIJTHOIIIEHb TOJIIMEPHOI MaTpHIll JI0 MiHEpaJIbHUX eJeMeHTiB. [Ipu BMicTi
aeroBanux ZnO/CO: yacTuHOK y Mexax 20—60 % KyTH 3MOYyBaHHS 3aJIMIIAIOTHCS
noHnany 140°. [Jns okpemux wyactuHOK Ti02, CO: uym ZnO Taki BIACTUBOCTI
JIOCSITAIOTHCS JIMIIE Y By3bKOMY Jllana30H1 KOHIIEHTpAIlii.

[TokxazaHo, 110 OKPUTTS 3 TEKCTYPOYTBOPIOBAIIbHUMHU €JIEMEHTAMHU Ha OCHOBI
MoudikoBaHuX yacTUHOK ZnO, meroanux Ti02 ta S102, MalOTh BUCOKY CTIHKICTB JI0
Y®-inaykoBanoi rigpodimzanii. [lepexin 13 crany Kacci—bakcrepa B ctan Bennens
B11I0yBaeThCs uuie micig 170 roa onpoMiHEHHS, MPU 30€peKEHHI KyTa 3MOYyBaHHS
omuspko 120°. IloBHa riapodimizaiis crocrepiraerbes ymime micas 250-280 rox
oesnepepBHOro Y O-BUMPOMIHIOBAHHS.

JloBeneHo, IO TEKCTYpOBaHI IOBEPXHI, OCOOIMBO 3 1€pApPXiYHOI MIKPO-
/HaHOCTPYKTYpOto, epeKTuBHi st 300py Boau 3 TymaHy. EdexTuBHICTH 300py
CYTT€BO 3pocTae micis Tiapodimizamii noBepxHi — Ha 30—45 % y MHOpiBHSIHHI 3
riapohoOHUMHU.

[IpakTryHEe 3HA4YEHHS OTPUMAaHUX PE3YyJbTATIB IMOJISAra€ B TOMY, 11O B XOJI poOOTH
pO3p00JICHO HOBUIM METOJI CHUHTE3Y JIETOBAaHUX le€papXiyHuX 4acTUHOK ZnO—-Si0O: Ta
ZnO-TiO.. Ii wmaTepianm MOXYTh CIYIyBaTH OCHOBOIO SIK JUISI CTBOPEHHS
BOJIOBIIIITOBXYBAIBHMX TEKCTYPOBAHMX IMOKPUTTIB, TaK 1 TEPCICKTHUBHUMH
riipoGiabHUMU  MaTepiasiaMu s 300py atmocdepHoi Bosoru. OOuaBa THIHU
YAaCTUHOK BUSBIISIIOTh BUPAKEHY (POTOAKTUBHICTD, IO PO3IIUPIOE iXHINA TMOTEHINAN Y
0araroyHKIIOHAJIBHUX MOKPUTTAX. P03po0ieH1 opraHo-MiHEpalibHI MOKPUTTA HA
OCHOB1 KOMITO3UTHUX 1€papxXiuHux dYacTUHOK ZnQO, neroBanmx TiO: Tta SiOa,

30epiratoTh riipodoOHI BIacTUBOCTI TPoTArom nouaj 170 rox Y @-onpoMiHeHHs], 110
11



pOOUTH TX MEPCIIEKTUBHUMU JIJIsl BUKOPUCTAHHS sIK Y D-CTilKi BOJOBIAIITOBXYBATbHI

MTOBEPXHI.
KirouoBi cjioBa: 4epBOHMII mjIaM, HAaHOYACTHHKH, KOMITIO3WT, MIOKCHI THUTaHY,

nojiMep, JIOKCHJ KpeMHito, MOAu(diKyBaHHS, CTHUPOJI-aKpWiIaT, TiIpoTepMaibHa

00poOKa, OKCH/I LIUHKY
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INTRODUCTION

Relevance of the topic: Textured surfaces represent a new class of functional materials
with a range of beneficial properties. Depending on their surface energy, these
materials can exhibit behaviors ranging from fully hydrophilic to superhydrophobic,
particularly when the Cassie-Baxter effect is achieved. This versatility opens up
numerous possibilities for applications, such as the creation of self-cleaning surfaces,
controlled adhesion, gas bubble nucleation during boiling, reduced frosting, and
friction reduction in liquid transport. However, the widespread adoption of such
surfaces in technology is hindered by their limited scalability, as their production
requires specialized methods such as photolithography, vacuum deposition, and
electro-deposition. A promising solution to this challenge lies in the use of organic
polymer-based coatings filled with dispersed mineral oxide particles that form the
surface texture. The shape of these particles, particularly their hierarchical structure,
and their intrinsic surface energy, play a critical role in the material properties. This
work focuses on examining the influence of these factors using micro-sized red mud
particles, titanium dioxide, silicon, and zinc nanoparticles, as well as composites
derived from them. The study also explores the potential of micro-textured aluminum

oxide as a means to achieve superhydrophobic and superhydrophilic surfaces.

The connection of the work with scientific programs, plans, and topics: The topic
of the dissertation is included in the scientific work plan approved by the Department
of Chemical Technology of Composite Materials at Igor Sikorsky Kyiv Polytechnic
Institute, taking into account the law of Ukraine “About priority directions of science
and technics development” No. 2623-11l dated 11.07.2001 on the relevance of the

thesis topic to the direction “novel substances and materials”.

The purpose of the research: The purpose of this study is to establish the connection

between the structure and water repellency of organo-mineral surfaces.

16



Objectives of the research:
- to establish the basic principles of water repellency formation in organo-mineral
textured systems;
- to obtain and characterize mineral disperse particles with different surface
configuration/size;
- to study and tune the formation of water repellent ability of organo-mineral
coatings;

— to demonstrate prospective use of obtained coatings;

Research Object: textured surfaces with tuned water repellency on the base of organic

interface layer and mineral texture forming elements

Research subject: formation of water repellency of textures consisting of mineral

structure formers and organic binding and interface layers.

Research Methodology: The research employed a comprehensive experimental
methodology combining material synthesis, composite formulation, and systematic
performance evaluation to establish correlations between the structure of organo-
mineral coatings and their water-repellent properties. The approach involved the
preparation of inorganic fillers (ZnO, TiO-, SiO2, and their composites) with controlled
particle size, shape, and hierarchical morphology using precipitation and hydrothermal
synthesis, followed by their incorporation into polymer matrices to produce coatings
via casting or spraying. A wide range of instrumental methods was applied to
characterize the obtained materials. Scanning and transmission electron microscopy
(SEM, TEM) were used to examine surface morphology, particle size, and
microstructural features, while X-ray diffraction (XRD) provided phase composition
and crystallinity data. X-ray photoelectron spectroscopy (XPS) was employed for
surface elemental and chemical state analysis. Diffuse reflectance spectroscopy (DRS)

and photoluminescence (PL) spectroscopy were used to assess optical properties and
17



defect states of the fillers. Wettability was evaluated by static water contact angle
measurements with statistical analysis to determine reproducibility and significance of
differences between samples. Fourier-transform infrared spectroscopy (FTIR) was
applied to study chemical bonding, functional groups, and filler—matrix interactions in

the coatings.

Scientific novelty:

— For the first time, it has been demonstrated - using red mud as an example - that
surface inactivation of its particles, achieved by reducing their polarity through
thermal treatment at 950 °C and modification with organosilicon compounds,
enables the effective use of such waste as texture-forming components in the
production of coatings with pronounced water-repellent properties. In particular,
contact angles of approximately 143° were achieved on the treated surfaces.

— This study advances the theoretical understanding of the formation of water-
repellent surfaces composed of dispersed micro- and nanoparticles embedded in
organic polymer matrices. It was shown that particle surface topography and
their chemical inertness play a critical role in generating effective surface
texture. Additionally, fine-tuning the ratio between the polymer and the film-
forming agent allows precise control over the coating structure, enabling the
achievement of maximum contact angles. In this work, contact angles as high as
154° were obtained.

— This study further develops the understanding of the synthesis of zinc oxide
(Zn0O)-based particles with tunable morphology. It has been demonstrated that
the particle shape is governed by a combination of factors, including the type of
catalyst used, the synthesis temperature, the presence of dopants such as TiO:
and SiO:, and the ZnO-to-dopant ratio. By adjusting these parameters, it is
possible to control the particle morphology, ranging from plate-like structures
typical of pure ZnO to complex hierarchical architectures characteristic of doped

forms.
18



— It has been shown that doped forms of zinc oxide (ZnO) crystals exhibit
pronounced photoactivity. This effect is significantly enhanced when titanium
dioxide (Ti0:) is used as a dopant. Specifically, photoluminescence analysis
revealed that at a ZnO:TiO: ratio of 2:1, the photoactivity increases by
approximately 6.5 times compared to undoped ZnO.

— For the first time, it has been demonstrated that the use of titanium-dioxide-
doped zinc oxide particles with a highly developed surface structure leads to a
significant enhancement in water-repellent properties compared to conventional
nanoscale ZnO particles. At high filler loadings, the contact angle increases from
135° to 154°, classifying such coatings as superhydrophobic.

— It has been demonstrated for the first time that the developed hierarchical
micro/nanostructure of doped zinc oxide particles enables the formation of
highly water-repellent surfaces across a broad range of mass ratios between the
polymer matrix and the mineral texture-forming particles. Specifically, when the
content of doped ZnO/CO: particles ranges from 20% to 60%, contact angles
remain above 140°. In contrast, the use of individual TiO2, CO2, or ZnO particles
results in such high water-repellent performance only within much narrower
concentration ranges.

— It has been shown that coatings containing texturing elements based on modified
ZnO particles doped with TiOz and SiO: exhibit high resistance to UV-induced
hydrophilization. These coatings transition from the Cassie—Baxter state to the
Wenzel state only after 170 hours of UV exposure, while maintaining a contact
angle of approximately 120°. Complete hydrophilization occurs only after 250—
280 hours of continuous irradiation.

— It has been shown that textured surfaces, particularly those with hierarchical
micro/nanostructures, are effective for fog water collection. The efficiency of
water harvesting significantly increases upon hydrophilization of the surface,
with an observed improvement of approximately 30-45% compared to

hydrophobic surfaces.
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The Practical Significance of the Obtained Results.

- In the course of this work, a novel synthesis method was developed for doped
hierarchical ZnO-Si0: and ZnO-TiO: particles. These materials can serve as a
basis for water-repellent textured coatings and are also considered promising
hydrophilic materials for atmospheric moisture harvesting. Additionally, both
types of particles exhibit pronounced photoactive properties, expanding their
potential for use in multifunctional surface applications.

- The developed organo-mineral coating formulations based on composite
hierarchical ZnO particles doped with titanium dioxide and silicon dioxide
exhibit stability under ultraviolet irradiation for over 170 hours. These coatings
retain their hydrophobic properties under prolonged UV exposure, making them

promising candidates for use as UV-resistant water-repellent surfaces.

Contributions of the author: All scientific results, conclusions, and statements
presented for defense were obtained by the applicant personally. In the co-authored
scientific works, the applicant participated in task formulation, conducting the
experimental research, discussing and summarizing results, and writing and formatting
the articles. In the co-authored publications, the author's contribution is primary. The
research results have been presented by the applicant personally at scientific
conferences. The co-authors of the scientific works are the scientific supervisor and

researchers with whom the joint studies were conducted.

Approbation of the results of the dissertation: The results of the study were
presented and discussed at 3 international conferences: “Composite Materials” (2023,
2024, Kyiv, Ukraine) and IEEE 5th KhPI Week on Advanced Technology (2024,
Kharkiv, Ukraine)

Publications. The study results were published in 6 scientific publications, that are 6
scientific papers published in profile journals: 4 in category B of profile journals of

Ukraine and 2 - indexed in Scopus international citations database.
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Structure and scope of work
The paper consists of an introduction, six chapters, a conclusion, a list of 114
references. The total number of pages in the paper is 165, with 133 pages for the main

part. It includes 46 figures, 14 equations, and 19 tables.
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CHAPTER 1. Formation of water repellent properties of composite coatings
with mineral fillers and polymer matrix

1.1. Research and application of superhydrophobic materials

Superhydrophobicity refers to surfaces with a water contact angle of more than
150° and a sliding angle of less than 10° with water. With the progress of society and
the continuous development of technology, superhydrophobic materials have broad
application prospects in people's lives and the field of science and technology due to
their unique properties [1]. There are many superhydrophobic phenomena in nature,
such as lotus leaves. Barthlott [2], the discoverer of the ‘lotus effect’, and his colleague
Neinhuis [3] summarised the contact angles and surface materials of the surfaces of
hundreds of plants. The surface materials and structures have long-term stable
superhydrophobic properties. Research has shown that the superhydrophobic
properties of the surfaces of plant leaves such as lotus leaves and taro leaves are caused
by a special structure combining micro and nanostructures and the presence of surface
waxes. At present, an important direction of research on the hydrophobic part of solid
surface materials is to imitate the microstructures of these plant leaf surfaces [4] and
use various technical means to create superhydrophobic surfaces [5]. Researchers have
studied the relationship between the surface roughness and chemical composition and
surface wettability, and used a biomimetic approach [6] to construct various micro- and
nano-scale surface structures to obtain a variety of superhydrophobic surfaces. In
addition, superhydrophilic [7] and superhydrophobic superoleophilic [8] surfaces have
also been prepared, which provides a direction for promoting the research on

superhydrophobic materials.

The research on superhydrophobic surfaces can be roughly divided into two
different categories: one is to establish theoretical models to characterize the various
properties of superhydrophobic surfaces through physical and chemical principles, and

modify the models as needed [9]; the other is the research on new materials, advanced
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manufacturing technologies and their applications in the preparation of
superhydrophobic surfaces [10]. The establishment and development of theoretical
models is not only for the purpose of explaining and analysing wetting phenomena on
solid surfaces, but more importantly, it is to obtain material surfaces with specific
functions by regulating the wettability of the material surface, so as to solve the
problems faced by the material in service due to special environmental or functional

requirements.

At present, superhydrophobic surfaces that mimic those in nature have been
prepared and are widely used on various material substrates, such as glass [11], metal
[12], fabric [13], polymers [14], etc. This special phenomenon occurs because water

droplets will remain on superhydrophobic surfaces rather than covering them.

1.2.  Fundamentals of surface wetting

Surface wettability (also known as wettability) is a very important characteristic
of solid surfaces. It refers to the ability of a liquid to displace a gas and spread on a
solid surface [15]. This property has a significant impact in many fields, including daily
life, industry, agriculture, etc., and its research covers multiple disciplines such as

chemical, biological and physical engineering [16][17][18] [19].

—

Figure 1.1 Wetting states: a — superhydrophobic; b — hydrophobic; ¢ —

hydrophilic.
23



The angle formed by the liquid spreading naturally on the solid surface is the
contact angle 6. By measuring the contact angle of a material's surface, the material
can be classified as superhydrophobic (180°>0>150°), hydrophobic (150°60>90°) and
hydrophilic (6<90°) (Fig. 1.1) [20].

Beyond surface roughness and chemical composition, several other factors can
significantly influence the measured water contact angle. One such factor is surface
contamination - adsorbed organic molecules, dust, or residual solvents can alter surface
energy and affect wettability. Ambient conditions such as temperature and humidity
also play a role; for instance, higher humidity can lead to condensation on the surface,
reducing contact angles. Additionally, the method of droplet deposition and the droplet
volume can introduce variability, as larger droplets may flatten more due to gravity.
Surface aging or exposure to ultraviolet light can further modify the surface state,
especially in photoactive materials like ZnO, leading to time-dependent changes in
contact angle measurements. These variables must be carefully controlled to ensure

reliable and reproducible wettability data.

The factors affecting the wettability of a solid surface are the solid surface's free
energy and surface roughness. The solid surface's free energy, directly affects the
wettability of a liquid droplet and its contact angle. The greater the surface's free energy
value, the more easily the surface is wetted by the water; the smaller the surface's free
energy value, the more difficult it is to be wetted. According to the difference in surface
tension, solid surfaces can be divided into two main categories: one is low surface
energy surfaces, generally organic solids and polymers such as polytetrafluoroethylene
and other high polymers are low surface energy (usually less than 30 mJ/m2) [21], the
PTFE surface is difficult to wet with water, because water does not spread
spontaneously on a solid with a surface free energy of less than 72.8 mN/m[22]. The
second type is a surface with high surface energy, generally inorganic salts, metal
oxides, etc. This type is a hydrophilic surface, and the surface is easily wetted by water.
For example, clean glass has a surface energy of approximately 200-300 mJ/m?, while

titanium dioxide (Ti10Oz2) exhibits a surface energy around 280 mJ/m?. In contrast, water
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has a surface tension of 72.8 mN/m at room temperature, so when the solid’s surface
energy significantly exceeds this value, water spreads easily across it. As a result, such
materials typically exhibit low contact angles with water, often below 30°, indicating

strong hydrophilicity.

The surface energy parameter of a substance can be used as a basis not only to
measure its surface hydrophilicity, but also its hydrophobicity. For solid surfaces with
low surface energy, the wettability can be changed when the hydrogen in the contained
polymeric hydrocarbons is replaced by other elements. The more hydrogen atoms are
replaced by other atoms, the lower the free energy of the solid surface becomes, and
water droplets cannot spread on its surface, so it exhibits hydrophobicity. Yin et al.
[23] etched copper sheets with a mixed solution of sodium hydroxide and persulfate at
a certain concentration ratio to obtain a rough surface with a lotus-like structure. Then,
the rough surface was modified with lauric acid, which has a low surface energy, to
convert it from superhydrophilic to superhydrophobic, illustrating the influence of
surface chemical composition on surface wettability. It has also been found that another
important factor affecting the wettability of solid surfaces is the roughness of the solid

surface.

Surface roughness can affect the behaviour of liquid droplets on solid surfaces
[24], so the factor of surface roughness plays a very important role in the study of
surface wettability. Increasing the surface roughness not only makes the solid surface
more hydrophobic, but also changes the size of its contact angle. Therefore, by
changing and regulating the chemical composition, micro and macro geometric

structure of the solid surface, the surface wettability can be artificially controlled.

Surface wettability is one of the most important properties of solid surfaces. In
1805, Young proposed the equation for the static contact angle of a liquid on an
ideally smooth solid surface [25]. The principal distribution of surface forces is
shown in Fig. 1.2, and in the form of equation is listed as follows (1):

Ysv-YsL = YLvCOS O (1)
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where ysy represents the interfacial tension between solid and gas, ys, represents
the interfacial tension between solid and liquid, y.v represents the interfacial tension
between liquid and gas, and 0 represents the intrinsic contact angle of the solid

surface.

Figure 1.2 Illustration of Young equation

It can be seen from Young's equation that, when other conditions remain
unchanged, by reducing the surface free energy of the solid, the contact angle will
increase and hydrophobicity will be enhanced. Conversely, when the surface free
energy of the solid increases, the contact angle will decrease and hydrophilicity will be
enhanced. Nakamae et al. [26] formed a -CF; group on a glass surface to form a
hexagonal arrangement of smooth solid surfaces with a surface energy of 6.7 mJ/m?,
which is considered to have the lowest surface energy of a solid surface, however, the
contact angle with water is only 119°, while in reality the contact angle of many rough
surfaces such as lotus leaves with water is as high as 160°. This is far beyond the scope
of Young's model. Therefore, Young's model is only applicable to ideal smooth
surfaces. To analyse the formation mechanism of the high contact angle on the surface
of some natural plant leaves, the effect of surface roughness on the apparent contact

angle must be considered.

The Young equation discusses the situation limited to an ideal smooth surface,
while in reality the roughness of a solid surface directly affects its wettability. The
Wenzel [27] first proposed a wetting model for rough solid surfaces and introduced the

roughness factor r. After the introduction of roughness, there are two types of contact
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angles on solid surfaces: the contact angle measured on an ideal surface is the intrinsic
contact angle, while the contact angle measured on a surface with a different rough
structure is called the apparent contact angle. It is assumed that when a water droplet
contacts a rough surface, the water droplet can completely submerge in the grooves of
the rough surface to form a uniform solid-liquid interface. The hydrophobicity can be
improved by increasing the roughness of the solid surface. In the Wenzel model (Fig.
1.3. a), the roughness r can significantly increase the actual contact area between the

solid and liquid phases, and the actual contact angle satisfies the following formula (2):

Cos O ="X5VY5D) — 105 9 (2)
yLV

where 6 represents the apparent contact angle of the real rough solid surface, 6
represents the solid surface's intrinsic contact angle, and r represents the roughness
(The ratio of the actual area to the geometrically projected area of the rough surface)
[28]. As can be seen from the definition of the surface roughness factor r, r > 1, the
contact angle of a rough surface with a liquid is greater than the contact angle of a
smooth surface with a liquid 6. For hydrophobic surfaces with low surface energy, the
rougher the surface structure, the greater the contact angle and the more hydrophobic
it becomes. The Wenzel equation reveals the relationship between the apparent contact
angle and the intrinsic contact angle of a homogeneous rough surface. However, it is

not applicable when the solid surface is composed of different types of materials.

For this reason, Cassie and Baxter [29] further developed Wenzel's theory and
concluded that the contact of a liquid drop with a rough surface is a composite contact.
When the gaps on a rough surface are very small (Fig. 1.3 b), the liquid droplets cannot
penetrate into the gaps. In this case, the grooves on the rough surface will trap some
air, which supports the liquid droplets and prevents complete wetting. Assuming that
the solid surface is composed of substances 1 and 2, the surfaces of these two different
components are uniformly distributed on the surface in the form of very small blocks
(each block has an area much smaller than the droplet size). Their intrinsic contact

angles can be expressed as 61 and 62, respectively, and f1 and f2 are the surface area
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fractions occupied by the liquid droplet's contact with the gas and solid phases
(f1+f2=1). The formula is (3):

cos O =ficos 01 +f,cos 62 (3)

In general, when the liquid is water, since the intrinsic contact angle of water on

an air surface is 180°, it can be rewritten as formula (4):
cos 6 =f1(cos 01 +1)-1 4

This shows that the greater the air retained on the surface, the greater the contact
angle. In general, constructing a nanometer rough structure on the surface of a material
will make the surface of a hydrophilic material more hydrophilic and the surface of a
hydrophobic material more hydrophobic. This is the principle of changing the surface

properties of a material.

Figure 1.3 Wetting anomalies: a — Cassie-Baxter state; b — Wenzel state

In addition to promoting high apparent contact angles, the Cassie wetting state
offers significant functional advantages, particularly low contact angle hysteresis and
a reduced sliding angle. These characteristics mean that water droplets can easily roll
off the surface with minimal tilt or external force, often at angles below 10°. This
behavior contributes to excellent self-cleaning properties, as rolling droplets

effectively pick up and remove dust, contaminants, or microbes. Moreover, the reduced
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contact time between water and the surface enhances anti-icing and anti-corrosion
performance, making Cassie-state surfaces ideal for applications in outdoor coatings,

solar panels, and aerospace components.

Wenzel and Cassie models indicate that the surface roughness is integral in
promoting hydrophilicity and hydrophobicity on surfaces. Many superhydrophobic
surfaces in nature have significant roughness and micro/nano-structures [30].
Scientists have used various methods to mimic naturally occurring superhydrophobic

surfaces.

1.3. Methods of superhydrophobic surfaces obtaining

According to the two factors affecting wetting mentioned above, the construction
of superhydrophobic coatings also usually needs to satisfy these two basic conditions:
(1) a microstructure with a certain degree of surface roughness; (2) a chemical
component with a low surface energy. That is to say, the rough structure with micro-
nanocomposite is prepared first, and then low surface energy substances are used to
modify it; or a certain micro-nanocomposite structure is constructed directly on the
surface of low surface energy materials. At present, the main methods commonly used
to prepare superhydrophobic coatings on the surface of solid materials are: photo-

etching, sol-gel method and so on.

Lithography is a method used to transfer computer-designed patterns onto a
substrate surface, and is a widely used method for preparing superhydrophobic
surfaces. Currently, several methods are commonly used, such as laser etching, plasma
etching, and chemical etching. Lan et al. [31] used nanosecond laser etching to
construct a grid-like microstructure with grooves and pits on the surface of stainless
steel. After self-assembly with fluorosilane, an ultra-sup hydrophobic surface with a
contact angle of 164° and a rolling angle of 3° was prepared, which could be

ultrasonically treated for 75 minutes and exhibited good stability.
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The sol-gel method involves adding a chemical precursor to water to cause
hydrolysis or condensation, forming a gel with a three-dimensional network structure
through cross-linking between sol particles, and then constructing a nanostructure
through drying and sintering. Finally, the material is modified to be hydrophobic to
obtain a superhydrophobic coating. When the precursor contains low surface energy
substances, the sol-gel method can produce superhydrophobic coatings without the
need for subsequent hydrophobic treatment. The sol-gel process is simple, and can
produce materials with special physical properties such as low thermal expansion
coefficient, low ultraviolet absorption and high visible light transmittance. It is of great

significance for the realization of multifunctional superhydrophobic coatings.

Chen et al. [32] prepared organo-inorganic hybrid modified silica sol, which can
be dip-coated on a variety of flat and curved substrates. The superhydrophobic coating
prepared can be used for oil-water separation, and the separation effect can reach 80%.
In addition, the sol-gel process parameters were also investigated, and it was found that
the water content, ammonia content and low surface energy substance concentration

have an important effect on the hydrophobicity of the coating.

In nature, lotus leaves are considered to be a model for superhydrophobic surfaces.
The structure of these leaves consists of two nanometer/micrometer-scale natural wax
coverings over the entire surface. Lotus leaves have high superhydrophobicity, with a
WCA of >160°. The surface of the lotus leaf remains clean even when covered in mud
and dirt. Etching technology is mainly inspired by this natural structure, with the main

purpose of increasing the surface roughness of the substrate.

Zheng et al. [33] prepared a superhydrophobic coating with a micro-nano
hierarchical structure on basalt scales by NaOH etching and fluorination modification,
with a contact angle of up to 165.1° and a rolling angle as low as 0.7°. It has excellent

wear resistance, UV resistance, corrosion resistance and antibacterial properties.

Chemical vapour deposition (CVD) is a technique that involves the deposition of

a gas precursor on a heated substrate to form a desired solid film. CVD involves a
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chemical reaction. CVD can be used to prepare rough surfaces, prepare
micro/nanoparticles, transform nanorods into macrostructures, or deposit a thin
hydrophobic film on a rough surface. CVD as a technique for depositing hydrophobic

films is currently an area of great interest to researchers.

Huang et al. [34] used induced chemical vapour deposition (iCVD) to construct
transparent superhydrophobic coatings with customised nano-cone array structures.
This iICVD process uses aggregated nanoscale monomers as nucleation centres, which
subsequently produce vertically aligned polymer nano-cones. By adjusting the
deposition conditions, the height and density of the nano-cones can be precisely
controlled. The resulting polymer nano-cone array coating achieves a contact angle of
151° and a rolling angle of 2° in the visible light range. rolling angle, an average visible
light transmittance of 94.5%, and excellent self-cleaning ability and resistance to water
droplets and sand impacts. This indicates that the coating prepared by this method can
maintain long-term mechanical durability in outdoor environments and has potential
practical application value. However, this type of method is time-consuming and often

uses organic solvents, which can cause environmental pollution.

However, the use of superhydrophobic surfaces still has many problems, such as
lack of durability, poor performance, and high preparation costs, which limits the large-
scale promotion and application of superhydrophobic surfaces [35]. Nanomaterials
have attracted widespread attention due to their special properties, which makes their

application in nano-coatings a matter of great interest.

Combining nanomaterials with surface coating technology to prepare surface
composite coatings containing nanoparticles can improve the modification effect of
surface technology. Superhydrophobic nanocoatings refer to coatings containing at
least one nanoscale component, in which the morphology or properties of the nanoscale
scale play a key role in the superhydrophobic properties. In recent years, there has been
increasing interest in the manufacture of superhydrophobic nanocoatings with micro-
to-nanoscale structures. A variety of nanofillers have been used to prepare

superhydrophobic coatings, such as nano-titanium dioxide [36], nano-zinc oxide [37],
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nano-silica [38], etc. These superhydrophobic nanocoatings have been widely used in

industrial production and have shown broad application prospects in various fields.

Nanomaterials have attracted attention due to the particularity of their physical
and chemical properties caused by their special structure [39]. Broadly speaking,
nanomaterials generally refer to materials that are measured at the nanoscale in terms
of external dimensions or internal structure and exhibit additional or different unique
properties. When the size of a material is between 1 and 100 nm, its physical and
chemical properties change, exhibiting many strange phenomena that are different
from both macroscopic objects and individual isolated atoms. These strange
phenomena include, but are not limited to, properties such as magnetism, light,
electricity, melting point, surface tension and solubility. The physical properties of
nanoparticles change from classical physics to quantum physics as their size changes,
so changing the size or composition of nanoparticles can change their physical and

chemical properties.

In 1991, carbon nanotubes were discovered [40]. They are one sixth the mass of
steel of the same volume, but 10 times stronger, so nanotechnology has become a hot
topic in scientific research. Nanomaterials, also known as ultrafine particle materials,
are composed of nanoparticles and are in a transitional region at the boundary between
atomic clusters and macroscopic objects. From the usual microscopic and macroscopic
point of view, such a system is neither a typical microscopic system nor a typical
macroscopic system, but a typical mesoscopic system. It has surface effects, small size
effects and macroscopic quantum tunnelling effects. When a macroscopic object is
broken down into ultrafine particles, it will exhibit many strange properties, that is, its
optical, thermal, electrical, magnetic, mechanical and chemical properties will be

significantly different from those of a large solid.
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1.4. Use of ZnO as the texture forming element of superhydrophobic coatings

With the rapid development of science and commerce, people have gained a
deeper understanding of nano-semiconductor materials. In long-term research, it has
been found that ZnO semiconductor nanomaterials have more advantages. Nano zinc
oxide is a new type of multifunctional inorganic material with a particle size of about
1-100 nm. Due to the miniaturisation of the grains, the surface electronic structure and
crystal structure change, and it has high transparency and good dispersion. In addition,
zinc oxide exhibits many special properties, with excellent thermal stability and unique
mechanical, optical and electrical properties. In addition, zinc oxide also has

piezoelectric and pyroelectric properties.

Zinc oxide (ZnO) is an important direct wide band gap semiconductor material.
Its band gap is 3.37 eV at room temperature, and the binding energy of excitons is 60
meV. Due to its small particle size and large specific surface area, nanometer-scale
ZnO exhibits many unique physical and chemical properties in optics, electronics,

catalysis, magnetism, biology and electrical engineering.

This inherent polarity, resulting from the wurtzite crystal structure and strong
ionic bonding between Zn** and O*, gives ZnO surfaces a high surface energy and
strong affinity for water molecules. As a result, nanostructured ZnO often demonstrates
superhydrophilic behavior, with water contact angles approaching 0°, especially after
UV irradiation or surface activation. The presence of polar —OH groups on the surface,
formed through adsorption of moisture from the environment, further enhances its
hydrophilicity. This makes ZnO a promising candidate for applications requiring water
spreading and film formation, such as antifogging coatings, photocatalytic surfaces,

and biomedical devices.

ZnO is a ‘green’ environmentally friendly material that is cheap, non-toxic,
biodegradable and biocompatible. It is an important functional material for
semiconductors. At present, the wide application of high-performance materials is

increasingly dependent on the control of the grain size and morphology of the
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constituent materials. Nano ZnO has excellent properties that bulk materials cannot
match, such as non-toxicity, non-migration, fluorescence, piezoelectricity, and the
ability to absorb and scatter ultraviolet light. The emergence of novel morphologies
such as nano ZnO in the form of flowers, hexagonal flakes, needles, and lines will bring
many excellent properties. Therefore, adjusting the surface roughness of the material
and reducing the surface free energy are two effective ways to improve the wettability
of the material surface. The surface wettability of ZnO can be controlled by regulating
its surface morphology, as in Myint [41] studied the synthesis and properties of
superhydrophobic surfaces composed of ZnO. Nano-ZnO, which is hydrophilic in
nature, is used as the zinc source to construct a superhydrophobic surface without
chemical modification. Nano-ZnO seeds are printed on a glass slide using inkjet
printing to form a microconvex hull, and then ZnO microcrystalline rods are generated
by hydrothermal method to obtain a superhydrophobic surface. The measured surface
contact angle is 153°. This method can be used in industrial applications, such as self-
cleaning windows or car roof windows. In addition, the size of the microconvex hull
can be adjusted to determine the optimal combination of a binary rough surface

(created by a double surface topography) that meets the criteria for the lotus effect.

The method of reducing surface energy is to modify the material with some
commonly used low surface energy substances such as siloxanes and fluorides. These
substances mainly modify the surface of nano-ZnO by breaking chemical bonds and
breaking chains to form a hydrophobic surface by covalent bonding. The
microstructure of the modified nano-ZnO does not change, and nano-ZnO materials
with both semiconductor properties such as light, electricity and magnetism, and
superhydrophobic properties can be obtained. Guo et al. [42] prepared transparent ZnO
nanorod array films by hydrothermal method. The reaction used Zn(CH3COO)2-2H2
O as the zinc source, and an 18-mercaptol solution as a low surface energy substance
to modify the obtained film, so that the hydrophobic angle of the superhydrophobic

coating changes from 9.6° to 156° after modification.

34



At present, the design and controlled growth of ZnO nanoparticles is the direction
for the future application and preparation of ZnO nanomaterials. In short, ZnO
nanomaterials have broad application prospects in fields such as catalyst supports,

optics, and biosensors [43].

One of the key advantages of working with ZnO is the well-established and
versatile nature of its synthesis methods. A wide range of morphologies - such as
nanorods, nanoflakes, nanospheres, and hierarchical flower-like structures - can be
readily obtained through controlled hydrothermal, sol-gel, or chemical vapor
deposition techniques. This morphological tunability provides an excellent opportunity
to systematically study how different surface architectures influence the formation of
superhydrophobic properties when combined with low surface energy modifications.
By tailoring the surface roughness at the micro- and nanoscale through specific ZnO
structures, it becomes possible to enhance water repellency and optimize the coating's

performance for targeted applications.

There have been many studies on hydrothermal synthesis of zinc oxide with
different morphologies [44], but few studies on its use in hydrophobic coatings.

Therefore it is a perspective research direction.

There are many methods for preparing nano-ZnO, which are divided into chemical
and physical methods depending on whether a chemical reaction occurs. Among these
methods, the chemical method is a method for preparing ZnO materials of different
sizes and morphologies by reacting zinc salts chemically, while the physical method
refers to a method for crushing bulk ZnO materials into nano-ZnO materials using
mechanical methods in addition to chemical methods. Among them, the preparation of
ZnO is mainly based on chemical methods. According to the state of the raw materials
during the preparation process, it can be divided into three categories: solid phase
method, liquid phase method and gas phase method. Common chemical methods for
preparing nano ZnO include precipitation method, sol-gel method, hydrothermal

method, microemulsion method, etc. Among them, the liquid phase method is currently
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the most widely used method in research. This article mainly describes the chemical

method (hydrothermal method) for preparing nano ZnQO particles.

Solid-phase methods for preparing nano ZnO include mechanical crushing and
solid-phase chemical reaction methods. Mechanical crushing is a method in which ZnO
or zinc raw materials are directly crushed and ground mechanically to produce ZnO
nanoparticles. However, it has its own disadvantages, such as low efficiency, high
energy consumption, uneven powder particles, and easy mixing of impurities, which is
why this method is rarely used to produce ZnO. The solid-phase chemical reaction
method uses zinc metal salts or oxides as raw materials, which are mixed and ground
with other solid raw materials, and then calcined at high temperatures to form ZnO
nanocrystals through a solid-phase reaction. The heating rate and temperature during
the calcination process cause different temperatures inside and outside the ZnO
material system result in a temperature difference inside and outside the material,
which in turn has a certain degree of impact on the structure or crystallinity of the
material [45].

The hydrothermal method was first studied by geologists in the mid-19th century
to simulate natural mineralization. After 1900, scientists established the theory of
hydrothermal synthesis, and later began to shift their research to functional materials.
Hydrothermal synthesis belongs to the field of liquid phase chemistry. It is an effective
method of inorganic synthesis and materials processing in which an aqueous solution
IS used as the reaction system in a specially designed sealed reactor, and the reaction
system is heated and pressurised. Hydrothermal methods are one of the most
commonly used methods for preparing nanomaterials. [46]. Its main advantages are as

follows:

(1) The hydrothermal method uses medium-temperature liquid-phase control,
which has relatively low energy consumption and is widely applicable. It can be used
to prepare not only ultrafine particles, but also single crystals with larger sizes, and
inorganic ceramic films can also be prepared. (2) The raw materials are relatively cheap

and easy to obtain. The reaction takes place in the liquid phase with rapid convection,
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resulting in high yield, uniform phase, high purity, good crystallinity, and controllable
shape and size. [47] (3) During the hydrothermal process, factors such as reaction
temperature, pressure, treatment time, solution composition, pH value, and the types
of precursors and mineralizers can be adjusted to effectively control the reaction and
crystal growth characteristics. [48], (4) The reaction is carried out in an airtight
container, and the reaction atmosphere can be controlled to form suitable redox
reaction conditions to obtain certain special phases. This is especially beneficial for

synthetic reactions in toxic systems, which can minimize environmental pollution.

Hydrothermal reactions provide a special physical and chemical environment for
the reaction and crystallisation of various precursors that cannot be obtained under
normal pressure conditions. Generally, the temperature of a hydrothermal reaction is
controlled at 100-200°C. Different conditions can be adjusted to achieve different
preparations. In a hydrothermal reaction system, the morphology of nanomaterials can
be changed by changing the type of specific solvent, pH, temperature and pressure in

the reactor, so it is also very beneficial for the preparation of nanoscale materials. [49]

2009, Yu et al. [50] Using ammonia-hexahydrate zinc nitrate as a raw material,
Zn O nanorod arrays with an average diameter of about 500 nm and a length of about
7 um. By controlling the solution concentration, nanorod arrays with different
morphologies were prepared (as shown in the Fig. 1.4.). Experiments have shown that
ammonia plays a key role in the growth of ZnO nanorod arrays, because the appropriate
amount of ammonia can inhibit homogeneous nucleation in the growth solution and
reduce unnecessary consumption of solutes. The reaction mechanism of this process is
as follows: (1) ammonia provides a complex [Zn(NH3)4]%, (2) provides the alkaline

environment required for the growth of ZnO nanorods (Fig. 1.4):
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Figure. 1.4 SEM images of ZnO arrays prepared with different zinc salt
concentrations: A, (a) 0.05 M; B, (b) 0.10 M; C, (c) 0.15 M; D,(d) 0.20 M. (taken
from [51])

The sol-gel method mainly involves the two most basic reactions of hydrolysis
and polymerisation. A stable sol is first formed in a solution, which then ages to form
a gel. Finally, the gel is solidified and sintered to finally synthesise the required micron-
or nanometre-scale material. This method has been widely used in the preparation of
glass, ceramics, fibres, composite materials, etc. At present, many researchers have
widely applied the sol-gel method to the preparation of nano ZnO. The advantages of
this method are that the nano powder prepared has a relatively uniform distribution, the
particle size is controllable, and the equipment used is simple and easy to operate. The
disadvantage is that some of the raw materials used are organic compounds, which are

harmful to health.

Hayat et al. [52] Nano ZnO particles of different sizes were successfully
synthesized using the sol-gel method. It was found that as the calcination temperature
increased, the nano ZnO particles tended to agglomerate, while the activity of the
catalyst decreased. The sample obtained under calcination conditions of 500 °C had
higher photocatalytic oxidation activity towards phenol. The main reason is that the

smaller particle size of nano ZnO-500 results in better dispersion and uniformity

The microemulsion method is one of the common methods for preparing nano
powders. It is a method of precipitating a solid phase from an emulsion formed by two
immiscible solvents with the help of a surfactant. Nanoparticles prepared using this

method have small particle sizes, narrow distributions, high surface activities, good
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monodispersity, and are not prone to agglomeration [53]. The key factor determining
the structural form of nanoparticles is the microstructure of the inverse microemulsion.
When the components are constant, the main influencing factors are the molar ratio of
water to surfactant, the content of surfactant in the oil phase, the mass ratio of co-

surfactant to surfactant, and the concentration of reactants.

Chemical Vapor Deposition (CVD) is one of the most widely used techniques in
the semiconductor industry for depositing a variety of materials. It mainly uses two or
more gaseous raw materials to form various ions through chemical reactions in the gas
phase, and then goes through the two stages of nucleation and growth in the gas phase,
finally generating thin films, particles, crystals and other solid materials on the wafer.
Mainly includes: physical vapor deposition [54], chemical vapor deposition [55], spray
pyrolysis [56], magnetron sputtering [57] and molecular beam epitaxy [58].
Nanomaterials synthesized using the CVD method have a relatively high degree of
purity because the particles nucleate and grow in the gas phase, where there is a lot of
space, and the resulting product particles are smaller in size and more uniform in shape,
with good monodispersity. Moreover, the entire reaction process is carried out in a
sealed container, which ensures that the generated particles are highly pure, and the

relative product purity is high.

Lupan et al. [59] obtained ZnO nanowires with diameters between 50 and 200 nm
by CVD at 650 °C. The method uses the vapor from solid zinc evaporation as the Zn
source and an oxygen-argon mixture as the gas-phase reactant introduced, and the
growth of vertically aligned nanowires is controlled by controlling the molar ratio of
O to Zn. This single ZnO nanowire can be used as a material for nanosensors and has

a higher response speed to hydrogen at room temperature.

In recent years, with the deepening of research on these two surface states,
researchers are no longer satisfied with the preparation of a single wettable surface, but
are more concerned with how to achieve reversible regulation of surface wettability.
The Fujishima research group [60] was the first to study the wetting characteristics of

semiconductors. After studying TiO,, it was found that ultraviolet light irradiation can
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reduce the water contact angle (WCA\) of the TiO; surface from 72° to 0°. This caused
Ti0, to exhibit superhydrophilic properties. This has aroused research interest in the
variable wettability of the surfaces of wide bandgap inorganic semiconductor
materials. At present, the method of achieving a change in the wettability of the
material surface is mainly to change the external stimulus (such as light, temperature,
acidity and alkalinity, etc.) to cause reversible changes in the chemical composition,
spatial configuration or polarity of the surface active molecules of the material to

achieve a change in wettability.

Chen et al. [61] obtained a responsive surface by modifying a rough gold surface
with an alkyl mercaptan 2-benzoic acid using the interaction between the mercapto
group and the metal atom. This surface exhibits a near-superhydrophobic state in low
pH solutions, with a contact angle of 144°, and a superhydrophilic state in high pH

solutions, with a contact angle approaching 0.

Sun et al. [62] used an atom transfer radical polymerisation method to graft a poly
N-isopropylacrylamide film on a silicon wafer substrate, obtaining two surfaces with
different wettabilities. The smooth silicon wafer substrate changed from a hydrophilic
state (CA = 63.5°) to a hydrophobic state (CA = 93.2°) in the temperature range of 25-
40 °C. The principle of this research is that at temperatures below the LCST, the main
intermolecular hydrogen bonds between the polymer chains and water molecules
contribute to the hydrophilicity of the film; at temperatures above the LCST, the
intramolecular hydrogen bonds between the C=0 and N-H groups in the polymer
chains make it difficult for the hydrophilic C=0 and N-H to interact with water
molecules, so the film exhibits hydrophilicity at high temperatures.

Feng et al. [63] synthesized ZnO nanorod array film via hydrothermal method.
Under the induction of ultraviolet (UV) light, the ZnO nanorod film undergoes a
significant surface wettability transition. The inorganic oxide film, which exhibits
superhydrophobicity, becomes superhydrophilic under ultraviolet light. After the film
is placed in the dark, the wettability returns to superhydrophobicity.

40



An effective and scalable strategy for fabricating superhydrophobic surfaces
involves combining nanoparticles of various morphologies with polymer binders to
form composite coatings with hierarchical surface textures. This approach exploits the
synergistic effects of surface roughness - introduced by the nanoparticles - and the low
surface energy imparted by the polymer matrix or subsequent surface treatment.
Nanoparticles such as ZnO, SiO2, TiO2, or PTFE can be selected and synthesized in
diverse shapes, including spheres, rods, flakes, or flower-like assemblies, each
contributing distinct micro- and nano-scale features to the final surface morphology.
When dispersed in a polymeric medium, these particles create a textured surface that

mimics natural superhydrophobic structures, such as the lotus leaf.

One of the key advantages of this method lies in its tunability: by adjusting the ratio of
nanoparticles to polymer, it is possible to regulate the surface texture and,
consequently, the wetting behavior. A higher particle loading generally increases
surface roughness and may reduce the contact area between water droplets and the solid
surface, promoting the Cassie—Baxter wetting regime and lowering both the contact
angle hysteresis and sliding angle. Conversely, a lower particle content can yield
smoother surfaces with less pronounced hydrophobicity, or even revert the coating to
a hydrophilic state. This balance between particle dispersion and matrix continuity
enables fine control over the degree of water repellency and facilitates the design of

coatings with tailored wetting performance for specific applications.

Moreover, this composite coating technology is highly compatible with
conventional paint and coating processes, such as spray-coating, dip-coating, roll-to-
roll application, or doctor blading. These scalable techniques make the production of
superhydrophobic surfaces industrially feasible without the need for expensive
equipment or vacuum systems. By incorporating readily available polymer resins and
surface-functionalized nanoparticles into traditional formulations, manufacturers can
integrate superhydrophobic functionality into protective, self-cleaning, or anti-

corrosion coatings. This adaptability makes particle—polymer hybrid coatings a highly
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promising platform for widespread commercial use in fields such as construction,

transportation, electronics, and consumer goods.

An extensive work in direction of particulate based superhydrophobic coatings
was done previously in Igor Sikorsky Kyiv Polytechnic Institute. In the paper [64]
authors consider simple two-component coatings on acrylic polymer and different
particulate materials — from calcite to nanoscale silica. It was shown that the latter one
may provide contact angle values close to 150°. In [65] the wear resistance and in [66]
UV and water resistance of such superhydrophobic coatings was characterized. It was
shown that the Cassie-Baxter state is reached at certain ratio between polymer and the
particles. And this ratio depends on the particle’s specific surface and the surface
energy. Therefore, using hydrophobized particles may decrease the required polymer

quantity. The particle size reduction, contrary, increase the required polymer fraction.

Problem of research statement

Given the promising potential of superhydrophobic coatings and the unique advantages
provided by the Cassie—Baxter wetting regime—such as extreme liquid repellency,
resistance to contamination, self-cleaning ability, and enhanced anti-icing
performance—there is a growing demand for scalable and effective fabrication
methods. Although the scientific foundations for producing superhydrophobic surfaces
using dispersed particles and polymer matrices are already well established, the
specific use of zinc oxide (ZnO) nanoparticles as a structural component in such
coatings remains underexplored. ZnO exhibits favorable properties including surface
polarity, diverse morphologies, and compatibility with wet chemistry synthesis routes.
However, the influence of ZnO particle shape, size, and concentration on the formation
and performance of textured superhydrophobic polymer-based coatings has not been
thoroughly studied. This gap defines the core problem of the present research: to

investigate and optimize the use of ZnO nanoparticles of different morphologies within
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polymer matrices for the creation of scalable, high-performance superhydrophobic

coatings with tunable wetting properties.

The purpose of the research: The purpose of this study is to establish the connection
between the structure and water repellency of organo-mineral surfaces.
Objectives of the research:
- to establish the basic principles of water repellency formation in organo-mineral
textured systems;
— to obtain and characterize mineral disperse particles with different surface
configuration/size;
— to study and tune the formation of water repellent ability of organo-mineral
coatings;
- to demonstrate prospective use of obtained coatings;
Research Object: textured surfaces with tuned water repellency on the base of organic
interface layer and mineral texture forming elements
Research subject: formation of water repellency of textures consisting of mineral

structure formers and organic binding and interface layers.

The results of the analysis of scientific literature conducted during the preparation of

this section are presented in the following publications:

1. Mupownwk, O. B.; baknan, /[. B.; JIi, 4. Bo00giowimoexyeanvti moHKONIi6K06I
NONIMEPHI ~ KOMRNO3UMU 3 YACMUHKAMU — YEPBOHO20  Wiiamy  AK
cmpyxkmypoymeopiosauamu. Technologies and Engineering 2023, No. 3, 56—66.
10.30857/2786-5371.2023.3.6. ISSN 2786-5371, 2786-538X

2. Ye, JI; Binoycosa, A.; Muponiox, O. Establishing the type of texture forming
particles on hydrophobic properties of coatings. Herald of Khmelnytskyi
National University Technical Sciences 2024, 333 (2), 155-161. 10.31891/2307-
5732-2024-333-2-25. ISSN 2307-5732
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3. Li, C.; Myronyuk, O.; Bilousova, A.; Pitak, Y. Synthesis and characterization of

Zn—based ceramic particles with controlled morphology. Scientific Research on
Refractories and Technical Ceramics 2024, No. 124, 104-110. 10.35857/2663-
3566.124.11. ISSN 2663-3566
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CHAPTER 2. Materials and methods

The experimental part of this work was aimed at developing and characterizing
composite coatings with enhanced water-repellent properties, achieved through the
integration of inorganic particles into a polymer matrix. The general research strategy
was built on the premise that both surface chemistry and microstructure govern the
wettability of solid surfaces. Therefore, the methodological approach combined
material synthesis, composite formulation, and performance evaluation under

controlled laboratory conditions.

The study began with the selection and characterization of key components:
polymer binders with suitable film-forming and weather-resistant properties, and
inorganic fillers—primarily zinc oxide—capable of forming rough, hierarchical
textures on the coating surface. Particular attention was given to the synthesis of ZnO
particles using sol-gel and precipitation methods, enabling the control of particle size,

shape, and surface area.

Prepared particles were introduced into the polymer dispersion or solution to
obtain composite systems with tailored microstructures. Coatings were applied onto
substrates by conventional film-deposition techniques, such as casting or spraying,
followed by drying and curing. Surface morphology and composition were studied
using scanning electron microscopy (SEM) and FTIR spectroscopy, while the wetting
behavior was evaluated by measuring static contact angles and sliding angles. This
multi-step experimental framework was designed to systematically investigate the
relationship between particle characteristics, coating microstructure, and water-

repellent performance.

2.1 Reagents and materials

Sodium hydroxide (NaOH), analytical grade (Merck) - Table 2.1.
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Table 2.1 - Properties of sodium hydroxide

Property Value

Molar mass 39.997 g/mol

Melting point 318 °C

Boiling point 1,388 °C

Solubility in water 111 g/100 mL (20 °C)
Appearance White solid

Zinc nitrate hexahydrate (Zn(NQOs).-6H20), analytical grade (Merck) - Table 2.2.

Table 2.2 - Properties of Zinc nitrate hexahydrate

Property Value

Molar mass 297.49 g/mol

Melting point 364 °C

Solubility in water 184 g/100 mL (20 °C)

Appearance

Colorless crystalline solid

Copper nitrate trihydrate (Cu(NOs)2:3H20), analytical grade (Alfa Aesar) - Table 2.3.

Table 2.3 - Properties of Copper nitrate trinydrate

Property Value

Molar mass 241.60 g/mol

Melting point 114.5 °C (decomposes)
Solubility in water 125 g/100 mL (20 °C)

Appearance

Blue crystalline solid

Diammonium phosphate ((NH4):HPOs), analytical grade (Merck) - Table 2.4.
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Table 2.4 - Properties of Diammonium phosphate

Property Value

Molar mass 132.06 g/mol

Melting point 155 °C (decomposes)
Solubility in water 58 g/100 mL (25 °C)
Appearance White crystalline powder

Titanium dioxide (TiO2, P25), analytical grade (Evonik) - Table 2.5.

Table 2.5 - Properties of Titanium dioxide

Property Value

Average particle size ~21 nm

Crystal structure 80% anatase, 20% rutile
BET surface area ~50 m?/g

Appearance White powder

Silica (Sipernat D 17 Si0., Evonik, median particle diameter approx. 14 um),
analytical grade (Evonik) - Table 2.6.

Table 2.6 - Properties of Silica

Property Value

Particle size ~14 um
Purity >99.8%

BET surface area 200 m?/g
Appearance White powder

Ammonia (NHs-H20), analytical grade (Himlaborreaktiv, Kyiv) - Table 2.7.



Table 2.7 - Properties of Ammonia

Property Value

NHs concentration 25-30%

Density ~0.91 g/cm?

Boiling point ~37.7 °C (for solution)
Appearance Colorless liquid with pungent odor

Deionised water (DI water) (Laboratory-produced) - Table 2.8.

Table 2.8 - Properties of Deionised water

Property Value

Resistivity 18.2 MQ-cm at 25 °C
pH 5.5-7

Conductivity <1 uS/cm
Appearance Clear, colorless liquid

Tetraethyl orthosilicate (TEOS), analytical grade (Sigma-Aldrich) - Table 2.9.

Table 2.9 - Properties of Tetraethyl orthosilicate

Property Value

Molar mass 208.33 g/mol
Boiling point 168-170 °C
Density 0.933 g/cm?
Appearance Colorless liquid
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Isopropanol (IPA), analytical grade (Himlaborreaktiv, Kyiv) - Table 2.10.

Table 2.10 - Properties of Isopropanol

Property Value

Molar mass 60.10 g/mol

Boiling point 82.6 °C

Density 0.786 g/cm?
Appearance Clear, colorless liquid

Polymer resin (styrene-butyl methacrylate; Neocryl B 880), analytical grade
(Covestro Resins) - Table 2.11 and Fig.2.1.

Table 2.11 - Properties of Polymer resin

Property Value
Average molecular weight 90000
Acid value (mg KOH) 6

Glass transition temperature (Tg), °C | 52

Softening temperature, °C 135

Density, g/cm? 1,07




Hs

Figure 2.1. Structure of isobutyl methacrylate polymer NeoCryl B-880

p-Xylene (PX), analytical grade (Himlaborreaktiv, Kyiv) - Table 2.12.

Table 2.12 - Properties of p-Xylene

Property Value

Molar mass 106.17 g/mol

Boiling point 138.4°C

Density 0.861 g/cm?

Appearance Colorless liquid with aromatic odor

All reagents were used without further purification.

2.2 Preparation of ZnO and its composites via precipitation method

Flower-like ZnO particles were synthesized using a simple one-step synthesis
method [67]. The method contains the following stages: dissolve Zn(NO3), in a beaker

with deionised water, then transfer the beaker to a magnetic stirrer and stir for 30
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minutes. The solution is referred to as A. Weigh a certain amount of NaOH, dissolve
the NaOH completely in deionised water, and weigh B. Slowly add solution B to
solution A while stirring for 2 hours. After the reaction, the beaker was placed in an
incubator at 80°C for 5 hours. The suspension was centrifuged to obtain a precipitate,
which was washed three times with deionised water and anhydrous ethanol,
respectively, and transferred to an 80°C drying oven for 5 hours. Finally, the dried
particles were placed in a muffle furnace at 500°C for 2 hours. Grinding was used to

obtain ZnO particles.

Mix 0.5 g of ZnO in 30 mL of IPA for 30 minutes to obtain a homogeneous
solution, which is referred to as solution A. Mix 2.5 g of TEOS with 20 mL of IPA to
obtain solution B. The B solution was slowly added dropwise to the A solution while
adding ammonia to maintain a pH of 8.5-9.5. The mixture was stirred for 1 h and aged
at 80 °C for 6 h. The resulting solid was filtered, washed three times with deionised
water and IPA, and dried. Finally, it was treated in a muffle furnace at 500 °C. Grinding

the resulting product gave ZnO-SiO, composite particles.

Preparation of ZnO particles (NaOH)

First, a 0.1 mol/L Zn(NO3)2-6H20 solution (denoted as solution A) was added. Under
magnetic stirring, a 5 M NaOH solution was slowly added to solution A, and the
mixture was stirred for 30 min. The resulting mixture was transferred to a stainless
steel reactor lined with polytetrafluoroethylene and heated under water at 150 °C for 6
h. After the reaction, the mixture was allowed to cool naturally to the first step, and the
product was washed three times with deionized water and dried. Finally, the dried

sample was dried in a muffle furnace at 400°C for 1 h to obtain ZnO particles.

Preparation of ZnO particles (NH3-H20) represents a 0.1 mol/L Zn(NO3)2-:6H20
solution A. The NH3-H2O solution was slowly added dropwise to solution A, and the

pH of the solution was maintained at 8-9. The mixture was stirred magnetically for 30
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min, transferred to a reaction vessel, and heated to 80 °C and 150 °C for 6 h. After
cooling naturally, the mixture was washed three times and placed in a muffle furnace

and burned at 400 °C in phosphoric acid for 1 h. ZnO particles were obtained.

Preparation of ZnO-TiO2 nanocomposite

P25 (0.5 g) was mixed with a 0.1 mol/L Zn(NO3).:6H20 solution (7.5 g), and the
mixture was stirred for 30 min. Then, a5 M NaOH solution was slowly added dropwise
to the above mixture, and the mixture was stirred for another 10 min after the addition
was complete. The resulting mixture was transferred to a high-pressure reactor lined
with polytetrafluoroethylene and reacted under water at 150 °C for 6 h. After the
reaction was completed, it was allowed to cool naturally to room temperature, washed
three times with deionised water, preheated at 60 °C, and calcined at 400 °C for 1 h to

obtain the ZnO-TiO2 nanocomposite.

Preparation of ZnO-SiO2 nanocomposite

Si02 (0.3 g, Evonik, median particle size of about 14 pm) and 0.1 mol/L
Zn(NO3)2-6H20 solution (7.5 g) were weighed and mixed, and the mixture was stirred
for 30 min. Then, 5 M NaOH solution was slowly added dropwise, and the mixture
was stirred for another 10 min after the addition was complete. The resulting mixture
was transferred to a stainless steel reactor lined with polytetrafluoroethylene and
reacted at 150 °C for 6 h. After cooling naturally, the product was washed three times
with deionized water, allowed to sleep at 60 °C, and oxidized and burned at 400 °C for

1 h to obtain ZnO-Si0O2 nanocomposite particles.

Preparation of ZnO-TiO2 nanocomposites with different molar ratios

To study the effect of different Zn:Ti molar ratios on the structure and properties of the

composite material, TiO2 (P25) and 0.1 mol/L Zn(NO3)2-6H20 solution were
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weighed and mixed in the ratios of Zn:Ti =2:1, 4:1, 10:1, etc. After stirring the mixture
for 30 minutes, 5M NaOH solution was slowly added, and then stirred for another 10
minutes. The resulting dispersion was transferred to a high-pressure reactor lined with
polytetrafluoroethylene and reacted under water at 150 © C for 6 hours. After the
reaction, it was allowed to cool naturally to step. The product was washed three times
with deionized water, dried at 60 ° C, and calcined at 400 ° C for 1 hour to obtain ZnO—

Ti nanocomposites with different molar ratios were obtained.

2.3. Preparation of organo-mineral coatings

To prepare composite coating formulations, a solution was first obtained by combining
the polymer resin and p-xylene solvent at a mass ratio of 1:5. The mixture was stirred
continuously until a homogeneous and fully transparent solution was formed,
indicating the complete dissolution of the resin in the solvent. This step ensured
uniform distribution of the polymer chains and established a suitable medium for the

subsequent dispersion of particulate additives.

Following dissolution, various inorganic fillers—namely silicon dioxide (SiOz),
titanium dioxide (TiO2), zinc oxide (ZnO), and composite ZnO-SiO: particles—were
introduced into the polymer solution. The fillers were added in predetermined mass
fractions, denoted as X: wt%, X2 wt%, X3 wt%, and X4 wt%, respectively. The selected
ranges for each additive were as follows: SiO2 (X:) from 0 to 40 wt%, TiO2 (Xz) from
20 to 95 wt%, ZnO (Xs) from 20 to 80 wt%, while ZnO-Si10: composite particles were
incorporated based on comparative formulations and served to evaluate synergistic
effects in texture formation and surface functionality.

After the addition of fillers, the mixture was subjected to continuous mechanical
stirring to ensure thorough dispersion of the particles throughout the resin solution.
This step was critical to prevent agglomeration and to promote uniform surface texture
in the final coating.

The resulting suspension was then applied onto clean glass substrates using a uniform

film-casting technique. The substrates were standard microscope glass slides with
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dimensions of 2.5 cm x 1.0 cm % 0.02 cm. Each coating was spread evenly across the

surface to ensure consistent thickness and texture formation.

Finally, the coated glass slides were placed in a controlled thermal environment and
dried at a temperature of 55 °C for 10 minutes. This drying process facilitated solvent
evaporation and film solidification, yielding a dry composite coating ready for

subsequent characterization.

2.4. Instrumental methods of characterization

Scanning electron microscope (SEM)

The scanning electron microscope is the most commonly used instrument for studying
nanomaterials. It mainly consists of an electron gun and a cathode emitting an electron
beam. Under the action of the accelerating voltage between the anode and cathode, the
electron beam is shot towards the lens tube, focused by a set of magnetic lenses, and
then focused again by a set of scanning coils controlling the electron beam, and finally
focused by an objective lens to hit the sample. In response to the sample, a series of
signals are generated, such as secondary electrons, backscattered electrons and X-rays.
Secondary electron signal absorption, backscattered electron signal absorption or X-
ray energy spectrometer are equipped on the upper side of the sample as needed to
distinguish these signals. These signals are detected by the corresponding detectors,
amplified, converted, and turned into voltage signals, which are finally transmitted to
the kinescope to display various information. The sample preparation methods also
differ for different types of samples. For conductive materials (such as metals), as long
as a sample of the right size is made, it can be tested directly. For non-conductive
materials or materials with poor electrical conductivity (such as fibres, ZnO, SiO2,
etc.), an electric charge tower will be generated under the action of the electron beam,
which will affect the movement record of the electron beam spot and the emitted

secondary electrons, thus reducing the image quality. Therefore, in addition to being
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made into a suitable size, a conductive layer needs to be deposited on the surface of the
sample before observation. Gold, silver or carbon films with high secondary electron
emission rates are usually used as conductive layers. In this study we used JSM-6700F
field emission scanning electron microscope (FESEM) in secondary electron mode at
15 kV.

Transmission electron microscope (TEM) crystal electron stand is a high-resolution,
high-power crystal that can provide information on the tissue structure, crystal structure
and chemical composition of fine materials. It is an important means of material
science research. It is composed of five parts: the illumination system, the
electromagnetic lens imaging system, the vacuum system, the recording system, and
the power supply system. A high-energy electron beam generated by an electron gun
is focused by an electron converging lens, and a concave lens forms an image that is
then focused and amplified by an electromagnetic lens. The electron beam passing
through the lens passes through an objective lens, where a high-quality magnified lens-
shaped image is obtained on the image plane, and then magnified a second time by an
intermediate lens and a projection lens to form a final three-stage magnified image that
is displayed on a fluorescent screen. Since electrons are easily focused or absorbed by
objects, the imaging power is relatively low, so there are strict requirements for sample

preparation.

The lattice structure and lattice fringes of the prepared sample were characterised using

a JEM-2010F model electron microscope at an accelerating voltage of 200 kV.

X-ray diffraction (XRD) analysis is a routine means of identifying the crystal structure
of a substance and performing phase analysis, and is widely used. The main
characteristic of crystalline materials is the periodic arrangement of atoms in the crystal
lattice. When a parallel beam of X-rays strikes a crystal in a substance with regularly

arranged atoms, the electrons in the atoms are excited to vibrate and become a source
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of secondary X-rays. Each atom radiates scattered waves with a wavelength equal to
the predicted X-ray wavelength in all directions in space, but only in certain directions,
where the optical path difference is an integer multiple of the X-ray wavelength, can
the capacitance be enhanced and a conductive peak be formed. In other directions, it is
split or changed. In this thesis, the crystal structure of the sample was characterised
using X-ray diffraction (XRD; Rigaku, RINT2000, CuKa emission line A = 0.15418

nm).

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis technique
that is mainly used to determine the elemental composition and chemical state of the
surface as well as the electron density around the atoms in molecules, in particular the
atomic valence state and the electronic cloud and energy level structure of surface
atoms. X-ray photoelectron spectroscopy is a type of electron spectroscopy based on
the photoelectric effect. It uses X-ray photons to excite the inner electrons of atoms on
the surface of a material. The energy of these electrons is analysed by XPS. XPS is a
physical method, and in most cases the sample is not delaminated by X-rays,lIt is
therefore a non-destructive analysis method. The sample is generally cleaned
chemically before analysis. It can analyse a wide range of elements and in principle
can analyse all elements except hydrogen. It is very similar to ultra-trace analysis, and
can analyse samples of about 10-°g. The surface composition of the samples, including
the chemical states of the elements, was characterized using ESCALAB MK Il

equipment.

Diffuse reflectance spectroscopy (DRS)is a valuable analytical technique used for the
optical characterization of powdered solids, coatings, and other diffusely scattering
materials. In this research, DRS was employed to analyze the light absorption and
reflectance properties of composite coatings containing inorganic fillers such as SiO-,
Ti02, and ZnO. This method enables the assessment of optical band gaps, surface
composition, and the presence of light-absorbing species in non-transparent materials

without requiring complex sample preparation.
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The technique is based on the measurement of radiation diffusely reflected from
the surface of a sample when illuminated by a monochromatic or polychromatic light
source. Unlike specular reflectance, which is associated with smooth, mirror-like
surfaces, diffuse reflectance occurs when the incident light is scattered in many
directions due to surface roughness or internal scattering centers within the material.

This scattered light is collected and analyzed to extract spectroscopic information.

Measurements were carried out using a UV-Vis spectrophotometer equipped
with an integrating sphere accessory, which captures the diffusely reflected light over
a wide angular range. The spectra were recorded over the wavelength range of 200
800 nm. Prior to each measurement, a baseline correction was performed using a
standard reference material with known high reflectance, typically barium sulfate

(BaSO0.), to ensure accuracy and reproducibility.

The obtained reflectance data R were transformed into pseudo-absorption

spectra using the Kubelka—Munk function:

F(R) = (1-R)y"2/2R (4)

where F(R) is proportional to the absorption coefficient for strongly scattering
samples. This transformation enables the application of Tauc plots for band gap

estimation, particularly relevant for characterizing semiconductor fillers like TiO: and

Zn0.

DRS provides a non-destructive, rapid, and reliable approach to monitoring
optical transitions and evaluating surface properties of complex coatings. In the context
of this study, it contributed to understanding how different particulate compositions
and morphologies influence the optical behavior and light-interaction mechanisms of

the developed superhydrophobic coatings.

The ultraviolet-visible diffuse reflectance spectroscopy (UV-vis/DRS) of the prepared
material was measured using a UV-2450 spectrophotometer from Tsukuba.
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Photoluminescence (PL)

Photoluminescence (PL) spectroscopy is a non-destructive optical technique that
provides insights into the electronic structure, surface defects, and recombination
mechanisms of semiconducting and luminescent materials. In this study, PL analysis
was conducted to evaluate the optical emission characteristics of coatings containing
oxide-based fillers, specifically focusing on zinc oxide (ZnQO) and titanium dioxide
(TiO2), as these materials exhibit strong excitonic and defect-related luminescence

under ultraviolet excitation.

The PL measurements were carried out using a Hitachi F-4500 fluorescence
spectrometer equipped with a xenon lamp as the excitation source. The excitation
wavelength was set at 300 nm to effectively stimulate the intrinsic and defect-related
luminescent centers in the inorganic phases of the composite coatings. Samples were
positioned perpendicular to the excitation beam, and the emission spectra were

recorded in the range of 350—700 nm.

This technique is particularly sensitive to surface and interface defects, such as
oxygen vacancies, interstitial atoms, and surface adsorbates, which significantly affect
the luminescence behavior of oxide particles. The resulting spectra were analyzed to
identify emission peaks corresponding to near-band-edge (NBE) and deep-level
emissions (DLE), which serve as indicators of material purity, crystallinity, and surface

states.
Water contact angle (WCA) determination

The static water contact angle of the coating was determined using the pendant
drop method. The glass slide was placed directly below the syringe, and the contact
angle test was performed after adjusting the glass slide to be flush (the water droplet
was 5 uL when testing the water contact angle). During this process, 3-5 different
positions were selected for measurement. The shape of the fixture was observed using
an electron microscope, and the angle between the fixture and the glass slide surface

was measured. The fixture was used as the final test result. The equipment used was
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Konus Accademy microscope with goniometry unit and HDCE 50H camera integrated

with Scope Photo software.

To ensure the reliability and reproducibility of the wettability data, statistical
analysis was performed on the measured static water contact angles (WCAS). For each
coating formulation, at least five independent measurements were conducted on
different surface locations. The resulting values were analyzed using OriginPro
software (OriginLab Corporation), which allowed for comprehensive visualization and

statistical evaluation of the data.

Descriptive statistics including mean, standard deviation, and coefficient of
variation were calculated for each sample group. These metrics enabled the assessment
of the consistency of the surface wetting behavior and helped identify potential
heterogeneities in the coating texture. Box-and-whisker plots were generated to

illustrate the data distribution and highlight the presence of outliers.

In addition, one-way analysis of variance (ANOVA) was employed to determine
the statistical significance of differences between multiple sample groups with varying
particle content or composition. A significance level of p < 0.05 was considered
indicative of meaningful differences in wettability. Where applicable, post hoc Tukey’s
tests were conducted to identify specific pairs of groups with statistically significant

differences.

This statistical approach provided a robust basis for evaluating the influence of
surface composition, filler morphology, and formulation parameters on the
hydrophobic performance of the coatings. The combined use of experimental
measurements and statistical analysis enhanced the scientific validity of the

conclusions drawn from the contact angle data.
FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was used in this research to
investigate the chemical structure of the materials involved, including polymer

matrices, inorganic fillers, and hybrid organo-mineral composites. Two types of
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spectrometers were utilized: the Specord IR-75 (Analytik Jena) operated in
transmission mode and the Thermo Nicolet Nexus 4700, which was equipped with an
Attenuated Total Reflectance (ATR) accessory. This combination of methods allowed
for the analysis of a wide range of chemical bonds and surface functional groups across

different types of samples.

For micro- and nanoscale particulate materials such as ZnO and ZnO-SiO: composites,
the transmission spectra were acquired using the standard KBr pellet method. The
sample and spectroscopic grade potassium bromide were combined at a mass ratio of
1:40 (sample:carrier) and thoroughly homogenized using an automated ball mill. The
resulting mixture was pressed into transparent pellets using a hydraulic press under a
pressure of 0.6-0.8 MPa. This technique enabled high-quality spectra in the mid-
infrared region, particularly in the fingerprint zone below 1000 cm™, where metal—

oxygen vibrations can be detected.

For analysis of the polymer matrix and hybrid composite coatings, thin films were cast
from solution onto infrared-transparent windows such as KBr and KRS-5 using the
doctor blade technique. The formulations included styrene—acrylate resins combined
with inorganic fillers and were homogenized using a high-speed bead mill (IKA
UltraTurrax) to ensure uniform dispersion. After solvent evaporation, the resulting dry
films were subjected to FTIR analysis in ATR mode to obtain surface-sensitive

information and assess the chemical integrity of the coatings.

The FTIR spectra were recorded over a scanning range of 400-4000 cm™.
Characteristic absorption bands of ZnO particles, including Zn—O stretching vibrations,
were typically observed near 500 cm™'. Additional bands were analyzed to confirm the
presence of hydroxyl groups, surface carbonates, and organic residues from surface
modification processes. For the styrene—acrylate matrix, peaks corresponding to ester
carbonyl groups (~1730 cm™), aliphatic and aromatic C—H stretches (2800-3100
cm™), and C=C aromatic ring vibrations (~1600 cm™) were used to verify structural

features. Comparative analysis allowed for evaluation of filler—matrix interactions,
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chemical stability, and the impact of various additives on the overall chemical

composition of the coating systems.
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CHAPTER 3. Water repellent coatings on the basis of red mud

At this stage, the technology of water-repellent coatings is in a state of
development and is quite far from large-scale implementation due to a number of
limitations, including scaling difficulties, high cost of obtaining such structures and
their rather low stability under atmospheric conditions [68]. The scaling problem can
be solved using existing industrial practices for applying organo-mineral coatings, and
the cost problem for large-scale hydrophobic surfaces can be solved by using waste
particles such as particles responsible for texture formation [69, 70]. An obstacle to
this solution is the rather high chemical activity of this waste and the presence of water-
soluble components, which, however, can be overcome in a number of ways —
inactivation with acid gases or the same waste, the hydrothermal method [71 04], and
as well as high temperature annealing. The latter method, as shown in [72], makes it
possible to incorporate recycled waste into the composition of building materials, since
the resulting particles turn out to be quite chemically inert. Taking into account the
possibility of average particle size control by usual for filler industry grinding and the
following classification, the desired granulometry may be provided. The relatively
inactive surface after sintering may be a good candidate for the microstructure
formation, similar to that was illustrated in [73]. This chapter is aimed to
demonstration of the possibility of manufacturing thin-layer water-repellent coatings

based on red mud particles.

The red mud was used was obtained from PJSC "Zaporozhye aluminum plant”
as an industrial waste generated during the processing of bauxite ore. The deactivation
process was carried out in a muffle furnace at a temperature of 950 °C in order to lower
the paticles surface activity. Grinding was carried out in a handled mortar for 20
minutes. Next, the crushed red mud powder was sieved through a sieve with a pore
diameter of 63 microns. For the creation of superhydrophobic coatings it is better
practice to use pre-treated particles with reduced surface energy. This may be obtained
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by the hydrophobization of initially hydrophilic surface, that is formed in the annealing

and crushing processes.

Hydrophobization of red mud was carried out with the following modifiers:
stearic acid, Methyltriethoxysilane (MTES), Octyltriethoxysilane (OCTEQ). MTES
and OCTEO are possible options for replacing fluorine-containing water repellents to
improve environmental friendliness [74]. The modification was made by immersing
red mud samples in an isopropyl alcohol MTES/OCTEO solution (1 wt. %) for 30 min
at a temperature of 20-25 °C. And then the material was dried in an oven at 130 °C for
1 hour [75]. Modification with stearic acid was carried out in 3 wt. % solution in
isopropyl alcohol, after 60 minutes of exposure, the red mud was washed and dried in

an oven at a temperature of 60 °C [76].

To create the compositions, a styrene-acrylate binder (NeoCryl B-880, DSM
coating resins) was used. The film forming polymer was dissolved in xylene. And the
modified red mud filler was introduced in the specified ammounts into the said solution

upon mixing.

A FRITSCH Analysette 22 laser particle analyzer was used to obtain particle
size data. An optical microscope and a digital camera (Delta Optical HCDE-50) were
used to obtain photographs of the surface of the samples. To confirm the red mud
modification, IR spectroscopy (Specord IR 75, in the wavenumber range from 400 to
4000 cm-1) was used using KBr tablets as an inert carrier. The contact angles were
measured by the sessile drop technique, using a digital goniometer, using a digital
camera (Delta Optical HCDE-50, China) and the corresponding software (ScopeTek
View). For statistical processing, a minimum of 5 measurements were made for each
sample. To determine the contact angles, the technique described in [77] was applied,
which is based on the Washburn thin-walled capillary impregnation technique. Wetting
time was recorded using a digital video camera with an accuracy of 0.16 s. The number

of time measurements for each solvent was 5 times.
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It has been established that the pH of the water extract of the initial red mud is
11-12 close to reported in [78], while that of the annealed mud is reduced to 7, which
can be explained by the binding of low-temperature alkaline sodium salts to the
corresponding oxide (Table 3.1) in the composition of amorphous ceramics. The
presence of a set of oxides of alkali and alkaline earth metals, however, causes the

expected high polarity of the surface of the annealed material [79].

Table 3.1 - Chemical composition of the red mud

Content, %

SiO; Al,O3 Fe,0s TiO, CaO MgO Na,O Residue

7,2 16,7 50,6 5,6 6,1 0,3 2,2 11,3

The analysis of mineralogical composition by X-ray difraction (Fig.3.1) shows that

this probe of the red mud contains a set of minerals on the basis of said oxides.
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Figure 3.1. Crystalline composition of the red mud. Legend: x — goethite, +

hematite, t— rutile, o — hydrargillite

The presence of two different fractions in the annealed material can be clearly
seen in the diagrams (Fig. 3.2). It is obvious that the degree of particle aggregation in
the starting material is higher and it can be assumed that the fine fraction in its
composition is bound due to hygroscopic moisture. In general, both materials have a
similar structure of particles of a relatively large fraction — aggregates with a size of

tens of microns, composed of chips. This lets to conclude that, during annealing at 950
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°C, the structure of primary particles changes insignificantly, and further grinding and

sieving makes it possible to separate a fine submicron fraction.

Additional fine fraction in the treated sample in comparison to the neat one may
be also seen at optical microscopy images (Fig. 3.3). The coarser particles after sieving
may be mainly considered as the secondary ones, formed due the moisture aggregation.
Considering them as aggregates, they even in this form may be beneficial in

constructing hierarchial structures for enhanced water repellency.
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Figure 3.2. Particle size distribution of untreated (a) and sintered at 950 °C and sieved
(b) red mud

Figure 3.3 Optical microscopy photo of untreated (a) and sintered at 950 °C and sieved
(b) red mud
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In addition to the structural features of the surface textures of water-repellent
coatings, the determining factor for the stability of the Cassie state is the intrinsic

contact angle of the surface, which follows from the corresponding equation (1):

cosb,pp = f1€050; + frc050,, (5)

where cos8,,, is the contact angle of a two-phase heterogenous surface, f; and

app
cosB, are the surface fraction and the contact angle of the first phase, f, and cos8, are

the surface fraction and the contact angle of the second phase (an air).

The texture, that is formed due to incorporation of disperse particles into the
coating is responsible for f; and f, values. But cos8, is determined by the own surface
energy of the material. This fact makes the decrease of the surface polarity of the red

mud particles to be necessary.

The contact angle of the surface of particles of the initial red mud with water is
5343°, and after annealing at 950 °C it increases to 55+3°. The difference between the
values is within the measurement error, which indicates the proximity of the polar
components of their surface. This result is not surprising, since ceramic materials
consisting of metal oxides are characterized by the presence of pronounced acidic and
basic components of surface interactions [80]. After the treatment of the materials with
stearic acid, OCTEO and MTES to reduce polarity, they were characterized with
infrared spectroscopy.

In the infrared spectrum (Fig. 3.4 a) of untreated red mud, there is a peak at 3470
cmt, which corresponds to —OH groups, which are absent in materials after thermal
treatment, which can be explained by a decrease in the proportion of hygroscopically
bound water due to the binding of soluble salts during annealing [81]. On Fig. 3.4 ¢
peaks at 2903 cm™ and 2836 cm™ indicate the presence of symmetric and asymmetric

C—H vibrations, which are evidence of the presence of a large amount of stearic acid
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on the surface of the red mud [82]. All IR spectra of the original, after treatment, and
modified red mud at 530-570 cm™ contain peaks of high intensity, which corresponds
to the Si—O-Si bond [83]. The infrared spectra of the red mud treated with OCTEO and
MTES do not differ significantly from the unmodified red mud after heat treatment,

which indicates a low amount of adsorbed silane modifiers.

Transmission_
g

T r I T 1 & °© I _ r & ° I ° & 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber, cm’”

Figure 3.4. Infrared spectra of pristine (a), annealed at 950 °C (b), stearic acid
modified (c), MTES modified (d) and OCTEO modified (e) red mud

It has been established that all water repellents used are effective and allow
reaching the contact angle values of initially hydrophilic red mud particles above 90°
(Fig. 3.5). It is interesting that the largest values of the contact angle — up to 136° are
achieved when the red mud is modified with stearic acid, which can be explained by

the large amount of the layer of this water repellent compared to silane ones. However,
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the water repellent OCTEO approaches it in terms of its effectiveness. It is on his
example that one can clearly see the difference in the efficiency of hydrophobization
of annealed and unannealed red mud.

In order to form textured surfaces, a number of compositions were obtained, in
which the content of the film-forming agent that binds the particles on the surface
varied. It should be clarified that the intrinsic contact angle of the styrene-acrylic

polymer is 85°, that is, it is quite close to the hydrophobic state.

Red mud Red mud Red mud Red mud
+ Stearicacid + MTES + OCTEO

Figure 3.5. Water contact angles of red mud particles with different surface treatment

The surface of the coatings obtained by the layer coating method based on red
mud and polymer is mostly heterogeneous. Areas with different wetting properties are
present at all the samples. Some fractions of the surfaces are suffering from the the

film former depletion, while others, on the contrary, are enriched (Fig. 3.6).
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In the Fig. 3.6 a we can see the surface of just-annealed and sieved red mud
without the film forming agent. And Fig. 3.6 b is chemically treated red mud. In the
schematic representative model at the Fig. 3.6. the red mud particles are shown as red
circles, the layer of chemical modifier molecules — yellow circle and the film forming

agent (polymer) is of blue color.

Conventionally, according to the wetting properties, the sections of the
compositions with the polymer can be described within three types. Type “C” (Fig. 3.6
c) is characterized by the presence of a minimum amount of polymer, which only
allows the red mud particles to be bonded together. This type corresponds to high

porosity and development of the surface structure.

Figure 3.6. Thin film composites of red mud and acrylic polymer

Type “D” (Fig. 3.6 d) contains more polymer in its structure, which allows more

filling of voids between the particles, however, the surface is still quite rough and
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matte. Type “E” (Fig. 3.6 e) is characterized by a sufficient amount of polymer to

completely cover the red mud particles.

Unannealed red mud particles without polymer give a water contact angle of 53°,
while already with polymer the angle is 131°, with a filler content of 95%. A similar
picture is observed with annealed red mud, where 55° and 131° are observed (at 90%

filler), respectively).

In compositions with a binder, a gradient transition is observed from particles
completely unwetted with polymer to completely wetted (Fig. 3.6 ¢, 3.6 d, 3.6 €). The
“C” condition denotes the polymer wetness of only the lower red mud particles,
resulting in water contact angles of 133° and 138° for unannealed and annealed,
respectively. The “E” condition denotes complete polymer wetness of the red mud
particles, resulting in water contact angles of 86° and 101° for unannealed and
annealed, respectively. The average state “D” is also observed, in which there is

conditionally half the wetness of the red mud particles by the polymer.,

It should be noted that each state is characterized by certain orders of contact

angle values (Table 3.2).

Table 3.2 - Water contact angles of red mud composites

- Contact angle in zone, °
Red mud type Modifier
C D E
Annealed - 131 104 86
Annealed Stearic acid 143 130 104
Annealed MTES 134 127 97
Annealed OCTEO 136 128 97

It can be seen from the obtained data that the contact angles with water for states
C, D, E differ numerically and the dependence of contact angles C > D > E is preserved.
This difference is determined by 2 factors. The first factor is the water repellency

of the surface of the red mud particles themselves. The water repellant layer performs
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the function of water repellency better than the styrene-acrylic polymer. This is
explained by the presence of nonpolar hydrocarbon chains in the water repellent
molecules both in the case of stearic acid and in the case of OCTEO and MTES [84].
This provides a larger contact angle than a polymer that contains polar groups such as
—OH and C=0 [85], which reduces the contact angle.

The second factor is determined by the surface texture. In a number of states C,
D, E, a gradual decrease in contact angles is observed with an increase in the amount
of polymer. At the same time, an increase in the amount of polymer reduces the

roughness of the resulting surface, as can be seen from Fig. 3.6.

It is noteworthy that even the composition with untreated red mud water
repellent shows a high water contact angle. This indicates that the styrene-acrylic
polymer has good film-forming properties and makes it possible to obtain a stable
coating that protects well from contact with water.

The most effective water repellent for this system is stearic acid, thanks to which
it was possible to achieve a contact angle of 143° in state C. MTES and OCTEO have
similar results. Coatings based on them have a contact angle in the C state of 134° and

136°, respectively.

Conclusions to Chapter 3

In this chapter, it was shown that water repellent surfaces may be obtained using
the treated waste red mud as a texture forming agent, that can be considered as a

comparable alternative for usual fillers.

The red mud was treated by immobilization of its water-soluble part by
annealing at a temperature of 950 °C, the following sieving and chemical modification
of the surface with silanes and stearic acid. The resultant disperse material has an
average particle size of 6um and the water contact angle higher than 140° due to the

chemical reaction of said treatment agents with the surface OH functional groups.
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The organiomineral composites on the base of treated particles and styrene-
acrylate polymer were obtained. It is shown that the largest contact angle of 143° is
achieved when using stearic acid as a water repellent in binder-depleted thin-film

composites.
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CHAPTER 4. Obtaining of ZnO based particles with controlled morphology

Zinc oxide was selected for nanoparticle synthesis due to its well-known ability to
form particles with controllable morphology through variations in synthesis
procedures. This system offers high potential for morphological tuning, particularly
when employing the hydrothermal synthesis method, which enables precise control

over particle shape and structure.

4.1. Particle morphology control by synthesis environment tuning

Controlling the synthesis of crystals with a specific morphology is one of the most
important goals in crystal synthesis. Hydrothermal methods have become an important
method for the controlled synthesis of crystals due to their simplicity and effectiveness.
Generally, the precipitation of crystals from a solution involves two consecutive
processes: nucleation and growth. The nucleation and growth of crystals can be
controlled by adjusting the hydrothermal conditions [86], one can obtain the desired

crystal morphology.

Although there have been many reports on the research related to ZnO preparation,
it is still of great significance to systematically study the influence of various
influencing factors in hydrothermal synthesis on microstructure, especially how to
synthesize different morphologies of ZnO by changing simple conditions, which can
lay the foundation for the construction of ZnO-related morphology and the realization
of specific functions. At the same time, studying the growth mechanism of different
morphologies of ZnO under hydrothermal conditions is also of great significance for

further discovering the growth law of ZnQO crystals.

This chapter mainly studies the synthesis of nano-scale ZnO in different reaction
systems and hydrothermal conditions (such as reactant concentration, temperature, and
solvent type), and systematically studies the hydrothermal synthesis conditions of

morphologically controlled ZnO. At the same time, combined with the final
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morphology of the ZnO crystal, the growth process of various morphologies of ZnO
under hydrothermal conditions is analysed, and the growth mechanism is preliminarily

discussed.

The hydrothermal synthesis may be catalized by alkali, for example sodium or
ammonia hydroxide. In the case of NaOH, the simplified reaction stages for the

formation of zinc oxide (5-7) :

Zn?*+20H —Zn(OH), (5)
Zn(OH),+2 OH" —[ZNn(OH).J* (6)
[ZN(OH)4]%® —ZnO + H,0 + 20H- ©)

Among them, [Zn(OH)4]%; is the growth nucleus [87]. The formation of flaky nano-
zinc oxide in the reaction is completed by dissolving one hydrolysis one nucleation one
growth. The aqueous zinc nitrate solution and the aqueous sodium hydroxide solution
are mixed to form a white flocculent precipitate of Zn(OH),. When the solution
becomes supersaturated, Zn(OH), rapidly hydrolyzes to form growth nuclei
[Zn(OH)4]%*. The formation of zinc oxide nuclei is caused by the bridging of oxygen
between the growth nuclei [Zn(OH)4])* and the protonation of anionic groups. The
above analysis shows that the growth element Zn(OH), is a key factor in the formation
of zinc oxide nuclei. Since OH ions in the solution affect the structure of the growth
element and the interfacial properties of the zinc oxide crystal, the growth element
grows in different orientations on the zinc oxide nuclei under different [OH-] / [-Zn2+]
molar concentration ratios, resulting in zinc oxide microcrystals with different
morphologies. In the zinc blende structure, O2- is arranged in a close-packed hexagonal
arrangement, with positive and negative charges alternately stacked along the (0001)
direction, forming an electric dipole moment and separation of positive and negative
charges, which polarises the zinc oxide nuclei. The zinc oxide nuclei form
microspheres with Zn(0H)2-4 as the centre through the force of electrical charges [88].

From a crystallographic point of view, the crystal morphology is determined by the
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characteristics of the crystal structure, thermodynamics, dynamics and the actual
experimental conditions. Zinc oxide crystals have three fast-growing faces: (0001),
(1120) and (1010). The (0001) direction is also the hexagonal symmetry direction of
zinc oxide crystals. If the growth rate in the (0001) direction is faster than in the other
two directions, the resulting zinc oxide may be a columnar or conical crystal; if the
growth rate in the (0001) direction is slower than in the other two directions, a flaky

product may be obtained [89].

When ammonia is used as a precipitant, the reaction process can be divided into

the following six steps (8-13):

Zn(NO3)2x6H>0 — Zn?*+2NO3>+6H,0 (8)
NH,OH — NH,*+ OH - — NHs+H,0 (9)
Zn?*+4NH; — [Zn(NHs)4]? (10)
[Zn(NH3)a]?*+20H — ZnO+4NHg+H,0 (11)
Zn?*+40H" — Zn(OH)> (12)

Zn(OH)4* — ZnO+H,0+20H" (13)

Ammonia is a weak base that, when used as a precipitating agent, does not react
directly with zinc nitrate. Instead, it gradually and uniformly releases OH™ ions, which
subsequently react with Zn?* to form the tetrahydroxozincate complex, Zn(OH)+>". This
controlled release of hydroxide ions moderates the rate of ZnO crystal formation,
thereby minimizing particle agglomeration and preventing the formation of irregular

particles resulting from localized, rapid reactions in the solution.

In aqueous solution, NHs-H-O dissociates into NHs4* and OH™ ions, while
simultaneously coordinating with Zn*" ions to form the [Zn(NHs)4]** complex. This

coordination complex then interacts with OH™ ions derived from the dissociation of
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NHs-H-0, leading to the initiation of nucleation. The formation of ZnO nuclei proceeds
via a heterogeneous nucleation mechanism, marking the onset of microcrystalline ZnO

development.

As reaction time or temperature increases, these ZnO nuclei preferentially grow
along the crystallographic c-axis direction (0001), resulting in the formation of ZnO
nanorods. Subsequently, depending on the assembly of these nanorods, secondary

structures such as flower-like or rod-like morphologies may develop.

As shown in Fig. 4.1, replacing NaOH with NH4OH in the reaction leads to

fundamentally different crystal morphologies.
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Figure 4.1 Effect of different catalysts on the morphology of ZnO: a, b - NaOH and
c,d - NH,OH

When NaOH is employed as the solvent, the resulting ZnO particles exhibit a flaky
morphology characterized by irregularly shaped flakes. The surface of these flakes
appears relatively smooth, with dimensions approximately 300—500 nm in length, ~300

nm in width, and ~50 nm in thickness.

In contrast, when NHsOH is used as the solvent, the resulting ZnO nanostructures
predominantly exhibit a “bud-like” morphology, forming clustered assemblies. Two
distinct morphological features are observed: (1) ZnO flower-like clusters are formed
via single-growth events, with structures resembling buds. These aggregates typically
range from 5 to 10 um in size, and each “petal” within the bud is composed of a ZnO
rod; (2) additionally, several irregular flaky particles are observed in the vicinity of the

“buds”, though they are not structurally connected to the flower-like formations.

These detached flaky particles are hypothesized to result from incomplete
aggregation during the initial stages of the reaction. Specifically, some nuclei of
Zn(OH): may have remained dispersed rather than aggregating, leading to the

independent formation of spherical ZnO particles. Subsequent anisotropic growth of
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these particles may have resulted in their transformation into flaky morphologies. The
figure further reveals that a limited number of particles or flakes with both
morphological types are distributed throughout the sample [90].

The concentration of the alkaline catalyst in hydrothermal synthesis is one of the
key parameters influencing particle morphology. Therefore, this study investigates the
effect of catalyst concentration as a means of controlling the structural characteristics

of the synthesized particles (Fig 4.2).
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Figure 4.2 Effect of concentration factor of NaOH on particles’ morphology

At a NaOH concentration of 5 M, the synthesized ZnO particles exhibit a flaky
morphology with smooth surfaces. These nanosheets intersect with one another, and

their structure shows a tendency to evolve toward more spheroidal forms.

With increasing NaOH concentration, the sheet-like morphology gradually
disappears and is replaced by a rod-like structure. The ZnO product becomes
predominantly rod-shaped, with smaller particle sizes and significant variation in rod
lengths. The terminal facets of the ZnO nanorods exhibit hexagonal prismatic
geometry. These nanorods are unevenly distributed throughout the sample, with some

forming aggregated clusters.

Hydrothermal synthesis temperatureis also considered a key factor that enables broad
control over particle morphology, shape regularity, and size distribution. Therefore,
using NH4OH as a catalyst, the influence of synthesis temperature (Fig. 4.3) was
investigated as a variable parameter in this study.
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Figure 4.3 The effect of different temperatures of NH,OH catalyzed synthesis of
ZnO particles: a,b — 80°C, ¢,d — 120 °C.

When ammonia is employed as the alkaline reagent, the morphology of the
resulting ZnO structures is strongly influenced by the reaction temperature, even under
identical reaction durations. At 80 °C, the ZnO product predominantly exhibits a flower
bud-like morphology, whereas at 120 °C, hollow hexagonal prismatic ZnO structures
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are obtained. The outer contours of these prismatic particles closely resemble regular

hexagons, and their surfaces are decorated with unevenly distributed fine particles.

Observation of fractured regions and prism ends reveals that some prismatic ZnO
structures possess closed ends, while others display open ends and hollow interiors,
indicating the formation of hollow structures. These findings clearly demonstrate that
variations in solvent type, concentration, and reaction temperature exert a pronounced

influence on the resulting ZnO morphology under the studied synthesis conditions.

Thus, ZnO nanoparticles were synthesized via a hydrothermal method in a sealed
reaction vessel, employing zinc nitrate hexahydrate (Zn(NOs).:6H20) as the zinc
precursor. The morphology of the resulting ZnO crystals was found to be highly
sensitive to the nature, concentration, and temperature of the precipitating agent used

during synthesis.

The use of NaOH or concentrated aqueous ammonia (NHs-H20) as precipitants led
to the formation of ZnO structures with well-developed crystalline morphology.
Specifically, under these conditions, the particles exhibited either flaky or flower-like
shapes, indicating favorable growth along multiple crystallographic directions and

efficient crystal maturation.

When varying the concentration of NaOH, a distinct transition in morphology was
observed. At lower concentrations, ZnO predominantly formed as thin flakes, whereas
higher NaOH concentrations promoted the formation of rod-like structures, likely due
to the enhanced anisotropic growth along the [0001] direction. This suggests that the
OH™ ion concentration plays a critical role in directing the preferential growth of ZnO

crystals.

In contrast, when NHs-H.O was used as the precipitant, the resulting ZnO
morphology was more sensitive to changes in temperature. At different synthesis
temperatures, the particles exhibited transitions from flower-like to rod-like shapes.

This behavior is attributed to the temperature-dependent release of OH™ ions and the
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coordination dynamics of Zn?>" with NHs, both of which affect the nucleation and

growth rates during the crystallization process.

Overall, these findings highlight the strong dependence of ZnO nanostructure
morphology on the choice and conditions of the alkaline environment, offering

valuable insights for tailoring ZnO nanomaterials for specific functional applications.

4.2. ZnO particles morphology control via doping

The use of alloying additives such as titanium dioxide (Ti0O2) and silicon dioxide
(Si02) represents a promising strategy for the synthesis of zinc oxide (ZnQO) particles
with controllable morphology. These oxides act as structure-directing agents during
the crystallization process, influencing the growth rates of different crystallographic
planes of ZnO. Their incorporation into the reaction medium can lead to the formation
of new surface-active complexes or intermediate phases, which modify the nucleation
and growth mechanisms. This enables the formation of ZnO particles with tailored
shapes—such as rods, plates, or hierarchical structures—which are crucial for
optimizing their functional properties in photocatalysis, optoelectronics, and sensor

applications.

Moreover, TiO: and SiO: additives can affect the surface energy and charge
distribution of growing ZnO crystals, promoting anisotropic growth under
hydrothermal or solvothermal conditions. These additives can also serve as nucleation
centers or inhibit uncontrolled agglomeration, leading to improved particle uniformity
and dispersibility. The synergy between ZnO and these oxides may also enhance the
thermal stability and surface reactivity of the resulting materials. Thus, the deliberate
introduction of Ti- and Si-containing compounds during synthesis offers a versatile
approach to engineer ZnO morphology and expand its application potential across a

range of advanced technologies.
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All doped particle materials were synthesized by a known solution exchange
method described by Jiang et.al in [91] in a following way: (5 M) NaOH solution
dropwise added to 15 mL (1.67 M) Zn(NOs3) 2¢6H,0O under stirring for 30 min;
transferred to a 50 mL reactor at 150°C for 6 hours. The product wash twice with water
on the centrifuge, and dried at 80°C for 6 hours to obtain ZnO sample. In one case 0.5g
of TiO, (P25, Degussa, median particle size 21 nm) was added at the initial step before
alkali introduction — the sample is noted ZnO:Ti. In other case — the additive was 0.3 g

SiO; (Sipernat 22 S, Evonik, median particle size 14 um) — the sample is noted ZnQ:Si.

The doped materials were analyzed using various characterization techniques, with
particular emphasis on X-ray diffraction (XRD) to assess their crystalline structure
(Fig. 4.4).
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Figure 4.4 X-ray refractograms of synthesized doped particles

The diffraction peaks of the particles correspond to the JCPDS standard card
(JCPDS36-1451). The diffraction peaks have 20 angles of 31.76°, 34.42°, 36.25°,
47.53°, 56.60°, 62.86°, 66.37°, 67.96°, 69.09°, 72.56° and 76.95°, which correspond
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to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202)) of ZnO
nanoparticles. The absence of other diffraction peaks in the figure indicates that the

samples prepared in this experiment are all pure zinc oxide.

The XRD test results of the composite material of ZnO - SiO; is shown in Figure
4.4. The diffraction peaks of the composite material correspond to the JCPDS standard
card (JCPDS36-1451). The diffraction peaks have 20 angles of 31.76°, 34.42°, 36.25°,
47.53°, 56.60°, 62.86°, 66.37°, 67.96°, 69.09°, 72.56° and 76.95°, which correspond
to (100), ( 002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes

of ZnO nanoparticles.

Some diffraction peaks show bulges near 22.4°, and the diffraction peaks are wider
and not as sharp as those of ZnO. This is because the addition of Si02 during the
composite process inhibits the crystallisation of ZnO, and because Si enters the ZnO
lattice, causing distortion of the ZnO lattice, preventing movement of the grain
boundaries, inhibiting the growth of ZnO, and resulting in broadening of the peaks
[92]. It can also be seen that the SiO, added in this experiment has an amorphous state
and no obvious characteristic peaks [93]. Most of SiO, peaks are masked by the peaks
of ZnO, and Si is highly dispersed in the ZnO crystal lattice, which weakens the

characteristic peak signal and is therefore not obvious in the XRD spectrum [9495],

The X-ray diffraction (XRD) analysis of the composite material comprising flaky
7Zn0 and TiO: is presented in Fig. 4.4. The diffraction peaks associated with ZnO are
in good agreement with the standard reference data provided by the Joint Committee
on Powder Diffraction Standards (JCPDS card no. 36-1451), confirming the crystalline
structure of the ZnO phase. The identified peaks appear at 20 angles of 31.76°, 34.42°,
36.25°, 47.53°, 56.60°, 62.86°, 66.37°, 67.96°, 69.09°, 72.56°, and 76.95°, which
correspond to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202) crystallographic planes, respectively. These reflections indicate the presence
of a hexagonal wurtzite structure of ZnO, which is characteristic of well-crystallized

ZnO nanoparticles.
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In addition, distinct diffraction peaks corresponding to TiO: are observed and are
consistent with the anatase phase, as confirmed by comparison with the standard
JCPDS card no. 21-1272. The prominent peaks appear at 20 values 0f 25.281°, 48.049°,
53.890°, and 55.060°, which can be indexed to the (101), (200), (105), and (211)
crystallographic planes, respectively. These reflections confirm the successful
incorporation of anatase-phase TiO: nanoparticles within the ZnO/TiO2 composite

structure.

The presence of sharp and well-defined diffraction peaks for both ZnO and TiO:
phases indicates a high degree of crystallinity in the composite material. The
coexistence of these two phases without the appearance of impurity peaks suggests that
the synthesis process preserved the individual crystalline structures of ZnO and TiOx,

enabling the formation of a structurally stable heterojunction.

However, the positions and shapes of the characteristic peaks of the composite ZnO
with different doping are slightly different, indicating that the crystal structures of the
composite ZnO are not completely the same. The possible reasons for this are that Si
or Ti is doped into the ZnO lattice, or is attached to the crystal surface, which causes

lattice distortion and results in changes.

The morphology of all three materials—pure ZnO, ZnO doped with silicon dioxide,
and ZnO doped with aluminum oxide—was studied using scanning electron
microscopy (Fig. 4.5), which enabled detailed evaluation of the structural features of

the resulting crystals.
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Figure 4.5 Morphology of ZnO particles at different magnification (a,b)
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As illustrated in Figure 4.5, the ZnO particles synthesized using sodium hydroxide
(NaOH) as the precipitating agent predominantly exhibit the morphology of thin,
smooth-surfaced nanosheets. These ZnO flakes display a high degree of uniformity,
with lateral dimensions averaging approximately 500 nm in diameter and a thickness
of around 50 nm. The nanosheets are intricately intertwined and interconnected,
forming a loosely stacked, three-dimensional network. This assembly demonstrates a
clear tendency toward a quasi-spherical architecture, indicative of self-organization

into hierarchical layered structures.

Such hierarchical structuring, which integrates both micro- and nanoscale features,
Is reminiscent of natural superhydrophobic surfaces, such as those observed on lotus
and taro leaves. These biological analogues are known for their unique surface textures,
which contribute to properties such as water repellency and self-cleaning. Similarly,
the ZnO nanosheet assemblies exhibit structural complexity that may be advantageous
for applications requiring large surface area, enhanced light scattering, or

multifunctional surface activity.
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The ZnO nanosheets also demonstrate good dispersion, a narrow particle size
distribution, and well-defined morphology, suggesting a high level of control during
the synthesis process. X-ray diffraction (XRD) analysis of the ZnO powder reveals
diffraction patterns consistent with the standard JCPDS card no. 36-1451, confirming
that the crystal structure corresponds to the wurtzite (hexagonal) phase of ZnO. No
secondary or impurity phases were detected, indicating high phase purity of the

synthesized product.

As depicted in Figure 4.6, the synthesized ZnO material primarily consists of
interwoven, sheet-like nanoparticles that form a loosely packed, layered structure.
These nanosheets are characterized by clearly visible striations on their surfaces,
indicative of anisotropic crystal growth and well-developed planar facets. Granular
S10:2 particles are observed to be deposited on the surface of the aggregated ZnO sheets,
adhering both individually and in small clusters without significantly altering the

underlying ZnO morphology.

The incorporation of SiO: does not appear to substantially affect the geometric
parameters of the ZnO nanosheets. The characteristic dimensions of the sheets remain
largely consistent after silica loading, with lengths ranging from 200 to 500 nm, widths
between 300 and 400 nm, and thicknesses maintained within the 30 to 50 nm range.
This indicates that the SiO. particles are predominantly surface-bound rather than
embedded within the ZnO crystal lattice, suggesting a heterogeneous composite

structure formed via physical adsorption or surface interaction mechanisms.

87



‘\‘

SEM HV: 10.0 kV WD: 3.73 mm EEEE RN MIRA3 TESCAN

View field: 2.00 ym Det: InBeam 500 nm
SEM MAG: 94.8 kx

a b
Figure 4.6 Morphology of ZnO - SiO: particles at different magnification (a,b)
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The preservation of the nanosheet structure following SiO: deposition is
advantageous for maintaining the intrinsic surface area and directional properties of
Zn0O, while potentially imparting new surface functionalities—such as enhanced
chemical stability, tunable surface energy, or improved compatibility with organic or
hybrid systems. The retained sheet morphology and structural clarity also imply that
the silica addition does not interfere with the nucleation or growth pathways of ZnO
during synthesis, highlighting the robustness of the nanosheet architecture under

modification.
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Figure 4.7 ZnO-TiO;, particles at different magnification (a,b)

Figure 4.7 presents the morphological characteristics of the ZnO-TiO. composite
nanoparticles. Upon the introduction of TiO: into the system, the surface of the pre-
formed flaky ZnO nanosheets becomes uniformly coated with a fine layer of TiO:
nanoparticles. This surface modification results in a marked transformation in the

dispersion behavior and overall morphology of the ZnO component.

Compared to the pure flaky ZnO particles, which exhibit well-defined, smooth, and
highly dispersed nanosheet structures, the presence of TiO: significantly reduces the
dispersibility of the ZnO flakes. The individual nanosheets begin to exhibit a stronger
tendency toward aggregation, leading to a more compact and disordered arrangement.
The clear morphological features that were previously observed become less distinct,
and the overall shape of the particles becomes more irregular. Furthermore, there is a
noticeable shift in the growth direction, with the structure showing a tendency to evolve
toward more spheroidal or partially rounded forms.

This morphological transformation may be attributed to the possible incorporation

of TiO: species into the ZnO crystal lattice or their interaction at the ZnO surface. Such
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interactions could disrupt the anisotropic growth kinetics of ZnO, suppressing grain
elongation along preferred crystallographic directions and leading to inhibited
crystallite growth. This, in turn, favors the formation of more isotropic, agglomerated

structures.

The resulting composite material exhibits a loosely packed, fluffy, and porous
architecture, with a distinctly rough surface texture. This hierarchical surface
topography is of particular importance, as it plays a critical role in enhancing the
material’s hydrophobic properties. The presence of micro- and nanoscale roughness
promotes the formation of air pockets on the surface, which is essential for achieving

water-repellent behavior through the Cassie—Baxter effect.

A more in-depth analysis of the doped materials was performed using transmission
electron microscopy (TEM), supported by complementary techniques such as energy-
dispersive spectroscopy (EDS) to characterize the elemental composition of the

synthesized products.

High-resolution transmission electron microscopy (HRTEM) analysis was
conducted to examine the morphology, particle size, lattice structure, and internal
crystalline features of the synthesized nanomaterials. The observations were carried
out using a JEM-2010F transmission electron microscope (JEOL, Japan Electronics
Co., Ltd.), a high-performance instrument suitable for advanced structural

characterization at the nanoscale.

Prior to imaging, the sample was prepared by dispersing a measured quantity of the
synthesized material in absolute ethanol using ultrasonication to ensure uniform
dispersion and to minimize particle agglomeration. A small droplet of the resulting
suspension was then carefully deposited onto a carbon-coated copper grid. After drying

at ambient conditions, the grid was introduced into the TEM chamber for analysis.

The instrument was operated under the following conditions: an accelerating
voltage of 200 kV, a point resolution of 0.23 nm, and a lattice resolution of 0.14 nm.

The microscope offered a magnification range from 50% to 1,500,000%, enabling both
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low- and high-magnification imaging of structural and morphological features. The
high-resolution imaging capability allowed for direct visualization of atomic lattice
fringes, from which interplanar spacings (d-values) could be accurately measured.
These d-spacing values serve as fingerprints for identifying crystalline phases and

distinguishing between different types of nanomaterials present in the sample.

By comparing the measured lattice spacings with standard crystallographic
databases, the specific phases and structures of the nanoparticles - such as ZnO or TiO:
- can be conclusively identified. This analytical approach is essential for verifying the
successful formation of composite or doped nanomaterials, as well as for understanding
the relationship between synthesis conditions and the resulting microstructural

features.
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Figure 4.8 TEM image of ZnO-Ti02 sample: a - 500 nm image, b - high-
magnification TEM

As shown in Figure 4.8b, the ZnO —TiO2 composite sample exhibits clearly visible
lattice fringes under high-resolution transmission electron microscopy (HRTEM),
indicating a well-defined crystalline structure. The measured interplanar spacing

between these fringes is approximately 0.355 nm, which corresponds to the (200)
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crystallographic plane of ZnO:, confirming the presence of this specific orientation

within the ZnO phase.

Figure 4.8a provides a broader overview of the material's morphology, revealing
the characteristic flaky structure of the ZnO particles. Surrounding these flakes,
granular TiO2 nanoparticles are observed to be distributed relatively uniformly across
the surface and interstitial regions. The overall particle size appears consistent, further

supporting the homogeneity of the synthesized composite.

To gain deeper insight into the internal crystal structure of the composite, detailed
analysis was performed in the region highlighted by the blue line in the HRTEM image.
This region displays well-ordered and distinct lattice fringes, further confirming the
high crystallinity of the material. These lattice features are attributed to the TiO:

component of the composite and are consistent with its anatase phase.

Specifically, the lattice spacing in this region was measured to be approximately 0.591
nm, which corresponds to the (420) plane of anatase TiO.. This assignment is in
agreement with standard crystallographic data and confirms the presence of anatase-
structured TiO: integrated within the ZnO matrix. The coexistence of multiple
crystallographic phases with well-resolved lattice structures highlights the successful
formation of a structurally coherent ZnO-TiO: composite, which may be advantageous
for applications requiring heterojunction-based functionalities, such as photocatalysis

or sensing.

The elemental distribution maps in Figure 4.9 provide insight into the spatial
arrangement of oxygen, titanium, and zinc in the ZnO-TiO: composite. Image (a),
corresponding to oxygen (O), reveals a relatively uniform dispersion of oxygen
throughout the sample, indicating that both ZnO and TiO- phases are well distributed.
The oxygen signal closely follows the morphology of the particles, covering both flaky

and granular features, which confirms its involvement in both oxide components.
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Figure 4.9 Element distribution in ZnO-TiO2 composite: a — oxygen (O); b —

titanium (Ti); ¢ — Zinc (Zn); d - total element distribution map

Image (4.9 b) represents the distribution of titanium (Ti). The Ti signal is
concentrated in discrete, granular regions, which are scattered over the sample. These
regions correspond to TiO: particles, suggesting their localized deposition around or

between the larger ZnO platelets. The absence of titanium signal in the flaky domains
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further supports the conclusion that TiO: is present as a separate, finely distributed

phase rather than forming a solid solution with ZnO.

In image (c), the zinc (Zn) signal is observed predominantly within the larger,
flake-like structures, confirming their attribution to ZnO. This spatial separation
between the Ti and Zn signals is clearly visible in the total element distribution map
(d), which overlays the signals for O, Ti, and Zn. In this composite image, the ZnO
flakes are highlighted in green, while the TiO: granules appear as yellow-red zones,
emphasizing the phase separation and the successful formation of a heterogeneous

composite with distinguishable oxide domains.
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Figure 4.10 EDS spectrum of the corresponding area of ZnO-TiO,

The EDS spectrum presented in Figure 4.10 confirms the presence of the key
elements constituting the ZnO-TiO: composite. The most intense peak appears at
approximately 0.5 keV, corresponding to the oxygen Ka line, which reflects the high
oxygen content expected from the metal oxide phases. The sharp peaks at ~1 keV (Zn-
L) and ~8.6 keV (Zn—Ka) are attributed to zinc, indicating the dominance of the ZnO
phase in the analyzed region.

A distinct peak at ~4.5 keV corresponds to the Ti—Ka line, confirming the presence
of titanium within the scanned area. The relative intensity of the titanium signal,
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compared to that of zinc, suggests a lower local concentration of TiO: particles, in
agreement with the elemental mapping results. Additionally, the Zn—-Kp peak is
observed at ~9.6 keV, further reinforcing the identification of zinc as a major

component.

No peaks from other elements are present in the spectrum, indicating a high purity
of the ZnO-TiO: system in the examined area and absence of contaminants or residual
precursors. The spectrum thus validates the compositional integrity of the composite

and supports the interpretation of spatially distinct but coexisting ZnO and TiO: phases.

These analytical methods were also applied to characterize the composite

material based on zinc oxide and silicon dioxide.

The TEM images presented in Figure 4.11 provide insight into the nanoscale
morphology of the ZnO/Si102 composite material. The left image, captured at lower
magnification, reveals that the ZnO component forms distinct, well-defined crystalline
lamellae with sharp edges and varying aspect ratios. These structures are embedded
within an amorphous matrix, which is likely attributed to the SiO: phase. The spatial
distribution of the lamellae suggests partial agglomeration, yet the contrast differences
between crystalline and amorphous regions clearly distinguish the two phases. The
average dimensions of the lamellar ZnO particles are on the order of 50-150 nm in

length.
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Figure 4.11 High-resolution electron microscope photo of the surface of a

nanometer ZnO/Si0O, composite material

The right image, taken at higher magnification, shows the surface of the composite
in greater detail. The absence of lattice fringes within the amorphous regions supports
the assignment of these zones to silica, whereas adjacent regions with uniform texture
and faint contrast gradients correspond to the crystalline ZnO phase. The interface
between the ZnO and SiO: appears smooth and continuous, suggesting a homogeneous
integration at the nanoscale. This intimate contact between the crystalline and
amorphous phases is favorable for achieving synergistic effects in composite materials,

particularly for applications requiring high surface area and interfacial interaction.
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Figure 4.12 Element distribution in ZnO-SiO- composite: a — oxygen (O); b —

titanium (Ti); ¢ — Zinc (Zn); d - total element distribution map

The elemental mapping data presented in Figure 4.12 confirms the successful
formation of the ZnO-SiO2 composite and illustrates the spatial distribution of its

constituent elements. The oxygen (O) signal (Fig. 4.12a) is uniformly distributed across
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the entire sample, reflecting its presence in both ZnO and SiO: phases. The zinc (Zn)
signal (Fig. 4.12c) is concentrated within distinct regions, indicating the localized
presence of ZnO crystallites. These areas coincide with the denser domains observed
in the TEM image, supporting the interpretation that these are Zn-rich crystalline

phases embedded in an amorphous matrix.

The titanium (Ti) distribution (Fig. 4.12b), while less intense and more diffuse,
suggests a low-level doping or surface modification rather than a separate TiO: phase.
The total element distribution map (Fig. 4.12d) integrates the signals from all elements,
highlighting the compositional heterogeneity at the nanoscale. The core of the structure
appears enriched with zinc, while the surrounding zones contain higher concentrations
of oxygen and silicon, consistent with an amorphous SiO: shell or matrix. These
findings confirm the composite nature of the material and the successful spatial

integration of the metal oxides at the nanoscale.
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Figure 4.13 EDS analysis results for ZnO-SiO. composite particles

The EDS spectrum shown in Figure 4.13 confirms the elemental composition of

the ZnO-Si02 composite particles. The dominant peaks correspond to zinc (Zn), with
strong signals observed for the Zn La (~1 keV), Zn Ka (~8.6 keV), and Zn K (~9.5

keV) transitions, indicating a high concentration of zinc within the analyzed area.
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These peaks are characteristic of the ZnO phase and align well with the previous TEM

and elemental mapping data, verifying the presence of crystalline zinc oxide regions.

In addition to zinc, smaller peaks are also observed in the lower energy region,
corresponding to oxygen (O) and silicon (Si), which are consistent with the presence
of the amorphous SiO: phase. The relatively lower intensity of these peaks compared
to Zn suggests that SiO: is present in a dispersed or less concentrated form within the
composite. The absence of any significant impurity peaks confirms the chemical purity
of the synthesized material. Overall, the EDS analysis supports the successful
formation of a ZnO-Si02 composite with a dominant ZnO content and an integrated

silica matrix.

As illustrated in Figure 4.14, the photoluminescence (PL) spectra of ZnO, ZnO-
Si02, and ZnO-TiO: samples are presented for comparative analysis. All three
materials exhibit a prominent emission peak in the wavelength range of 550-650 nm,
which is characteristic of deep-level emissions commonly observed in ZnO-based
nanostructures. This emission is attributed to the radiative recombination of
photoexcited electrons from the conduction band with holes in the valence band. The
energy released during this recombination process gives rise to visible light emission,

indicating the presence of intrinsic or defect-related electronic states.
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Figure 4.14 Photoluminiscence spectra for ZnO and its doped composites
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When comparing the PL emission positions, a distinct spectral shift is observed
relative to pure ZnO. In the ZnO-Si0. composite, the emission peak experiences a blue
shift, suggesting a modification in the band structure or defect states due to the presence
of SiO.. This shift may be attributed to quantum confinement effects or surface
passivation, which influence the electronic transitions. In contrast, the ZnO-TiO-
sample exhibits a red shift in its emission peak, indicating changes in defect levels or
interfacial charge transfer dynamics between ZnO and TiO: that result in lower-energy

photon emission.

The intensity of the PL signal also provides insight into the defect structure of the
materials. A stronger PL emission is generally associated with a higher concentration
of surface oxygen vacancies, crystal lattice defects, and surface hydroxyl groups. These
structural features play a key role in determining the surface chemistry of the material,
particularly influencing its hydrophilic or hydrophobic behavior. As reported in the
literature [95], the presence of such defects enhances surface reactivity, making the

wetting properties of the material more pronounced.

Overall, the PL analysis confirms that surface modification of ZnO with SiO. and
Ti0:2 not only alters the emission behavior but also affects the defect structure and

surface functionality of the composite materials.

The UV-visible absorption spectra presented in Figure 4.15 compare the optical
properties of pure ZnO and its doped composites with SiO. and TiO.. All samples
exhibit a sharp absorption edge in the near-UV region, characteristic of ZnO, which
corresponds to its intrinsic band gap transition. The absorption edge for pure ZnO is
observed around 370 nm, consistent with a band gap energy of approximately 3.3 eV.
This confirms the direct band gap nature of ZnO and its suitability for UV-active

applications.
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Figure 4.15 UV-visible spectra of ZnO and its doped composites

Upon doping with SiO2 and TiO-, a slight red shift of the absorption edge is
observed. The ZnO-TiO2 composite shows a more pronounced shift compared to ZnO—
Si0:, indicating a reduction in band gap energy. This effect can be attributed to the
interaction between ZnO and the dopant oxides, which introduces defect levels or
modifies the electronic structure of the host material. Additionally, both doped
composites exhibit slightly lower absorbance in the UV region compared to pure ZnO,
suggesting changes in surface states and light scattering due to the presence of
amorphous or secondary phases. These spectral modifications imply that doping not
only affects the electronic properties of ZnO but may also enhance its photocatalytic

or optoelectronic performance.
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Figure 4.16 Band gap diagrams of ZnO and its doped composites

The band gap values of different samples can be obtained using the Kubelka-Munk
formula (ahv =A(hv-Eg) n/2). Figure 12 shows the band gap diagram of each sample
after calculation. ZnO, ZnO-SiO; and ZnO-TiO, are 3.23 eV, 3.24 eV and 3.19 eV,
respectively. After ZnO is doped with TiO,, the absorption edge of ZnO, which
broadens the absorption range of ZnO for visible light and improves its absorption
efficiency for visible light.

4.3. Tuning of ZnO-TiO, composite particles morphology via oxides ratio

As with the previous samples, the ZnO-TiO2 composites were characterized
using the same methodological approach to assess particle morphology, chemical
composition, and crystal structure features.
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Figure 4.17 shows the XRD pattern of a ZnO/TiO2 composite with a doping
amount of Zn:Ti with a molar ratio of (2:1, 4:1, 10:1). The results show that the
diffraction peaks at 20 angles of 31.76°, 34.42°, 36.25° and 47.53° correspond to the
hexagonal zinc blende ZnO (PDF#36-1451) structure. A characteristic peak of 25.318°
appears at the 20 angle of the diffraction peak, which corresponds to the characteristic

peak of anatase TiO2 (PDF#21-1272), and the corresponding crystal plane is (101).
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Figure 4.17 X-ray reflectogram of ZnO-SiO, composites with different oxides weight

ratio

Moreover, with the increase of the doping amount of TiO,, the intensity of the
corresponding anatase phase diffraction peak in the XRD spectrum increases, while the
relative intensity of the main diffraction peak of ZnO will decrease decrease. However,
ZnO still accounts for the majority, so its characteristic peaks can still be clearly

observed.

Figure 4.18 (a, b, c) presents the morphological features of ZnO-TiO: composite
materials prepared with varying TiO: doping levels. Across all samples, the composite

structure is composed of a heterogeneous mixture of flaky nanosheets and roughly
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spherical nanoparticles, indicating the coexistence of distinct morphological phases

within the material.

As the TiO: doping concentration increases, a noticeable trend emerges: the
proportion of smaller, spherical TiO2 nanoparticles within the composite becomes
significantly higher. This increase in fine particle content leads to a denser packing of
particles and a corresponding rise in particle aggregation throughout the sample. The
nanosheets, which are characteristic of the ZnO component, remain present in all
samples, but their surface is increasingly obscured by the accumulation of smaller TiO-

particles as doping levels rise.

This progressive agglomeration is likely driven by enhanced surface energy
interactions and decreased interparticle spacing due to the higher density of nanoscale
particles introduced by TiO.. The resulting structures become more compact and less
distinguishable at higher doping levels, which can adversely affect particle dispersion
and surface area—two critical factors in applications such as catalysis, sensing, or

surface wettability.

Overall, the microstructural evolution observed with increasing TiO2 content
highlights the importance of doping concentration in tuning the morphology and
dispersion behavior of ZnO-TiO2 composites. Careful control of the TiO: loading is

thus essential to optimize material performance in target applications.

- S

SEM HV: 10.0 kv [N MIRA3 TESCAN| SEM HV: 10.0 kV WD: 2.99 mm i

View field: 2.00 ym nm View field: 16.0 ym Det: InBeam
SEM MAG: 94.8 kx SEM MAG: 12.6 kx

104



SEM HV: 10.0 kV WD: 2.99 mm | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 2.99 mm 11l MIRA3 TESCAN|

View field: 2.00 ym Det: InBeam 500 nm View field: 15.0 ym Det: InBeam 2 pm
SEM MAG: 94.8 kx SEM MAG: 12.6 kx

SEM HV: 10.0 kV WD: 2.85 mm | | | MIRA3 TESCAN| SEM HV: 10.0 kV WD: 2,85 mm
View field: 2.00 ym Det: InBeam 500 nm View fleld: 15.0 ym Det: InBeam
SEM MAG: 94.8 kx SEM MAG: 12.6 kx

Figure 4.18 SEM images of ZnO-TiO, particles of oxide ratio: a — 10:1; b — 4:1; c —
2:1

Figure 4.18a displays the SEM image of the ZnO-TiO:. composite with a mass
ratio of 10:1. The image shows that TiO2 nanoparticles are adsorbed onto the surface
of the flaky ZnO. These TiO: particles are distributed either as isolated dots or in small
agglomerated clusters on the ZnO flakes, yet they do not significantly alter the overall
outline of the flake structures. Distinct, relatively flat ZnO flakes with well-defined

edges and corners remain clearly visible.

Figure 4.18b presents the SEM image for the ZnO-TiO: composite with a ratio

of 4:1. Compared to Figure 4.18a, the increased TiO2 content results in a higher density
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of TiO: particles, which begin to form a continuous or partially aggregated coating on
the surface. This leads to increased surface roughness of the flakes and a more

pronounced aggregation of ZnO particles than observed in the previous sample.

Figure 4.18c shows the SEM image for the ZnO-TiO: composite at a 2:1 ratio.
At this higher doping level, TiO: nanoparticles have largely covered the surface of the
ZnO flakes. The flake-like ZnO morphology becomes increasingly stacked and less
distinct. Nevertheless, the surface roughness of the composite is clearly greater than in

the lower-doped samples.

At low TiO: doping levels, the nanoparticles tend to distribute sparsely on the
surface of ZnO flakes in a punctate or island-like pattern, which does not significantly
alter the overall morphology. However, as the doping concentration increases, TiO:
particles accumulate to form more continuous or aggregated coatings. This leads to a
pronounced roughening of the surface and, at sufficiently high doping levels, causes
the ZnO flakes to become indistinct due to stacking and aggregation, making the

individual structures more difficult to discern.

The optical properties of the prepared samples were studied using ultraviolet
diffuse reflectance spectroscopy. Fig. 4.19 shows the ultraviolet-visible diffuse
reflectance spectra of ZnO-TiO, (2:1, 4:1, 10:1) samples with different doping ratios.
All composite samples have strong absorption in the visible light region. The
ultraviolet spectrum can visually show the light absorption properties of the material.
It can be seen from the figure that the sample has a more obvious initial change in

absorption near the 400 nm wavelength.
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The band gap energy of semiconductors can be calculated using the Kubelka-
Munk formula. Figure 4.20 shows the band gap diagram of each sample after
calculation. The band gap energy of the ZnO-TiO2(2:1) sample is calculated to be
about 3.21 eV, that of the ZnO-TiO2(4:1) sample is about 3.23 eV, and that of the ZnO-

Ti02(10:1) sample is about 3.24 eV.
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Figure 4.20 The band gap energy of ZnO-TiO, composites calculated via Kubelka-

Munk equation
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As shown in Figure 4.21, the PL spectra of the samples ZnO-TiO; (2:1), ZnO-TiO,
(4:1) and ZnO-Ti0O; (10:1) are shown respectively. All samples have a strong emission
peak near 565 nm. This phenomenon is caused by the energy released when electrons
from the valence band jump to the conduction band, and then quickly recombine with
the holes in the valence band. As the proportion of TiO; increases, the PL peak intensity

decreases.

A lower photoluminescence (PL) peak intensity generally indicates a higher
separation efficiency of photogenerated electron—hole pairs within a semiconductor
catalyst, which is directly correlated with improved photocatalytic performance. PL
spectral analysis reveals that both the TiO:. nanomaterials and the TiO2/ZnO
nanocomposites exhibit broad luminescence signals within the 350-550 nm
wavelength range. The spectral trends of both materials are similar, suggesting that a
low proportion of TiO: in the composite has minimal impact on the emission position

of ZnO (Fig. 4.21).
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Figure 4.21 Photoliuminisence spectra of ZnO-TiO, composites
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As observed in the spectra, the PL intensity of the ZnO-TiO. nanocomposite is
lower than that of pure ZnO, indicating a suppression of electron—hole recombination
due to the interaction between ZnO and TiO:. This reduction in luminescence intensity
can be attributed to the formation of heterojunctions between the two semiconductors,

which facilitate charge carrier separation.

It is well established that the PL emission of semiconductor materials originates from
the recombination of photogenerated electron—hole pairs. Therefore, a weaker PL
signal typically reflects a lower recombination rate, which enhances the material’s

photoelectric conversion efficiency [96].

Given the similar bandgap energies of ZnO (3.3 eV) and TiO: (3.2 eV), the
formation of a heterojunction between them leads to favorable band alignment. In this
structure, electrons excited to the conduction band (CB) of ZnO can transfer to the CB
of TiO2, while holes from the valence band (VB) of TiO2 can migrate to the VB of
ZnO. This bidirectional charge transfer significantly reduces the recombination of

photogenerated carriers and increases the quantum efficiency of the material.

As a result, the TiO2/ZnO nanocomposites exhibit potentially enhanced
photocatalytic activity compared to pure ZnO nanomaterials. Additionally, this
heterojunction structure can influence the surface chemistry of the composite,
contributing to modifications in its hydrophilic or hydrophobic behavior -an important

factor in the performance of hydrophobic coatings.
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Conclusions to chapter 4

The study has demonstrated that the morphology of ZnO particles can be
effectively tuned by adjusting hydrothermal synthesis parameters, such as the type and
concentration of the alkaline catalyst and reaction temperature. Using NaOH favors the
formation of smooth, flaky nanosheets, while increasing its concentration promotes
rod-like morphologies due to accelerated anisotropic growth along the [0001] axis. In
contrast, the use of NH4sOH leads to more complex structures, including flower-like
and hollow hexagonal prisms, with temperature playing a crucial role in determining

the final morphology.

In addition to synthesis conditions, doping with TiO2 and SiO: proved to be a
powerful tool for further morphological and structural modification. TiO2 was found
to adhere to the surface of ZnO flakes and induce more compact and aggregated forms,
possibly due to surface interaction or lattice distortion. SiO2, on the other hand, formed
a loosely bound amorphous matrix without disrupting the original sheet-like ZnO
structure, thus preserving the nanosheet morphology while introducing surface

heterogeneity.

Characterization techniques, including SEM, TEM, XRD, and EDS, confirmed the
structural purity of the synthesized materials, as well as the successful incorporation of
dopants. Photoluminescence and UV-vis spectroscopy revealed changes in defect
structures and optical properties upon doping, further confirming the sensitivity of

ZnO’s electronic structure to morphological and compositional modifications.

Among the tested materials, the ZnO-TiO. composite demonstrates the most
promising features for further development of superhydrophobic coatings. Its
hierarchically rough surface, composed of ZnO flakes coated with TiO: nanoparticles,
creates the dual-scale texture necessary for achieving strong water repellency through
the Cassie—Baxter effect. The presence of both crystalline phases and favorable
interfacial contact further supports its potential as a functional layer for advanced

surface engineering applications.
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5.1. Dependance of wetting properties of textured coatings on the filler particles
content and type

In this chapter, stable zinc oxide (ZnO) and silica—zinc oxide (Si0.—Zn0O)
composite particles were synthesized through a facile chemical precipitation technique
performed at ambient temperature. This method allowed the formation of nanoscale
particles with enhanced physicochemical characteristics, which are crucial for
subsequent integration into polymer-based surface coatings. A total of four distinct
filler materials were utilized in the preparation of these coatings: titanium dioxide
(Ti0O2), silicon dioxide (SiO2), pure ZnO, and a hybrid ZnO-SiO: composition.
Following synthesis, a detailed evaluation of the coatings' surface morphology and
wettability properties was conducted in order to assess their structural integrity and

functional performance.

The primary aim of this section is to investigate how the incorporation of various
types of inorganic nanoparticles—namely TiOz, SiO:, and the synthesized ZnO and
Si0-ZnO—affects the water contact angle of styrene-butyl methacrylate-based
composite coatings. Understanding the influence of nanoparticle composition on
surface wettability is essential for applications requiring precise control of hydrophilic

or hydrophobic behavior.

For the fabrication of the coatings, a styrene-arene copolymer was employed as the
organic matrix. This polymer was first dissolved in xylene at a mass ratio of 1.5
(polymer to solvent) to ensure complete homogenization. Upon full dissolution,
predetermined amounts of inorganic particles were added to the polymer solution in
specific weight ratios: SiO: (ranging from 0% to 40%), TiO2 (20% to 95%), ZnO (20%
to 80%), and ZnO-Si0O:2 (20% to 80%). The resulting suspensions were uniformly
applied onto glass slides with dimensions of 2.5 cm % 1 cm % 0.02 cm, using a casting
method, and were subsequently dried at 55°C for 10 minutes to obtain solid

nanocomposite films.
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Fig. 5.1 presents a microscopic image of the TiO:-based coating, revealing the
morphology of the embedded nanoparticles. The particle size was estimated to be in
the range of approximately 25-50 nm. Notably, the image demonstrates a pronounced
tendency for particle aggregation within the nanocomposite film, which can be
attributed to the inherently high surface energy of TiO2 nanoparticles. These aggregates
are likely composed of both pure TiO: agglomerates and clusters encapsulated by the
acrylic polymer during the drying process. Such agglomeration behavior is
characteristic of nanoparticles with strong interparticle interactions and insufficient

steric stabilization in the polymer matrix.
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/ . s

Figure 5.1. Morphology of TiO, filled coatings

Following the uniform deposition of the composite coating onto the glass
substrate, the wettability of the modified surfaces was evaluated by measuring the static
water contact angle. This parameter serves as a key indicator of surface hydrophilicity
or hydrophobicity and is widely used to characterize interfacial interactions between
water droplets and solid materials. As illustrated in Figure 5.2, the variation in TiO:
content within the coating formulation had a non-linear effect on the contact angle
behavior. Specifically, with increasing mass fraction of TiO:, the water contact angle
initially increased, indicating enhanced surface hydrophobicity. However, beyond a
certain concentration threshold, the contact angle began to decline, suggesting a

reversal in wetting behavior.
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This trend reflects the complex interplay between surface roughness introduced
by TiO: nanoparticles and the chemical composition of the coating’s outermost layer.
At lower concentrations, TiO: particles may increase the nanoscale roughness of the
surface, thereby amplifying hydrophobic effects through the Cassie—Baxter
mechanism. Conversely, excessive TiO:2 loading likely exposes more hydroxyl groups
or creates defects in the surface structure, resulting in increased affinity for water

molecules and, consequently, reduced contact angles.

B) r)
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Table 5.1 presents the measured water contact angles for TiO:-containing
coatings at varying mass fractions of the filler. At the lowest concentration examined,

the contact angle was recorded at 73.6°, a value that closely corresponds to that of the
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unmodified styrene—acrylic polymer coating. This suggests that at low TiO: content,
the nanoparticle loading is insufficient to significantly alter the surface energy or

topography of the composite film.

As the TiO:2 content increases and approaches approximately 80 wt%, the contact
angle reaches a maximum of 149.3°, which is indicative of a transition toward
superhydrophobic behavior. This significant increase is primarily attributed to the
enhanced surface roughness induced by the uniform distribution of TiO2 nanoparticles,
which act as topographical features that reduce the solid—liquid contact area. The
observed wetting behavior aligns well with the Cassie—Baxter model [97], which
describes the apparent contact angle on rough surfaces as a function of both the intrinsic
hydrophobicity of the material and the air-trapping microstructure formed on the

surface.

However, when the TiO2 concentration is further increased beyond the optimal
point, a gradual decline in the contact angle is observed. This decrease can be explained
by the overaccumulation of TiO: particles, which may lead to excessive exposure of
surface hydroxyl groups. These groups are highly hydrophilic and capable of forming
hydrogen bonds with water molecules, thereby increasing the overall surface energy
and promoting wetting. Additionally, the formation of densely packed TiO:
agglomerates at high concentrations may reduce the uniformity of surface roughness,

thus diminishing the hydrophobic effect initially achieved (Table 5.1.).

Table 5.1 - Contact angle of TiO; filled coatings

WCA of
% .
TIOz
20 73,8
40 120
60 135,3
80 149,3
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85 72,3
90 76
95 71,2

Figure 5.3 displays a high-resolution micrograph illustrating the
micromorphology of the SiO:-based coating. The surface of the nanocomposite film
modified with SiO. particles is characterized by a pronounced smoothness and a
uniform texture. The microstructure reveals a densely packed arrangement of nearly
monodisperse spherical particles, which are distributed across the surface with high

regularity.

Notably, the SiO: particles exhibit minimal signs of agglomeration, suggesting
effective dispersion within the polymer matrix. The absence of large clusters or
irregular aggregates implies strong interfacial compatibility between the silica
nanoparticles and the organic phase, potentially enhanced by favorable interactions
during film formation. The particles have an estimated diameter in the range of
approximately 5 to 30 nanometers, contributing to the formation of a nanostructured

surface with fine-scale textural uniformity.

This type of morphology is advantageous for applications requiring stable
surface properties, as the smoothness and homogeneity minimize variability in
interfacial interactions. Furthermore, the consistent particle size distribution ensures
that the surface energy landscape remains predictable, which can have a direct impact

on wettability, optical clarity, and other functional characteristics of the coating.
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As shown in Figure 5.4, the variation in the mass fraction of SiO2 within the
coating formulation significantly influences the wettability characteristics of the glass
surface. Specifically, the measured water contact angle exhibits a non-monotonic trend:
it initially increases with rising SiO2 content, reaching a peak value, and subsequently
decreases when the silica loading becomes excessive. This behavior indicates that a
moderate concentration of SiO: particles enhances hydrophobicity, likely due to
optimized surface roughness and low surface energy regions created by the well-

dispersed nanoparticles.

However, at a mass fraction of approximately 40%, distinct physical defects such
as surface cracking and peeling are observed in the coating. These structural anomalies
may be attributed to the overloading of the polymer matrix with silica nanoparticles.
At such high concentrations, the polymeric phase likely becomes insufficient to
uniformly encapsulate and bind all the particles, leading to poor interfacial adhesion

and mechanical instability upon drying.

Moreover, the excessive presence of rigid inorganic particles may introduce
internal stresses during solvent evaporation and thermal curing, further contributing to
film delamination and crack formation. These morphological defects compromise both
the visual appearance and functional performance of the coating and highlight the
importance of balancing nanoparticle content to maintain structural coherence while
optimizing surface properties.
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B) r)
Figure 5.4 Static water contact angles of SiO.-modified coatings at different
filler loadings: (a) 3 wt%; (b) 15 wt%; (c) 30 wt%; (d) 40 wt%.

Table 5.2 summarizes the measured water contact angles for coatings modified
with varying mass fractions of SiO.. At low silica concentrations, specifically below 9
wt%, the changes in contact angle are minimal and fall within the range of experimental
uncertainty. This suggests that the addition of small amounts of SiO: does not

significantly alter the surface morphology or energy of the coating.

As the SiO: content increases to between 9 wt% and 30 wt%, a clear upward
trend in the contact angle is observed. This indicates a progressive enhancement in
hydrophobic behavior, which can be attributed to the development of micro- and

nanoscale surface textures resulting from well-dispersed silica nanoparticles. These
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topographical features reduce the effective contact area between water droplets and the

surface, in accordance with the Cassie—Baxter wetting model.

The contact angle reaches its maximum value of 125.5° at a SiO2 loading of 30 wt%,
reflecting a substantial increase in surface hydrophobicity. This level of wettability is
indicative of a partially water-repellent surface, although it does not reach the
superhydrophobic regime. Beyond this optimal concentration, however, further
increases in SiO:2 content lead to a gradual decline in the contact angle. This decline
may be attributed to the onset of particle aggregation, surface cracking, or disruption
in the continuity of the polymer matrix, all of which negatively impact the surface’s

ability to repel water.

Table 5.2 — Water contact angle of organo-mineral composites filled with SiO,

% WCA, °
0 73,8
3 74,3
6 74

9 78,5
15 77.1
20 96,3
25 88
30 1255
40 109

Figure 5.5 presents the micromorphological characteristics of the nanocomposite
film containing zinc oxide (ZnO) as the functional filler. Surface analysis reveals that
the coating exhibits a relatively smooth overall texture; however, localized
agglomeration of ZnO nanoparticles is also evident. This phenomenon is commonly
associated with the intrinsic surface energy of ZnO, which promotes particle—particle

interactions and the formation of aggregates during the film formation process.
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These small-scale agglomerates are believed to form primarily during solvent
evaporation, a stage at which the mobility of nanoparticles decreases and capillary
forces drive them into densely packed clusters. As a result, isolated accumulations of
ZnO can be observed on the coating surface. The estimated diameter of these
agglomerates ranges from approximately 500 to 1000 nanometers, which is
significantly larger than the individual particle size and indicative of partial instability

in nanoparticle dispersion within the polymer matrix.

Although the ZnO-filled film retains a degree of surface smoothness, the
presence of such agglomerates may locally disrupt uniformity and alter surface
functionality. This behavior highlights the challenges of achieving stable dispersion of
metal oxide nanoparticles in organic matrices without the aid of surface modification
or dispersing agents. Understanding and controlling such aggregation phenomena is

crucial for tailoring the final surface properties of ZnO-based nanocomposite coatings.

Fig. 5.5 Morphology of ZnQO filled coating

Figure 5.6 shows the variation in static water contact angles for ZnO-modified
coatings at four different mass fractions: 20%, 40%, 60%, and 80%. The procedures
used for sample preparation and measurement were consistent with those employed in
the previous experiments to ensure comparability of results across different

nanoparticle systems.

120



The contact angle data indicate a weakly nonlinear trend with respect to ZnO
content. Specifically, as the concentration of ZnO increases, the water contact angle
initially rises, reaching a modest peak, and then gradually decreases. However, the
overall amplitude of variation in contact angle across the full composition range is
relatively small, suggesting that the addition of ZnO does not lead to substantial

changes in the surface wettability of the coating.

This subtle behavior may be explained by the limited influence of ZnO particles
on both surface roughness and chemical composition at the water—solid interface.
Unlike TiO:2 or SiO2, ZnO nanoparticles may not contribute significantly to nanoscale
surface texturing, particularly if they tend to form larger agglomerates, as previously
observed. Furthermore, the surface energy of ZnO may not differ markedly from that
of the polymer matrix, leading to a more muted effect on hydrophobicity or

hydrophilicity as a function of filler loading.
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Figure 5.6 - Static water contact angles of ZnO-based coatings at various filler
loadings: (a) 20 wt%; (b) 40 wt%:; (c) 60 wt%:; (d) 80 wt%.

Table 5.3 presents the experimentally measured water contact angles for ZnO-
modified coatings as a function of filler mass fraction. The highest contact angle,
recorded at 74.8°, was observed when the ZnO content reached 60 wt%. Despite this
peak, the overall variation in contact angle remains relatively small across the entire
composition range, and the observed values are only marginally different from those

of the unmodified B880 polymer matrix.

This suggests that the incorporation of ZnO nanoparticles has no significant
effect on the hydrophobic properties of the base coating. In particular, the slight
increase in contact angle does not indicate a meaningful enhancement in water-
repellent behavior. A plausible explanation for this limited impact lies in the fact that
ZnO addition does not appreciably alter the surface roughness of the coating, which is

a key factor influencing wettability.

According to the literature [98], meaningful changes in hydrophobicity typically
require either substantial modifications in surface energy or the introduction of
hierarchical surface textures at the micro- and nanoscale. In the case of ZnO, the
tendency to form localized agglomerates without generating a uniform rough surface
may prevent such effects from manifesting. Therefore, while ZnO contributes certain
functional benefits in other contexts, its influence on surface wettability in this

particular formulation appears minimal.

Table 5.3 — Water contact angle of organo-mineral composites filled with ZnO

% WCA, °
20 69
40 71,8
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60 74,8
80 71,3

Figure 5.7 depicts the micromorphological structure of the ZnO-SiO--based
composite coating. The surface analysis reveals the presence of well-defined
agglomerates consisting of ZnO-SiO: hybrid particles. These agglomerates are of
moderate size, and the overall particle dispersion is relatively uniform across the
examined area. Unlike coatings with excessive aggregation or poor distribution, the
surface of the ZnO-SiO.-modified film appears comparatively well-organized and

structurally coherent.

The presence of ZnO in the composite system is a key factor influencing the
resulting morphology. Compared to coatings modified with pure SiO-, the addition of
ZnO alters the interparticle interactions and surface energetics, promoting partial
aggregation. This phenomenon is commonly observed in metal oxide systems with
elevated surface energy. In particular, ZnO tends to increase the likelihood of particle
agglomeration due to its strong polar surface characteristics and high affinity for

forming interfacial bonds.

The observed structural organization suggests a balance between dispersion and
clustering, likely governed by the competition between van der Waals forces and steric
hindrance from the surrounding polymer matrix. According to prior studies [99], such
moderate aggregation can be expected in mixed-oxide systems where differential
surface charges and interaction potentials result in partial phase self-association. As a
result, the ZnO-SiO: coating achieves a surface morphology that is more ordered than
that of ZnO alone, while still distinct from the highly uniform particle layout observed
in pure SiO2-based films.
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Figure 5.7 Surface morphology of the composite coating containing ZnO—SiO-

hybrid nanoparticles.

Figure 5.8 illustrates the variation in water contact angle measurements for
Zn0O-Si0O:-modified coatings at different filler concentrations: 20%, 60%, 70%, and
80% by weight. These images provide visual confirmation of the changes in surface

wettability as a function of increasing hybrid nanoparticle loading.

According to the data presented in Table 5.4, the contact angle of water on the
Zn0O-Si0O2-modified coatings exhibits a non-monotonic dependence on the mass
fraction of the hybrid filler. As the ZnO-SiO: content increases, the contact angle
initially rises, reaching a maximum value at an intermediate composition, and then

gradually declines at higher loadings.
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B) r)
Figure 5.8 Static water contact angles of ZnO—SiO--based coatings at varying
mass fractions: (a) 20 wt%; (b) 60 wt%:; (c) 70 wt%; (d) 80 wt%.

Notably, the highest contact angle-152.5°-is achieved at a filler concentration of 60
wt%. This value exceeds the conventional threshold of 150° used to classify surfaces
as superhydrophobic. Such behavior indicates that, at this specific composition, the
coating surface combines both optimal roughness and low surface energy, resulting in
minimized interaction with water droplets. The Cassie—Baxter wetting regime is likely
dominant in this case, as air pockets formed within the surface texture reduce the

contact area between water and solid.

The subsequent decrease in contact angle at higher filler contents may be attributed to
excessive particle aggregation or disruption of the micro-/nanostructured surface,
which can compromise the superhydrophobic effect. These findings highlight the
critical role of particle loading in fine-tuning the wettability of hybrid nanocomposite
surfaces and demonstrate that ZnO-SiO: systems offer promising potential for the

fabrication of superhydrophobic coatings.

Table 5.4 — Water contact angle of organo-mineral composites filled with ZnO-SiO2

% WCA, °
20 119,5
40 135,2
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60 152,5
65 144.8
70 139,6
75 139,8
80 133,5

Figure 9 presents a comparative histogram illustrating the measured water
contact angles for coatings modified with four different types of nanoparticles: TiO-,
Si02, ZnO, and ZnO-Si0.. This visualization enables a direct assessment of the
relative hydrophobic performance of each composite system.

Among all tested formulations, the ZnO-Si0O:-based coating exhibits the highest
degree of hydrophobicity, achieving a contact angle exceeding 150°, which qualifies it
as superhydrophobic according to widely accepted classification criteria. This superior
performance is attributed to the synergistic interaction between the ZnO and SiO-
components, which promotes the formation of a hierarchical surface structure
favorable for water repellency.

The TiO:-modified coating, at a filler concentration of 80 wt%, also
demonstrates a high contact angle that closely approaches the superhydrophobic
threshold, indicating strong water-repellent behavior under optimized conditions. In
contrast, coatings incorporating only ZnO or SiO2 show considerably lower contact
angles and thus exhibit less pronounced hydrophobic characteristics.

Overall, the data confirm that hybridization of oxide fillers—specifically the
combination of ZnO and SiO>—results in enhanced surface properties that outperform
those achieved by using the individual components alone. These findings underline the
potential of ZnO-SiO: systems for engineering advanced functional surfaces with

exceptional wetting control.
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Figure 5.9 Comparison of water contact angles for composite coatings
containing different nanoparticle fillers: TiOz, SiO2, ZnO, and ZnO—-Si0x.

In summary, ZnO and ZnO-SiO: nanoparticles were successfully synthesized
via a simple one-step chemical precipitation method performed under ambient
conditions. These synthesized particles, along with commercially available TiO. and
Si02, were subsequently incorporated into styrene—butyl methacrylate (SBMA)
polymer matrices to fabricate a series of composite coatings. Each formulation was
evaluated in terms of its surface morphology and wettability behavior.

The contact angle measured for the unmodified SBMA polymer coating was
73.6°, which reflects the inherently low hydrophilicity of the butyl ester group in the
SBMA structure. The presence of this functional group reduces the surface energy of
the film, resulting in moderate hydrophobicity [100]. This value served as the baseline
for comparison with nanoparticle-enhanced coatings.

Optical microscopy revealed that the addition of all four types of nanoparticles
led to the formation of localized agglomerates on the surface of the coatings. These
aggregates contributed to an increase in surface roughness, which plays a critical role
in modulating the wetting behavior. Notably, for all particle systems except ZnO,
increasing the filler content led to a significant rise in the water contact angle,

indicating a transition toward more hydrophobic surfaces. This enhancement can be
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attributed to the synergistic effect of increased surface roughness and the inherently
low surface energy introduced by the nanoparticulate additives.

Collectively, the results demonstrate that the wetting properties of SBMA-based
nanocomposite coatings can be effectively tuned through careful selection and
optimization of filler type and concentration. The ZnO-SiO: hybrid system, in
particular, shows great promise for applications requiring superhydrophobic or water-
repellent surfaces.

The next stage of the study involved comparing the effectiveness of the particles
synthesized in Chapter 4—specifically, zinc oxide doped with titanium dioxide (the
most promising variant) and zinc oxide doped with silicon dioxide—on the water-
repellent properties of systems based on sodium styrene-butyl methacrylate
copolymers.

As shown in Figure 5.9, the relationship between the particle content in the thin
coatings and the water contact angle (WCA) exhibits a similar trend across all
investigated materials. Specifically, in the range from pure polymer films up to a
particle loading of approximately 40-60 wt.%, the measured WCA values remain
relatively constant and fall within the experimental error margins. This suggests that,
within this concentration interval, the incorporation of particles does not significantly

influence the surface wettability of the coatings.
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Figure 5.9 Wetting of particles-polymer thin layer coatings
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Beyond the previously mentioned particle concentration threshold, a rapid increase
in water contact angle (WCA) is observed, reaching maximum values of 136° for the
ZnO—polymer system, 143° for ZnO:S1, and 153° for ZnO:T1 composites. This sharp
rise in WCA can be attributed to the onset of polymer deficiency in the system—where
the polymer matrix is only sufficient to partially coat the surface of the filler particles,
primarily covering their outermost surfaces. At higher particle loadings, this limitation
in binder availability leads to the development of a surface texture favorable for the
Cassie—Baxter wetting regime, in which air pockets are trapped beneath water droplets,
significantly enhancing surface hydrophobicity.

As illustrated schematically in Figure 5.10, at low pigment concentrations, the
polymer film is abundant enough to completely coat the surfaces and the tops of all
embedded particles, resulting in a smooth, continuous, and relatively flat surface
(Figure 5.10a). In this configuration, no apparent wetting anomaly is present, and the
surface exhibits typical polymer-like hydrophobic behavior.

However, as the particle concentration increases and the polymer becomes
insufficient to fully envelop all surface features, the surface roughness begins to rise.
This increase in roughness—defined as the ratio between the actual three-dimensional
surface area and its two-dimensional projected area—creates conditions conducive to
the transition into a composite wetting state (Figure 5.10b). Ultimately, at even higher
filler content, the polymer is only sufficient to coat individual particles, without filling
the interstitial voids between them (Figure 5.10c). In such a binder-deficient system,
provided that the thin polymer coating still effectively covers the polar surface of the
particles, the surface achieves maximum possible roughness while maintaining a non-
polar outer layer—ideal for inducing strong hydrophobic or even superhydrophobic
behavior.

It is also important to note that the native surface of the synthesized oxide particles is
highly polar [101], in contrast to the relatively non-polar nature of the polymer binders
used in the coating formulations. Consequently, if the polymer content is reduced
beyond a critical threshold, its continuous film may rupture or thin to the point where

patches of the polar oxide surface are exposed. This partial exposure results in localized
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increases in surface energy, ultimately leading to a loss of hydrophobicity and a

reversion to hydrophilic behavior in the affected regions.
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Figure 5.10 Shematic diagram of the composite surface with different particles-binder

ratio

A water contact angle (WCA) of 150°, which qualifies as superhydrophobic
according to standard definitions [102], was achieved exclusively in the ZnO:Ti
composite system. This result is particularly noteworthy considering that the intrinsic
WCA of the base polymer used is only 70°, which is significantly below the
conventional hydrophobic threshold of 90°. The substantial enhancement in surface
hydrophobicity suggests that further optimization is possible - particularly by replacing
the current polymer matrix with a less polar alternative. Potential candidates include
siloxane-based polymers, polyolefins, or fluorinated polymers, all of which exhibit
inherently lower surface energies and could further elevate the WCA and enhance the
stability of the Cassie—Baxter wetting regime.

Moreover, hydrophobization of particle surfaces is not strictly limited to
polymer encapsulation. Non-polymeric surface modification strategies may also be
employed to functionalize the particles and improve water repellency. For example,
surface treatment using silane or fluorinated silane coupling agents can create a
covalently bonded, low-energy outer layer on the particles [103]. Alternatively, more
environmentally benign methods, such as functionalization with long-chain carboxylic
acids or their esters, have demonstrated effectiveness in imparting hydrophobic

character while maintaining ecological safety [104].
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Conversely, employing highly polar polymeric or inorganic binders—such as
polyvinyl alcohol (PVA), polyurethanes, or silica-based systems—can drive the
wettability in the opposite direction, promoting strong hydrophilic behavior. This
tunable wetting effect, controlled by the choice of binder and particle surface
chemistry, offers valuable opportunities for designing functional surfaces tailored to
specific applications.

Such versatility is particularly relevant in areas like microfluidics, anti-icing
surfaces, self-cleaning coatings, and water-repellent barriers. Importantly, the ability
to cast these functional coatings from polymer solutions provides a scalable and
industrially viable approach to fabricating advanced wetting surfaces with tailored

performance characteristics.

5.2 Wetting transition of particulate filed textured coatings

It is well established that coatings formulated with organic binders—such as
butyl methacrylate—are susceptible to photodegradation when exposed to ultraviolet
(UV) radiation. This degradation process leads to the breakdown of polymer chains
and chemical structure alterations at the surface, which, in turn, result in a gradual
transition toward increased hydrophilicity. As a consequence, the surface wetting
behavior of the coating shifts over time, potentially compromising its original
functionality, particularly in applications requiring long-term hydrophobic or
superhydrophobic performance.

In realistic service environments, coatings are not only exposed to UV radiation
but also to elevated humidity and water contact. The presence of moisture introduces
an additional variable that can synergistically accelerate the degradation process. Water
can facilitate hydrolysis of the polymer matrix and enhance the mobility of
photogenerated reactive species, further promoting surface oxidation and the formation
of hydrophilic groups.

As shown in Chapter 4, the synthesized texture-forming particles - such as ZnO

and TiO: - exhibit measurable photoactivity under UV illumination. While this
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property can be advantageous in photocatalytic applications, it raises concerns
regarding the long-term stability of coatings in which these particles are embedded.
Their intrinsic photoactivity may catalyze the degradation of the surrounding organic
binder, leading to a more rapid deterioration of surface properties than would occur in
particle-free systems.

Therefore, it becomes critically important to assess the stability of such
composite coatings under prolonged exposure to oxidative stress conditions,
particularly UV radiation, which is a dominant environmental factor influencing the
aging of outdoor-exposed surfaces. Comprehensive durability testing under controlled
UV and moisture exposure is essential for evaluating the practical applicability of these
materials and for optimizing formulations to balance performance with longevity.

The hydrophilicity of a material is related to the hydroxyl group, and the

formation of hydroxyl groups is related to the photocatalytic mechanism [105].

The photocatalytic principle is based on the excitation of a semiconductor by
light (ultraviolet or visible light). Under the influence of photons, the catalyst (or
semiconductor) can produce highly oxidising free radicals. These hydroxyl radicals
can easily break down pollutants attached to the catalyst surface, and the pollutants can
be broken down into H,0, CO,, etc. The semiconductor ZnO converts photon energy
into chemical energy through redox reactions, which excites the active sites of ZnO
and degrades the molecules of the compound. The degradation process is initiated by
a series of oxidation processes involving a strong oxidant (:OH). -OH i1s produced by
photolysis of water molecules adsorbed on the active sites of ZnO. Organic pollutants
adsorbed on the catalyst are then degraded through a series of radical reactions. When
ZnO is exposed to light at 380 nm or lower, valence band electrons will move to the
CB. At the same time, holes will be generated, and the number of holes will be the

same as the number of electrons that have jumped to the CB.

The band gap (Eg) of a semiconductor is generally less than 3 eV. When the
energy (hv) of the incident light is greater than the band gap (Eg) of the semiconductor,

electrons and holes are generated in the semiconductor under the action of hv. The
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holes react with water to generate hydroxyl radicals (-OH) and hydrogen ions, and the
holes can also react with hydroxide ions to also generate hydroxyl radicals. The
electrons can react with O2 to form -O2-, which can also react with hydrogen ions to
form -OOH radicals, and finally H202 is formed. The reaction of H202 with -O2-
radicals also ultimately produces hydroxyl radicals (-OH).

The band gap of TiO2 is 3.2 eV, while that of ZnO is 3.23 eV. Their band gaps
are similar, and the energy levels are staggered. The energy level difference between
ZnO and TiO2 is used to effectively separate photo-generated electrons and holes,
which prolongs the time it takes for them to recombine and improves the hydrophilicity
of ZnO-TiO2. After doping with SiO2, there is no significant change in the band gap

compared to ZnO, and the contact angle is also similar to that of ZnO.

Figure 5.11 presents the water contact angle (WCA) data for ZnO, ZnO-SiO-,
and ZnO-TiO: films following different durations of light exposure. The results clearly
demonstrate that prolonged illumination significantly influences the wettability of the
coating surfaces. After 240 minutes of continuous light exposure, the WCA of the ZnO
film shows a moderate decrease but does not fall below the hydrophilicity threshold
(WCA <90°), indicating that the surface remains weakly hydrophobic. In contrast, the
Zn0O-Si0: coating displays a more pronounced decrease in WCA, reaching 81°,

thereby meeting the conventional criterion for a hydrophilic surface.

The most significant change is observed in the ZnO-TiO: system. Initially
exhibiting a superhydrophobic WCA of 152.8°, the surface transitions to a near-
superhydrophilic state with a final contact angle of just 32.7° after UV irradiation. This
drastic reduction signifies a substantial enhancement in surface hydrophilicity,
suggesting a stronger photoinduced response in the ZnO-TiO. composite compared to

the other systems.
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Figure 5.11 Wetting transition from superhydrophobic to hydrophilic state under the
exposition to UV light

These transformations in surface wettability can be attributed to the generation
of hydroxyl radicals (-OH) upon UV illumination. When exposed to ultraviolet light,
the ZnO, ZnO-Si02, and ZnO-TiO: films generate photogenerated electron—hole
(e/h*) pairs. The photogenerated holes (h*) can interact with lattice oxygen, resulting
in the formation of oxygen vacancies on the surface. These vacancies act as reactive
adsorption sites for various species. While both oxygen and water molecules may
adsorb at these sites, the kinetics favor the adsorption of hydroxyl radicals derived from
water, especially under UV-induced oxidative conditions. The resulting -OH groups

enhance surface polarity and contribute to increased hydrophilicity.

Furthermore, the hierarchical micro/nanostructure of the film surfaces plays a
critical role in amplifying the wetting behavior. The combination of surface chemistry
changes (due to -OH adsorption) and increased surface roughness—arising from the
textured morphology—Ileads to the transition from hydrophobic or superhydrophobic
states to hydrophilic or even superhydrophilic regimes.
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It is also important to highlight that ultraviolet light, due to its short wavelength
and high energy, possesses strong oxidative potential and molecular dissociation
capability. It can ionize atmospheric oxygen, leading to the formation of reactive
oxygen species such as atomic oxygen and ozone. These species further react to
produce hydroxyl radicals, thereby accelerating the surface transition. The cumulative
effect of UV-induced lattice activation, radical formation, and surface restructuring
results in the rapid evolution of surface wettability, particularly in photoactive systems
like ZNO-TiO:x.

Conclusions to Chapter 5

In this chapter, a series of organo-mineral nanocomposite coatings were
successfully developed using styrene—butyl methacrylate as a polymeric matrix and
four types of inorganic fillers: TiO2, SiO2, ZnO, and ZnO—-SiO:. The synthesized ZnO
and ZnO-Si0O: nanoparticles, obtained via a simple one-step chemical precipitation
method, demonstrated sufficient stability and functional integration within the polymer
matrix. Morphological characterization revealed that TiO: and ZnO particles tend to
form agglomerates due to their high surface energy, while SiO2 and hybrid ZnO-SiO:

particles exhibited better dispersion, contributing to distinct surface textures.

The wettability of the coatings was found to be strongly dependent on the type
and concentration of the filler particles. For TiO. and SiO: systems, a pronounced
increase in water contact angle (WCA) was observed at intermediate filler
concentrations, indicating a transition toward superhydrophobicity. In contrast, ZnO-
filled coatings showed minimal variation in WCA, suggesting limited influence on
surface roughness and surface energy. The hybrid ZnO-SiO: system achieved the

highest contact angle (152.5°), confirming its superior ability to induce
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superhydrophobic behavior through combined effects of hierarchical surface

structuring and reduced surface energy.

The experimental results confirmed that tuning the particle-to-polymer ratio
plays a critical role in controlling surface wettability. Below 40-60 wt.% filler content,
the coatings exhibited polymer-dominated smooth surfaces with limited
hydrophobicity. Beyond this threshold, the onset of polymer deficiency led to the
formation of a partially exposed particle-rich surface, promoting the Cassie—Baxter
wetting regime. Notably, ZnO:TiO: coatings exhibited the highest WCA of 153°,
highlighting the importance of surface composition and topography in optimizing

water-repellent properties.

Photoinduced wettability changes under UV irradiation revealed the dynamic
nature of the coatings. While ZnO and ZnO-SiO: coatings demonstrated moderate
hydrophilic transitions, the ZnO-TiO: system underwent a complete transition from
superhydrophobic to highly hydrophilic state (WCA reduced from 152.8° to 32.7°).
This effect is attributed to the generation of hydroxyl radicals and surface oxidation
driven by photocatalytic activity. These findings suggest that the long-term
performance of such coatings must be carefully evaluated under environmental
stressors, particularly UV exposure, and may be further improved through surface

chemical modification or the use of more stable binder systems.
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CHAPTER 6. Thin organic coatings on mineral surfaces

In the broader context of hybrid organo-mineral surface engineering, the
combination of inorganic micro- or nanoparticles with polymeric matrices enables the
formation of functional coatings with tailored physicochemical properties. Such
systems are typically designed to modulate surface energy, wetting behavior, or barrier
performance. However, an alternative and complementary approach to surface
modification involves the direct structuring of substrates through laser ablation. This
method produces hierarchical micro- and nanoscale topographies that, when coupled
with low-surface-energy modifiers, can emulate or even surpass the functionalities of
particle-polymer coatings. Despite the difference in fabrication pathways, both
approaches converge on the formation of organic—inorganic interfacial architectures
with controlled wettability and surface functionality. In this section, we examine laser-
textured aluminum surfaces subsequently modified with hydrophobizing agents,
establishing their relevance within the same conceptual framework as the previously
discussed composite coatings.

Textured surfaces are increasingly being used to control wetting processes or the
contact between a solid and a liquid. The history of the development of such materials
is based on the features of surfaces that can be found in nature. For example,
superhydrophobicity is a characteristic property of lotus leaves [106], the body and
limbs of some insect species [107], etc. The increased ability to self-clean is
characteristic of the inner surface of the flytrap flower, which provides ultra-low rolling
angles. This effect has been studied and used to create a number of SLIPS surfaces
[108 and 109].

In addition to repelling liquids, texture also provides the opposite effect —
complete adhesion. For example, superhydrophilic surfaces can be used to avoid
fogging of glass, as water vapour does not form a lens of light-scattering droplets
during condensation, but a continuous transparent water film. Developed affinity

surfaces can also form a sufficiently strong mechanical contact, which allows geckos
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with a small body weight to literally "run on the walls" and has become the basis for

the research and development of similar materials [110].

The decisive factors that ensure either repulsion or contact of such surfaces with
liquid or other surfaces are their affinity.

A well-known way to produce condensed water is to use air moisture. This
method works even for desert regions of the planet where the required air humidity is
achieved only at certain times of the day. The essence of the method is the presence of
a certain surface - a condenser, often with a temperature below the ambient
temperature, on which a captured layer of water is formed. In some studies, purely
hydrophilic or hydrophobic surfaces or combinations of these are used as condenser
materials [111]. In most studies, the materials being compared are heterogeneous and
it is not possible to clearly establish the effect of the surface character on condensation
processes. Therefore, in order to establish the effect of surface polarity on condensation
processes, it is an urgent task to conduct such a study to compare condensation volumes
using texturally identical surfaces with hydrophobic and hydrophilic properties.

The aim of this work is to determine the effect of gyrophobic metal surfaces on
the processes of water collection from steam.

The tasks corresponding to the goal are to apply surface texture to samples by a
method that allows obtaining highly regular repeatable patterns; to perform hydrophilic
and hydrophobic treatment of identical surfaces; to determine the effect of surface
treatment and orientation of anisotropic textures on water collection performance.

In this work, we used femtosecond laser-textured aluminium 7500 surfaces of
12.6x12.6 cm in size and 1 mm thick.

The surface texture was selected from the several variants with different
characteristic values of the texture (Fig. 6.1, Table 6.1):
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Figure 6.1 Surface morphology of aluminum 7500 alloy samples after laser

texturing, observed at 100x magnification

The initial water contact angle measured on polished aluminum surfaces after
exposure to ambient atmospheric conditions was found to be approximately 78°. This
value indicates moderate hydrophobic behavior and reflects the influence of natural
surface aging processes, including adsorption of airborne organic species. Notably, the
freshly prepared, clean aluminum oxide surface is known to exhibit intrinsically
hydrophilic properties, with a typical contact angle of around 50°, as reported in [112].

The discrepancy between the hydrophilic nature of the pristine oxide layer and
the higher observed contact angle on aged surfaces can be attributed to the spontaneous

accumulation of low-surface-energy contaminants from the environment. These
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adsorbates alter the surface chemistry and reduce its affinity for water. Consequently,
even when the underlying micro- or nano-scale topography exhibits fractal
characteristics, the wetting behavior is governed predominantly by surface energy
modifications rather than texture alone. This explains the relatively modest contact

angle values observed on fractally textured aluminum oxide surfaces.

Table 6.1 — Aluminium surface texture parameters

Texture Presence of | Period, mkm | Trench width, | Water contact
LIPSS mkm angle, °
Fig.6.1a + 45 20 126
Fig.6.1b + 57 20 130
Fig.6.1c + 60 45 148
Fig.6.1d - 60 45 159

Femtosecond-laser-textured aluminum samples of the 7500 series, processed
under both microstructuring and fractal-like nanostructuring regimes, exhibit a
remarkable ability to undergo spontaneous hydrophobization. In the absence of any
chemical modification, these laser-induced surface structures are capable of achieving
a superhydrophobic state, with water contact angles reaching up to 159°. Notably,
surfaces featuring only microscale textures (without the additional fractal
nanostructure layer) demonstrated the most effective water-repellent performance.
This observation may be attributed to a reduction in the coordination activity of
aluminum as the thickness of the native oxide layer increases, thereby limiting
interactions with polar water molecules.

In contrast, when surface hydrophobization is achieved through deliberate
chemical modification, the presence of a hierarchical (micro/nano) surface structure

becomes significantly more advantageous. Under such conditions, the use of
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alkoxysilanes or fluorinated silane derivatives as hydrophobizing agents results in
contact angles exceeding 160°, thereby establishing an enhanced superhydrophobic
character. In these chemically treated systems, the fractal surface morphology
outperforms purely microtextured structures by up to 10°, highlighting the synergistic
role of hierarchical roughness and low surface energy chemistry in maximizing water
repellency.

The sample 6.1 d, therefore, has shown the best water repellent performance and
was used in further study of water collection.

Schematically the textures on sample’s surfaces with uniaxially oriented profiles,
which in cross-section had the shape of a trapezoid with the geometric parameters are

shown in Fig. 6.2.

Figure 6.2 Anisotropic texture cross-section, sizes are noted in pm.

It is known that after laser ablation, the surface textures on metal substrates are
initially hydrophilic, but over time they become hydrophobic due to the gradual
adsorption of organic contaminants from the air, which leads to increased water
repellency. This effect is reversible, as the organic layer can be removed both by
treatment at high temperatures (up to 400°C) and by UV irradiation, as shown in [113].

Along with spontaneous hydrophobisation, stearic acid was used as a surface
modifier in this work. Samples of textured aluminium were placed in a muffle furnace
at 380°C for 30 min, after which they were gradually cooled to room temperature. They
were immersed in 100 ml of a 5 wt. % solution of stearic acid in isopropanol, removed
from the solution and the residue was drained from the surface. After that, the samples
were placed in an oven and dried at 120 °C, then washed with isopropanol again and

dried again. These samples are referred as t-St.
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To obtain samples that spontaneously hydrophobisized (hereinfurther noted as
SH), the substrates were kept in a laboratory atmosphere for 2 months after texturing,
which led to an increase in their hydrophobicity - reaching wetting angles above 150°.
After the condensation tests, the samples were dried and placed in a 380°C oven for 30
minutes, after which they were gradually cooled to room temperature. Such samples
(hereinafter referred to as hydrophilic samples) exhibited high hydrophilicity and,
accordingly, were completely wetted with water, without the possibility of contact
angle determination. Such sampler are further noted as Anneal.

The determination of the condensation capacity of surfaces was carried out in a
self-designed installation, which was a closed chamber with a volume of 18 litres, in
which a sample was suspended, with a condensate receiver installed below it. The
source of water mist was an ultrasonic mist generator Y09-010 (Sugold, China), which
was used to maintain 100% humidity in the volume. Steam generation and
condensation was carried out for 10-15 minutes, the time was measured to the nearest
1 second. The condensate was collected after running off the condensation plate into
the collector vessel. Its weight was determined by the gravimetric method on an Axis
110S balance with an accuracy of 0.35 g per minute.

The geometry of the textured samples was determined by scanning electron
microscopy using a MIRA3 TESCAN microscope in the secondary electron analysis
mode. Since metal substrates were studied, no additional sputtering of the metal
conductor layer was required.

Water contact angles were determined using the sessile drop thechnique with
optical microscope Konus Accademy and goniometric set. Photos of the setting water
droplet on the substrate were made in ScopePhoto application and contact angle value
measured directly by the application tool. The femtosecond laser treatment of the
aluminium surface produces a highly regular texture pattern in the form of grooves
with a period of 60 um. As can be seen from Fig. 6.3, the protrusions of the structure
are encrusted with crystal-like formations, which may be the result of oxidation of a
part of the material that was removed from the surface during processing. The bottom

of the structure have a clearly distinguishable trace of the laser beam with periodically
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located pinholes corresponding to the places of maximum energy concentration. It can
be said that the texture obtained at the previous stages of LIPSS, due to a significant
tendency to form aluminium oxide crystals as a result of oxidation of fresh portions of

metal in contact with air, remains indistinguishable.

FE
%

S

BTSSP
T

MIRA3 TESCAN

SEM HV: 10.0 kV WD: 15.47 mm

Figure 6.3. Surface texture of sample after laser ablation

The resulting aluminium surfaces have a combination of micro- and nanoscale
texture levels, which gives them an increased ability to repel water after
hydrophobisation, or, conversely, increased wettability with water in the case of fresh
surfaces.

The type of hydrophobic agent determines the final values of the wetting angle,
but for most functional modifiers, sufficiently high wetting angles are achievable,
which do not increase significantly when switching, for example, from paraffin waxes
to fluorinated paraffin waxes, which can be explained by the proximity of the contact
angle of these materials and can be predicted using the classical Cassie equation. This
is confirmed by the values of the contact angles of the samples treated with stearic acid,

after spontaneous hydrophobisation and after annealing in a muffle furnace (Table 6.1).
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Table 6.1 - Water wettability of surfaces

Substrate treatment

Water contact angle of

the textured surface, °

Contact angle of the

respective flat surface, °

t-St 154+ 3 70+£3
SH 148 £3 48 +3
Anneal 10+3 25+ 3

On flat surfaces that have been treated with stearic acid or kept in a laboratory

atmosphere without treatment, the state of hydrophobicity is not achieved, as their

wetting angle is below 90°. However, the textured ones achieved a state of

superhydrophobicity, for example, when treated with stearic acid. This can be

explained, in addition to the increased specific surface value, by the much higher

orientation of the hydrophobic agent molecules on substrates with nanoroughness.

The ability of the samples to act as condensation surfaces was characterised by

the amount of liquid collected in the receiver at the same performance of the mist

generator per unit time (Table 6.2). The values shown in the table represent the

condensation capacity excluding the capacity of the sample mounting system and the

receiver itself, which is 10,04 g/min.

Table 6.2 - Water vapour condensation capacity (g/min)

Texture Treartment Condensation,
g/min

vertical t-St 6,4
vertical SH 6,5
vertical Anneal 8,2
horizontal t-St 3,9
horizontal SH 4,1
horizontal Anneal 54
none t-St 3,2
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none SH 3,6

none Anneal 3,9

All the samples studied show a pattern of increasing condensate flow with
increasing surface hydrophilicity, which coincides with the results of [114]. Thus, the
hydrophilic surface obtained after firing increases the efficiency of water collection by
28 % when the structure is vertically oriented and by 38 % when it is horizontally
oriented. The stearic acid-treated and self-hydrophobised surfaces, which are relatively
close in terms of contact angles, exhibit identical condensation performance within the
measurement error.

Another significant factor is the presence of texture on the sample surface, which
increases its activity compared to a flat surface. For anisotropic textures, such as the
one used in this study, the orientation of the channels is an important factor: the vertical
orientation increases liquid removal by 64 % compared to the horizontal orientation.

During the experiment, it was observed that at the beginning of condensate
collection, surfaces with high hydrophobicity are wetted segmentally, and only after
10-15 minutes of exposure to the fog environment, a visually uniform wetting of the
sample with water is achieved, which corresponds to the transition from the initial
Cassie state to the stable Wenzel state.

The electric conductivity of the condensate, obtained in the experiment is 180
uS/cm, that is close to the values of the rain and dew water. The condensation plates
are, therefore, the perspective and low energy consuming way for the development of
water deficiency problem solutions.

It has been shown that hydrophilisation of surfaces for water vapour condensation
increases the water collection efficiency up to 38 % of the performance of hydrophobic
surfaces.

The texture obtained during the femtosecond laser treatment is in the form of
channels, the cross-section of which has the shape of a truncated trapezoid with an
upper base of 15 um, a lower base of 45 um and a height of 22 um. It is shown that on

the surface of this microtexture, an artefact structure is formed such as an inlay of
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aluminium oxide crystals with primary dimensions of 30-60 um, which are formed as
a result of metal oxidation during interaction with a high-temperature laser beam.

It has been demonstrated that after prolonged exposure of the textured surfaces,
their hydrophobisation to sufficiently high levels of water repellency occurs
spontaneously. The wetting angles reach 148°, which is close to the efficiency of
chemical post-treatment with stearic acid -154°, respectively. When fired at 380°C, the
hydrophobic layers of modifiers on the surfaces are destroyed, which leads to complete
hydrophilisation of the textures.

It was shown that textured hydrophilised surfaces are the most effective for
condensate collection. Compared to them, hydrophobisation reduces the process
efficiency by up to 28%. The orientation of the microtexture is also an important factor.
For the sample studied in this work, vertical orientation compared to horizontal
orientation allowed to increase the condensate collection performance by 34 %.

In general, it has been shown that texturing and hydrophilisation of condensing
surfaces is a promising way to increase the productivity of liquid water extraction from
steam, which can be the basis for improving existing solutions and those that are being

designed.

Conclusions to Chapter 6

Laser texturing enables the formation of micro- and nanostructured aluminum
surfaces that can exhibit either superhydrophobic or superhydrophilic properties
depending on subsequent surface treatment. Spontaneous hydrophobization occurs
over time due to environmental exposure, while stearic acid treatment enhances water
repellency up to 154°, comparable to spontaneous effects (~148°).

Surface polarity significantly affects water vapor condensation efficiency.
Hydrophilic textures obtained via high-temperature annealing collect up to 38% more
condensate than their hydrophobic counterparts, demonstrating the critical role of

wettability in passive water harvesting applications.
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The orientation of anisotropic textures strongly influences condensate removal.
Vertically aligned channels enhance water collection by up to 64% compared to
horizontally oriented ones, indicating that structural directionality must be considered
in condenser design.

Textured hydrophilic surfaces outperform hydrophobic ones in condensate yield,
despite lower contact angles. This highlights the importance of optimizing both surface
chemistry and texture geometry to maximize efficiency in atmospheric water collection

systems.

The results of this chapter were published in:

Myronyuk, O.; Li, C. Use of textured surfaces for condensation of water vapour
and mist. Water And Water Purification Technologies Scientific And Technical News
2024, 37 (3), 50-56. 10.20535/2218-930032023301987. ISSN 2521-151X
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CONCLUSIONS

t has been established that the water-repellent performance of organo-mineral
surfaces is largely governed by the structural characteristics of these coatings.
Specifically, at a certain ratio between the matrix polymer and the texture-forming
particles, a state is achieved in which the amount of organic matrix is minimally
sufficient to form a continuous composite film. This structural configuration enables
the development of composites with the most pronounced surface texture. The critical
ratio between the organic and mineral components is determined by the size and shape
of the filler particles. Moreover, when transitioning from microscale to nanoscale
particles, a greater quantity of polymer matrix is required to achieve the same level of
structural continuity.

It has been shown that in organo-mineral systems based on dispersed particles -
using red mud as an example - the water-repellent properties are governed by a
combination of key factors: the ability of the particles to form a textured coating
surface, which in turn depends on the ratio between the particles and the polymer
matrix; the surface inertness of the filler particles, with higher inertness leading to more
stable water-repellent surfaces; and the particle size, as smaller particles contribute to
higher contact angles and thus improved water-repellent performance.

Using an integrated approach based on hydrothermal synthesis, Zn-O-based
particles with tunable morphology were obtained. By adjusting parameters such as
temperature, catalyst type, reaction medium acidity, and the presence of doping agents
(e.g., titanium dioxide and silicon dioxide), it is possible to control the particle size
within a range of several tens to hundreds of nanometers, introduce hierarchical surface
structures, and tailor the shape of the primary crystals, including plate-like, elongated,
or irregular particles with complex architectures.

It has been shown that the use of hierarchical zinc oxide-based particles,
particularly those doped with titanium dioxide, leads to a significant enhancement in
water-repellent performance compared to undoped or structurally simple particles. The
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observed increase in contact angle is approximately 20°, enabling the creation of truly
superhydrophobic surfaces based on these hierarchical structures.

It has also been demonstrated that superhydrophobic surfaces can be achieved
over a broader range of nanoparticle concentrations (20-60 wt. %) when the particles
possess a hierarchical surface structure. Unlike those lacking a distinct dual-level
hierarchy, such particles enable stable water repellency even as the filler concentration
varies.

The studied materials with high specific surface area have shown strong potential
for use in atmospheric water harvesting from fog. It was found that hydrophobic
surfaces enable condensation of up to 7 grams of water per minute. In contrast,
hydrophilic surfaces-achieved either by using unmodified mineral particles or by

annealing-can collect up to 8.5 grams of atmospheric moisture per minute.
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