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Objectives

 Define and explain the concepts of surface tension and interfacial tension
« Mention examples of experimental methods for the measurement of surface tension of liquids

* Explain the physical principles behind surface wettability (Young’s equation, Wenzel and
Cassie-Baxter models)

* Distinguish between hydrophilic and hydrophobic surfaces
 Explain how we can measure contact angles on surfaces using a goniometer
 Define and explain superhydrophobicity

* Understand the difference between static contact angle, advancing contact angle, receding
contact angle and contact angle hysteresis

« Mention examples of application fields of superhydrophobic surfaces

 Discuss engineered approaches to design superhydrophobic surfaces and the respective
challenges

 Summarize the state of the art on wettability of rare-earth oxides

 Discussthe potential of rare-earth oxides as hydrophobic coating material, as well as
examples of scalable deposition techniques
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Outline

1. Theory and Fundamentals

2. Superhydrophobic Surfaces

3. Hydrophobicity of Rare-Earth Oxides
a) State of the Art
b) Experimental Results
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Outline

1. Theory and Fundamentals
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Interface: Definition and Examples

* Interface = Boundary between two spatial regions occupied by different matter, or
by matter in different physical states

« Example 1: boiling water in glas beaker
* Example 2: stack of different thin metal films
 Surface = interface, where one of the two phases is air or vacuum

 Example 3: water droplet sitting on solid polytetrafluoroethylene (PTFE) surface

Liquid water surface

PTFE surface

Interface copper — niobium
Interface water vapor (bubbles) - liquid water Interface niobium - platinum

Interface liquid water - PTFE

Interface glas - liquid water
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Surface Tension: Two Examples in Daily Life

 Paper clip can float on water (density ~ 8 g/cm3 >> water, but does not sink...)
* Water strider can «walk» and slide on water surface, without sinking

 Thisis due tothe surface tension of water (next slide)

 Water-repelling hairs called micro setae, which distribute the insect weight and at
the same time create a superhydrophobic surface

7 Matteo Donati
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Origin of Surface Tension

* Surface tension is the tendency of a liquid to assume the
shape that minimizes its surface area and therefore its energy

* Matter property arising from the cohesive forces between
molecules such as van der Waals forces and hydrogen bonds

* Molecule in the midst of a liquid: energetically favorable state
(sum of cohesive forces with all molecules in its neighborhood
is zero). Equal attraction in all directions

: is not equally pulled in all
directions, in fact it loses half of the cohesive interactions with
its neighboring molecules, resulting in a non-zero net force
pointing towards the liquid

* Result: molecules at the liquid surface are pushed together
and are able to resist an external force, like for example the
weight of a water spider on water

8 Matteo Donati
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Surface Tension: Physical Derivation

Surface tension is a property of an interface which is associated with the energy
required to form the interface (work of transferring a molecule to the surface)

Let’s consider a homogeneous bulk material consisting of molecules A
Bulk cohesive energy per mole E, j:

1
EA,b :E'WAA°NA'Zb

W, 4: interaction energy between two molecules A at equilibrium distance r;
Ny4: Avogadro constant
Z,: average number of neighboring molecules to a molecule A in the bulk

W, 4 is estimated from the Lennard-Jones model: description of intermolecular
forces

Wya < 0= Eyp <0 = formation of bulk material energetically favored!

Matteo Donati
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Surface Tension: Physical Derivation

10

Bulk cohesive energy per molecule E p:
EA,b :ENLj:%°WAA'Zb
E, p: bulk cohesive energy per mole
Ny4: Avogadro constant
W, 4: interaction energy between two molecules A at equilibrium distance r;
Z,: average number of neighboring molecules to a molecule A in the bulk

Surface cohesive energy per molecule EA,S:
1

EA,S — 2 *Waa + Zs
Z: average number of neighboring molecules to a molecule A at the surface

Because at the surface we have less molecules interacting compared to inside the
bulk (Zs < Z,)we have that E, ¢ > E4,

Energy is required to separate bulk material A and create interface!

Matteo Donati
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Surface Tension: Physical Derivation

* We can now define a new parameter that we call surface tension of material A (y,4):

EAS_EAD 1
= — — = Wya-(Z.—7Z3) >0
Va aq 24, AA (s b)

EA,S : surface cohesive energy per molecule

EA,b : bulk cohesive energy per molecule

ay: area of occupancy of an A molecule at the surface

W, 4: interaction energy between two molecules A at equilibrium distance r
Z: average number of neighboring molecules to a molecule A at the surface
Zy,: average number of neighboring molecules to a molecule A in the bulk

Air/Vacuum

’ﬁ Surface

L N

Exposing area a,

—>
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Surface Tension: Two Different Interpretations

1. Y4 canbe seen as the amount of energy needed to increase the interface per unit area (surface energy)
e By pulling the string work is applied to the system: increase of soap surface area
e Workis proportional to the number of molecules transferred to the surface
e dW =y,-dA

energy| [L]
area |  |m?2

e Units:yy =

2. 7Yyg4canbe seen as aforce per unit length (surface tension)

e Assoon asthe frame is removed from the liquid soap, the mobile string spontaneosly
moves in the film direction to reduce liquid surface area

e Work done to move the string
e dW =F -dx=2-y4-1l-dx

« Units:y, = [lf;fl;“;] _ [%]

* Examples:

* Ywater (25°C) = 72 % (polar, hydrogen bond) l

*  Ygthanot (25°C) = 22 % (less polar, weaker hydrogen bond) v

*  YMercury (25°C) ~ 489 Z—g (metallic bond, strong)

12 Matteo Donati
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Interfacial Tension: Physical Derivation

Until now: surface tension (for surface in vacuum or air)
* Interfacialtension

Between two different materials (molecules A and B): y45

Definition: energy per unit area needed to create new interface between materials Aand B

Separation

overcome

adhesion Ya Created
YaB ,

surfaces of A
B(B|B|B|B YB and B
AL 45
B/ B|B|B|B B|B({B|B|B
ENREYNEN EERNE

Yap =Ya + Ve — ALyp
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Wetting

* How does a liquid droplet deposited on a solid (or liquid) substrate spread out?

Continous film

E >FE
yB ‘ i Z sub,dry sub,wet
§>0 Total wetting

Strong affinity with substrate
Ya Z ? ‘ ‘ —

Spherical cap

How can we quantively
characterize these partial
wetting states?

Law of Young-Dupré

Z Esub,dry < Esub,wet

Partial wetting Less affinity with substrate

* Spreading parameter
» Difference between surface energy (per unit area) of substrate when dry and wet

* S =Esubary = Esubwet =[Va|— (Yag +VB)

YA VB
Z — YaB

e Scenario minimizing total surface energy (more convenient)!

* Valid for smooth, chemically homogeneous substrate surfaces only

14 Matteo Donati B s 5 06'10'25n ——




The Law of Young-Dupré

Three-phase contact line, triple line

\

Gas, e.g air (G)
VL
Ys by Liquid (L) _
VsL Solid (S)

Top view

* Ys,Y; and yg;: surface tension of solid, liquid and at the interface solid-liquid acting
on triple line

* This partial wetting state is characterized by an equilibrium contact angle with the
substrate, called Young’s contact angle 8y and can be described by the Young’s
equation (derived in 1805)

* Projection of equilibrium forces onto solid plane and balance

Vs — VsL

¥s — ¥YsL — YL cos by = 0 <|cos by = )/
L

* Valid for smooth, chemically homogeneous substrate surfaces only

15 Matteo Donati
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The Law of Young-Dupré

 Consider water as liquid

 Depending on the surface wettability we can distinguish between two wettability

regimes

Oy < 90°: Surface is hydrophilic
* From ancient greek: hydor (Udwp) = water + philos (¢piroc) = love

Oy > 90° : Surface is hydrophobic
* From ancient greek: hydor (Udwp) = water + phobos (poBocg) = fear
* Max contact angle reported in literature on smooth chemically
homogeneous surface: = 120°
* Highervalues reachable only by introducing micro- and/or
nanoroughness
* Apparent contact angle
* More details later...

16 Matteo Donati g ¥ -
Zinc oxide nanorods
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Surface Tension Measurement: Capillary Rise

* Insertion of a capillary in a tank filled with wetting liquid

* Level of liquid rises in the capillary until the weight of the liquid column W and the |
capillary rise force F balance out

|
W = 2nr?hgo, F = 2nrycos@ |
rhge. |
W =F & 2nr?hgo, = 2nrycos &y = o
2 cos 6 Liomi
iquide
0;: density of liquid F 1 |
y: liquid surface tension !

g: gravitational acceleration
/

h: height of capillary rise " l h

r: inner radius of capillary tube

6: contact angle of liquid in the capillary with the solid surface v

17 Matteo Donati 06.10.25



Real Surfaces: Effect of Roughness

* Real surfaces always present some structural and/or chemical

inhomogeneities AN~AAN A\

* One of first attempts in understanding influence of roughness (fz) on
wettability: Wenzel (1936)

actual area

fr =

= >
projected (apparent) area —

* Assumptions
* Rough (fg > 1) and chemically homogeneous surface Solid

e

dx
0: apparent contact angle (real surface)
I dx: displacement of contact line
dE = fg (VSL o VS) +dx +y,cosf - dx dE: change of total surface energy
fy: Young’s contact angle

* Roughness scale < droplet size

 Onreal surfaces we define 0 as apparent (macroscopic) contact angle

* Contactline not visible (high magnification needed, e.g. if structures
dimensions < 1um)

* For simplicity: contact angle (or static contact angle, g

SCA, commonly used in literature)

G. de Gennes, F. Brochard-Wyart, D. Quere, Capillaity and Wetting
Bubbles, Pearls, Waves, Springer

18 PSI Center for Energy and Environmental Sciences
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Real Surfaces: Effect of Roughness

dE
dE = fr(¥sy —¥s) -dx +y,cosf -dx & dx = fR(¥sL — ¥s) + v, cos B

* Minimum of E: equilibrium

dE
dr frR(VsL —¥s) +y,cos0 =0
* From Young‘s equation: y5;, — Ys = —YC0S Oy

e Substitution in previous equation leads to:

—frvC0s0y + Y, cosB = 0 &|cosO = fr cosBy| (fr > 1), Wenzel’s relation

* Observations:
e If6y <90° =0 <0y
e Iffy >90°=06 >0,
—Surface roughness always maghnifies the surface wetting properties!

19 PSI Center for Energy and Environmental Sciences

Solid

P

dx
6: apparent contact angle (real surface)
dx: infinitesimal displacement of contact line
dE': infinitesimal change of total surface energy
fr: roughness factor
fy: Young’s contact angle

EENESSSSSSSSEEEE

Wenzel state
* Full contact with substrate
« High Adhesion (large contact area
droplet-surface)

06.10.25
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Real Surfaces: Effect of Surface Chemistry

Smooth, chemically heterogeneous surface with n species, where the
fractional surface area occupied by a specie i is defined as ¢@; = A"/Awt

dE = @1(¥Ysi,1 — ¥s1) - dx + @2(Ysp2 — ¥s2) - dx + -+ @n(Vsn — Vsn) - dx + v, cos 6 - dx Vapor
= Z?=1[<Pi()/5L,i — VS,i)] dx + 7y, cosO - dx, where X" p; =1 ‘

 Consider 2 species

dE = <P1(VSL,1 - V5,1) ~dx + @ (VSL,z - Vs,z) dx +yp cos 6 - dx
dE 0 0: apparent contact angle (real surface)
S P (VSL'l - VS,1) +(p2(]/5L'2 B Vs,z) TV cos dx: infinitesimal displacement of contact line
e Minimum of E: equilibrium dE: infinitesimal change of total surface energy
dE _ By ;: Young’s contact angle on specie i
Ix 01(Ys1,1 — ¥s1) +02(VsL2 — ¥s2) +vLcos6 = 0
* From Young's equation: yg,; — ¥s; = —y,C0s Oy ; wherei = 1,2

e Substitution in previous equation leads to:

—YL®1€0S Oy 1 — Y P, cos By, +y cosd = 0 ©|cosO = ¢, cos By 1 + @, cosbOy,| Cassie-Baxter relation (1944)
* Observations:

* 0 €Oy, 0y,]

6 is closer to 8y on surface consisting of the component wiht larger @

20 PSI Center for Energy and Environmental Sciences
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Real Surfaces: The Cassie-Baxter State

 Consider case from previous slide (Cassie-Baxter equation), where one of the two
species consists of air (Cassie-Baxter state)

. » Cassie-Baxter state, fakir state
Liquid .« Droplet suspended over surface asperities
i (formation of air pockets)
* Low adhesion
e Surface can be superhydrophobic with low liquid
adhesion (extremely water-repellent, later)

0

LLLLLLIlLl

Cassie-Baxter relation: cos 8 = ¢, cos GYS + g cos Oy ,
* Define:
* Ps=9=>9,=1-9¢
* Oyq = 180°(air)
* After substitution in previous equation we get:
cos@ = @ cosby s + (1 — ¢) cos 180°
& cosf =¢@cosby; +(1—¢) (1)
< cosf = go(l + cos HY,S) —1 (eq1)

21 PSI Center for Energy and Environmental Sciences 06.10.25
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Wenzel to Cassie-Baxter State Transition

* Let’s consider now a droplet placed on a rough surface. How can we predict the wetting state (Wenzel or Cassie-Baxter)?

(HEEESSESSSNNNNEN LLLL
Wenzel state Cassie-Baxter state
* Given: f (roughness), ¢ (solid fraction) and 8y ; Young’s contact angle

*  Wenzel’s relation: cos @ = f; cos Oy

» (Cassie-Baxter relation with air as one of the components ((eq. 1), previous slide): cos 8 = cp(l + cos Qy,s) -1

* Transition pointis when the two states have the same surface energy (and therefore same apparent contact angle 8). We can
therefore equalize the two equations:

freosOys=@(l+cosby;)—1 Oyg= cos‘lﬁ

* Whatis the range of 0y ; that leads to Wenzel state and Cassie-Baxter state, respectively?

= const

* Atthis transition point, we define and use the critical Young’s contact angle 6y .
191
fR—@

Oy . = cos™

Observations
* Iffy s < by, = Wenzel state

* If by > Oy = Cassie-Baxter state

22 Matteo Donati 06.10.25
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Dynamic Interactions Liquid-Solid on Real Surfaces

Until now: static interaction droplet-substrate

23

What happens when we consider dynamic interactions?

Droplet sliding on a tilted plane under effect of gravity (balance: Fyq = F; - sin )
Contact angles at the front and back are different (droplet is deformed)

Front: advancing contact angle (ACA, 6,)

Back: receding contact angle (RCA, 6,)

Contact angle hysteresis (CAH, A8;, = 6, — 6,.)

0, <0,A7A0,>0

Observations:

CAH is the result of surface inhomogeneities (structural and chemical), tipical of real

surfaces

Information on droplet adhesion

Adhesion forces F,; ~ AGy,

Contact area (Wenzel vs. Cassie-Baxter states), surface chemistry

Low CAH: low adhesion, better droplet mobility and easier droplet removal
SCA between RCAe ACA, 0 € [6,,0,]

In literature: often only static contact angle, not sufficient, low CAH difficult to achieve

Matteo Donati

Wenzel state

Cassie-Baxter state

06.10.25
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Superhydrophobic Surfaces

* Superhydrophobic surfaces: extreme water repellency
* Definition of superhydrophobic surface: 8 > 150°

* Only possible with micro- and/or nanoroughness —ul.— o e &ﬂ-

Microstructured Nanostructured Hierarchically-structured
* High Af;: high adhesion

 Small AGy: low adhesion

* Examples from nature

30 um

Rose petal, hierarchical, high CAH (low
Nanostructures density)

Microgrooves

Butterfly wing (Blue Morpho Didius), hierarchical,
low CAH, self-cleaning

06.10.25
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Real Surfaces: Wetting States of Hierarchically-Structured Surfaces

* Possible wetting states on surfaces with combined micro- and nanostructures
* Water adhesion can be tuned depending on the application

ATTTITR

- 1L101

Classic Wenzel state Micro Wenzel, nano Classic cassie-
(micro and nano) Cassie-Baxter states Baxter state (micro
and nano)

Micro Cassie-Baxter, Hybrid state (partial
nano Wenzel states water penetration)
25 PSI Center for Energy and Environmental Sciences
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Surface Wettability of Real Surfaces: Summary

 Consider water as liquid
* Depending on the surface wettability we can have four different scenarios

’
6 < 90°: Surface is hydrophilic Il
NP
\
6 > 90° : Surface is hydrophobic \\ 0
O

6 > 150° : Surface is superhydrophobic
* Micro- and/or nanoroughness necessary

Superhydrophobic yttria coating

26 Matteo Donati 06.10.25
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Measurement of Contact Angles: The Goniometer

Syﬁhges
Syringe
Camera P
/ Light Camera Droplet
/ Droplet Substrate

~. / Ouo

==

27 Computer/software 06.10.25
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Measurement of Contact Angles: Static Contact Angle 0

* Procedure
* Place sample on stage

 Dispense awater volume of 5 — 10 uL

If too much: risk of droplet deformation under effect of gravity and measure wrong
values, especially for superhydrophobic surfaces

Place base line at correct position (height and inclination)

Too much water

Manual or automatic measurement 8 with software

&R SCA20 - Software for OCA and PCA - Live Window

[m] X
SN ORE &6 & Stop all Emergency Stop

File Edit View Image Profile Sequence Device Processing Window Help

# LiveWindow X | @ MovieWindow1 (modified)
fa)  General

28

Matteo Donati

New

& Live Windo:

[HH Resutt Collection Window
[} Movie Window

SE SE Calculation Window
ST SFT Analysis Window
WA Adhesion Window

sample 1flat.seq

flat surface.seq

curved surface bad.seq
2. More Documents..

(% General..
5 Framegrabb
eeeeee

Show device p
& Device

Performing default calcualtion

T MSessile drop NET A - V-N A e [}

-
& &

stop €
Dosing volume [uL]

"CAleft: 97.1°

CAright: 97.4°

Grabbing ...

8.000

L]
[ continuous dosing
Dosing rate [ulL/s]

1.00 -select- v

q i
Dispense | v | | Rev. Disp.
Needle Up! | |ARCA.. v
Syringe - Liquid
Hamiton 500 pl

Water

i 12792 mson: o2 |l |Eles2 |ES
GRABBING 502,003 251 E

Correct amount of water

06.10.25
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Measurement of Contact Angles: Advancing Contact angle, Receding
Contact Angle and Contact Angle Hysteresis

* Procedure

« Sample on stage

* Video aquisition start

* Follow steps shown on picture below

* Video aquisition stop
* From video: manual or automatic evaluation of ACA 6, and RCA 6,.(same procedure as for SCA 0)
* CAH calculation (A8, =6, — 6,.)

a) Initial drop b) Contact angle increases, ¢) Contact angle remains d) Contact angle decreases, e) Contact angle remains
contact line stays stable stable, contact line advances| contact line stays stable stable, contact line recedes
—— baseline
« = » change in
baseline
29 Matteo Donati 06.10.25
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Outline

2. Superhydrophobic Surfaces
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Applications of Superhydrophobic Surfaces

 Self-Cleaning
e (Condensation heat transfer
* Anti-icing

* Dragreduction
* Anti-fogging
* Antibiofouling

§
+ Antibacterial sl ] ; - =
* Anti-corrosion o : -
e Water-oil separation . W LA A
mem

31 Matteo Donati 06.10.25
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Applications of Superhydrophobic Surfaces: Self Cleaning

* Contactangle 8 > 150° and CAH A8,, < 10°

, , Example: superhydrophic zinc oxide surface
* Passive contaminants removal

e Textiles (tablecloth, spilled liquid doesn’t wet surface)

F gl E g X 9

IMW% O_\
Spray coating of

o 4 l,‘
4 FFg I
F I o)
commercial

52 » . .

. . p 4 ( 4 \ ";’ 3 oY "‘ v‘_' :.. . s - 'A .

Hydrophobic Superhydrophoblc \‘/ < ~aly S N fluoroalkylsilane-water
surface surface o solution (FAS)

* Solar panels (dust, increase efficiency)

/

nanostructuring
process in water

(b)

ACA =160°
CAH =~ 5°

= AN

FAS coated ZnO

oo

f 1]

ST T R e

32 Matteo Donati ’ 06.10.25
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Applications of Superhydrophobic Surfaces: Condensation Heat Transfer

* Thermal power plants

= . | |9
- - = usual condensation |
L _ 1 > mode in industry! st
Hydrophobic/superhydrophobic et il i

* Condensation heat transfer (CHT) is a common and crucial phenomenon in many processes

Condensation islands growth via Surface flooding, filmwise

surface direct condensation and merging condensation (bad CHT)
e | e
—> —>a,

Nucleation Growth Growth via coalescence

via direct condensation and direct condensation dr:r::/?slztciLdélr;i'sg':?czlrlmt{gig\éegll-lT)
Heat
. Droblet iUmi il flux
Superhydrophobic df_ope _Jump_'“g'dcap' ary .
riven, jumping dropwise q vapour
nanostructured condensation (excellent CHT) _ p
surface . Esurf,l + Esurf,z > Esurf,s
Hierarchically-structured aluminum coated ' 3
Length with hydrophobic polymer (few nm)
scale 1 || 1 1 | >
~nm ~NM-Jm ~pm ~pm-mm ~mm vvy
: - cooling
» Effect on thermal power plants: higher overall power plant efficiency e.g. thermal power plant less surface

CO:z emissions and less fossil fuel consumption
* Effect on water harvesting: better yeld, more water colllected per time unit 061025




Applications of Superhydrophobic Surfaces: Anti lcing

* lIcing: problem in many sectors

* Aviation (drop in aerodynamic efficiency, weight increasing, ...)

* Wind turbines (loss in power ouput, mechanical damages, ...)
* Current procedure: active ice removal (mostly using de-icing fluids)

* Possible solution: superhydrophobic surfaces (icephobic, afraid of ice) s

* How can we define icephobicity?

force force
before after

Reduced defrosting time _

impact
before after
before after

on a superhydrophobic surface
Conditions: P_ = 1 bar; Cold nitrogen flow

F A S IR N SR Freezing and self-dislodging of a water droplet
5% Bab e :
23 LT

* Example: spontaneous ice removal on nanostructured

MMM MTMT
MMM AMMT

superhydrophobic glass (coated with perfluorodecyltrichlorosilane)

34 Matteo Donati
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Superhydrophobic Surfaces: Current Challenges

* 3usualfabrication methods (on ceramics and metals, mostly hydrophilic materials)

Substrate Microstructures Nanostructures Ultrathin hydrophobic coating .
Wet etching, dry etching, mechanical abrasion Spray-coating, chemical “' S
(if substrate not already rough) vapor deposition, ... ‘ - B _J
i Consumer products sy el).l(:g‘:unre
FVVVVVVVVVVVVVY] il =
Substrate Hydrophobic coating Micro- and/or nanostructures - H S =
) ) Industry = Py
Spray-coating Wet etching, dry etching ‘ di, sl v N ‘
Waste infrastructure
- = PFAS 0~
Mechanical Forever chemicals in ﬁ‘ 'tl'rgnfsie{
. O Infants
A Adddddlddddd Chemical everyday productSQ Bioaccum_ulation in v 3 o Breast milk
Substrate Superhydrophobic coating Icing/de icing cycles Q/ organisms, Sl — Cord,b'OOd
) ) . ” Association with a =
Spray-coating (hydrophobic Condensation number of diseases ' & ‘
. . . Envi -
materlal‘+partlcl‘es), Coating removal, SN kg ey
commercially available Generally bad
]
Wet/dry etching Durability , - NN o Cf_T
. - 4
Spraying Mainly per- and £ oH F F/n
: - polyfluoroalkyl FREFFFFPFO
Chemical vapor deposition PFOS PTEE
OK! U substances (PFAS)
* fluorinated silanes . ¢ H F
. Scalability Sustainability T 105%Y e .
At the moment: still a challenge » fluoropolymers F F} { i J i F{ & (l;—cl;
3 ege F 5
(especially durability and Bad! FDTS H F],
sustainability) PVDF

Possible coating candidates:

i i i — 06.10.25
Rare-earth oxides (REOs) Industrial appllcatlons I - e — m ,
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Outline

3. Hydrophobicity of Rare-Earth Oxides
a) State of the Art
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Rare-Earth Oxides

Rare-earth oxides (REOs): class of ceramics

Advantages
1.
2.
3. Great mechanical durability
4. Good thermal stability
5. Fluorine-free
6.
7.
methods (sputtering, plasma spraying, ....
8. Self-healing properties
slides)
37 Matteo Donati

Hydrophobic materials (according to literature)
No need of additional hydrophobic coating (less fabrication steps)

Easily available as cheap recycled REOs mixtures (electronic industry)
Coating can be applied on a wide range of substrates using scalable

| Still confusion in understanding the
mechanism of hydrophobicity of REOs (next

18

Nonmetals Metalloids
Alkali metals Halogenes

Alkaline Earth metals Noble gases

Transition elements Lanthanides

13 14 15 16 17

Other metals Actinides

5

6 7 8 9 10 11 12

58

59 60 61 62 63 64 65 66 67 68 69 70 7
Ce Pr

1401 1409 1442 (147) 1673 1689 173 175

Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

PO OOO®
.0.0@.

c,0, (LaCe),0, (LaCe)zOS

O--O.
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Why Are Rare-Earth Oxides Hydrophobic?
Possible Explanations (1)

Aluminum oxide Rare earth oxides

First attempt in explaining the mechanism of hydrophobicity: 2013 (@) (®)

Aluminum oxide (common ceramic): water molecules interact with both,

oxygen and aluminum atoms (hydrogen bond). We have two bonding sites.
REOs: the empty orbitals (on 4f) are shielded by an electrons octet, ? ? ?

vy

minimizing the hydrogen bonding of water molecules with the rare earth
atoms. Oxygen atoms are the only bonding sites.

Rare-earth oxides are intrinsically §°\@ Q ‘

hydr h [ Empty 3p orbital lence band
yd o p Ob c e Octet outer shell Empty orbitals on (4f)
55%p° inner shell

Hydrophobicity governed by O/RE ratio at
the surface

|

Water drop impact on patterned rare earth oxide

Steam Condensation
t=-5.0ms

SCA =160°
CAH <10°

38 PSI Center for Energy and Environmental Sciences
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Why Are Rare-Earth Oxides Hydrophobic?
Possible Explanations (2)

* More recent studies: REOs are inherently hydrophilic

* The apparent hydrophobic nature of these surfaces is due to the
gradual adsorption of hydrophobic volatile organic compounds (VOCs)
from the environment (contaminants, e.g. from pollution)

* Long-chain hydrocarbons (CH;3(CH,),,CHz}—
» Fatty acids (CH3(CH,),COOH) —

REO surface

Hydrophobic chain

 PFAS?
e Other?
* Otherfactors influencing REOs hydrophobicity (research stil ongoing)

 Lattice constants

: . 4 T B
* Crystal orientation ﬁ_’ . | . ] .
. at/Z e e oSN
* |In general: still confusion in literature (mechanism not fully

understood yet)

39

— Hydrophilic head QO

activation with OH-

/\/\/\)J\ HO
OH

HO

groups via UV (e.g.
from sunlight)

Chemicla bond with
substrate and
release of water

Adsorption and Surface State on the Hydrophobicity of Rare Earth Oxides, ACS
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Example of Hydrophobic VOCs Adsorption on REOs Surfaces

* Research paper:

40

Ceria and holmia pellets prepared by dry pressing and
sintering

At t=0 surfaces cleaned via argon ion bombardment holmia
Both surfaces initially hydrophilic

Gradual transition to hydrophobicity via hydrophobic volatile
organic compounds absorption

Hydrophobicity maintained even after exposure to ®1000°C
Very stable!

hr 24 hr 48 hr 96 hr 2448 hr

- amamd® O 6.0 M

c) 50 pm

roime —-“. a‘

PSI Center for Energy and Environmental Sciences
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Outline

3. Hydrophobicity of Rare-Earth Oxides

b) Experimental Results

41 Matteo Donati _ 06.10.25
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Proof of Concept: Hydrophobic VOCs Adsoption on REOs (CeO,)

42

Sample: smooth sapphire coated with = 20
nm CeQO, via pulsed laser deposition (no
effect of roughness)

CeO, cheap, known film growth conditions
Cristal growth direction [100]
Exposure to lab environment

Static contact angle (SCA) increases with
time (in agreement with literature)

Process is reversible and reproduceable
(hydrophobicity self-healing)

Hydrophobicity increase quite slow
Complex process, (most likely ) affected by
Air contamination
Type of contaminants
Humidity

Temperature

Static contact angle [°]

70

60

10

20

30
Time [days]

40

50
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Fabrication Process of CeO, Pellets

e Starting material: ceria powder, d, <5 um, cheap
e Slurry preparation (additives: PVA (5 wt.%), PEG (5 wt.%) and water (50 wt.%))
* Ball milling (particle size reduction)

* Powder preparation by spray drying (spherical particles, good powder flowability)

Drylng Atomizer
gas =>

0909 Liquid feed
Drying |
chamber
=> Exhaust
gas
b | cyclone
Dry particles  Limitations of spray dryier (lab scale)
collector

* Particle size
* Amount of produced powder

43 PSI Center for Energy and Environmental Sciences 06.10.25
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Fabrication Process of CeO, Pellets

e Starting material: ceria powder, d, <5 um, cheap
e Slurry preparation (additives: PVA (5 wt.%), PEG (5 wt.%) and water (50 wt.%))
* Ball milling (particle size reduction)

* Powder preparation by spray drying (spherical particles, good powder flowability)
* Dry pressing of pellets (diameter: 10 mm, height: 2 mm)
* Calcination and sintering (8h @ 1615 °C)

* Step optimized by means of thermomechanical analysis

4 8h @ 1615 °C, closed porosity

06.10.25
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Fabrication Process of CeO, Pellets

 Starting material: ceria powder, d, <5 um, cheap
* Slurry preparation (additives: PVA (5 wt.%), PEG (5 wt.%) and water (50 wt.%))
* Ball milling (particle size reduction)
* Powder preparation by spray drying (spherical particles, good powder flowability)
* Dry pressing of pellets (diameter: 10 mm, height: 2 mm)
* Calcination and sintering (8h @ 1615 °C)
* Step optimized by means of thermomechanical analysis

* Goal: tuning of temperature and time to minimize porosity

Pollshlng smooth surface, ellmlnatlon of pOSS|ble |mpur|t|es

“v ( z ,_‘ »': ‘ T e ~ ;'».
I = e R ey e
._ * .’ o . e
$os e R -
: X ‘.“_ G w. g
’ 3 c 6 T il ’ o
% -~ e B 1-,; s *
: l o o e\ .
o Qe ; , o
ST S ‘.:.' :
; p R eae s i Ll e
20um : 2OpIMC © b e
45 - o S, : 06.10.25

Before polishing After polishing
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Accelerated Hydrophobic Volatile Organic Compound (VOC)
Adsorption Test on CeO, Pellets

* From results of surface deposited via PLD: VOCs adsorbtion is a slow process
* Procedure for accelerated test:

e C(Clean surface with acetone, ethanol and water
* Surface activation via O, plasma (similar effect than UV coming from solar light)
* Promote reactivity with VOCs and better adhesion (higher surface energy)

Plasma

OH OH OH OH OH
[ ——

substrate

46 PSI Center for Energy and Environmental Sciences —
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Accelerated Hydrophobic Volatile Organic Compound (VOC)
Adsorption Test on CeO, Pellets

* From results of surface deposited via PLD: VOCs adsorbtion is a slow process
* Procedure for accelerated test:

 C(Clean surface with acetone, ethanol and water
* Surface activation via O, plasma (similar effect than UV coming from solar light)

* Promote reactivity with VOCs and better adhesion (higher surface energy)
* Exposure to VOCs-rich atmosphere

* Organic compound used (from literature) Hycrophobic chain HO 0 aurtace
. . Hydrophilic head o activation with OH-
i DeCanOId aC|d /\/\/\)J\OH HO groups via UV (e.g.
O from sunlight)

\/\/\/\)J\ "
OH

/\/\/\)J\O Chemicla bond with

/ substrate and
release of water

47 PSI Center for Energy and Environmental Sciences
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Accelerated Hydrophobic Volatile Organic Compound (VOC)
Adsorption Test with Decanoic Acid

120

100

80

Static contact angle [°]

48

Decanoic acid on CeO, pellets
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PSI Center for Energy and Environmental Sciences
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Tests with Recycled REOs Mixture

49

Recycled REOs powder mixture (from electronics industry)

Low-cost
Chemical analysis
Mainly composed by yttria
Presence of other REOs
Traces of SO,
Presence of CaO content
Pellet preparation:

Oxide Y203 EUzOg CEzOg Gd203 Tb203 CaO 503
Wt.% 86.97 4.19 1.43 1.38 0.95 3.71 0.35

Calcination and sintering (2h @ 1490 °C),

optimized process
Polishing

Cleaning (acetone, ethanol, water)

O, plasma

Decanoic acid deposition (1h 15’ @ 100 °C)

PSI Center for Energy and Environmental Sciences

SCA = 109°

Similar wettability
as CeQO, pellets



Scalable Deposition Techniques for REOs: Sputtering

ground

* Thin coatings (down to few nm to few um) T

* Allow conformal coating on micro and nanostructures spucr_| » ‘.'.:

« Custom-made targets (e.g. made of recycled REOS) e \V/)‘

* Not tried yet but experiments are planned | Targee |

High voltage -

Conformal
coating

50 Matteo Donati
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Scalable Deposition Techniques for REOs: Plasma Spraying

 Plasmaisthe 4th state of matter: ionized gas based on free ions and electrons oo | 2t |

« Canbe applied on substrates able to withstand high temperatures

* Key points for coating homogeneity (thickness):
* Constant feeding rate
* Need of good powder flowability (e.g. particles synthesis via spray drying)
e Particles should ideally be spherical and not too small (> 50 um, reduction of
cohesive forces)

* Working on this technique to deposit REOs
* Successful deposition on metals, working on ceramics (thermal shocks)

2 IsmaJet =
ARSI

L :
C

= .
oy Substrate

] Arc .
| Molten Particle Splat
. Anode
- +
# Cathode
Water Ar,H, Water
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Plasma Spraying: Preliminary Results

Powder: native CeO, (different from the one used for pellets, cheaper)
* Substrate: Stainless steel

10 _100
d50= 13.5 um ﬂr/n g Cross section
g 5 5o 4
0+ L e S At e " -~ v I e . -:-0
0.010 0.100 1.000 10.00 100.0 1000 3000

Diameter (um)

Top view (presence of roughness at different length scales)

;| A NESERL . A

EHT= 1.00kY  Mag= 100 X Stage o

Signal A = SE2 Wo= S56mm

EHT= 1.00kY  Mag= 1
Signal A = SE2 WO = 34mm

i
IUERACS 1450 1T
Signal A=SE2  WD=3Amm  swg 26 flat top4.tif -Esl-

52 Matteo Donati Very low pOI’OSity, compact ;5



Wettability of Plasma-Sprayed CeO, Coating

Cleaning (acetone, ethanol, water)

Oxigen plasma activation

Decanoic acid deposition

Superhydrophobic regime (contact angle = 155°)
Contact angle hysteresis = 25°

Rinsing with isopropanol

No changes in wettability (hydrophobic molecule

chemically bonded with substrate)

53 PSI Center for Energy and Environmental Sciences 06.10.25



Observations and Next Steps

54

REQOs: promising candidate materials to fabricate hydrophobic/superhydrophobic surfaces
 Cheap (recycled REOs mix powder)
 Deposition via scalable deposition techniques
 Environmentally friendy (no PFAS)
Surfaces can show self healing effects
* Durability has to be fully evaluated
* Qutdoor tests (ambient exposure, for outdoor applications)
* Mechanical tests
* Chemicaltests
 Condensation peformance
* Anti-icing performance

Matteo Donati

06.10.25

Jlen wikipedia.org/wiki/Rare-earth_element
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Thank you for your attention

06.10.25
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