Open Access Article. Published on 20 January 2022. Downloaded on 2/11/2026 3:47:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Theoretical investigations on the
superhydrophobicity of intrinsic hydrophilic
surfaces with overhang microstructures

i '.) Check for updates ‘

Cite this: RSC Adv., 2022, 12, 2701

P. Xu,® J. R. Bai,? P. Zhou,? L. L. Wang,? X. N. Sun,? L. Wei ©**° and Q. F. Zhou*?

It has been accepted generally that it is necessary to obtain the so-called surface superhydrophobicity on
intrinsically hydrophobic materials. However, recent experiments have indicated that it could be possible to
prepare superhydrophobic surfaces on intrinsically hydrophilic materials by creating adequate roughness. In
this work, such a strategy for surface superhydrophobicity on hydrophilic materials with an intrinsic contact
angle less than 90° was demonstrated thermodynamically based on a proposed 2-D analytical model. In
particular, different (trapezoidal, vertical and inverse-trapezoidal) microstructures were employed to
analyze their wetting states such as composite and noncomposite and superhydrophobic behavior as
Based on the thermodynamic
calculations, it was demonstrated that for an overhang microstructure, intrinsic contact angle, which was
restricted by the sidewall angle of micropillars, was not an independent parameter to affect
superhydrophobicity. Furthermore, an overhang microstructure was critical to realize the transition from

well as the previous corresponding experimental observations.

hydrophilicity to superhydrophobicity, and for such a transition, the sidewall angle should be less than
the intrinsic contact angle where a positive free energy barrier could support the liquid/vapor interfaces
and separate the Wenzel and Cassie states on such hydrophilic surfaces. Most importantly, it was found
that for such hydrophilic surfaces, generally, the free energy of the noncomposite or Wenzel states were

Received 23rd May 2021 lower than that of the composite or Cassie states for those trapezoidal, vertical and inverse-trapezoidal

Accepted 11th January 2022
microstructures, implying that once a noncomposite state was formed, it can hardly become

DOI: 10.1038/d1ra04004a a composite state, or in other words, even if superhydrophobic behavior was possible, it could be

rsc.li/rsc-advances temporary or unstable.

Although hydrophobicity can be enhanced by a chemical
modification that lowers the surface energy, contact angles

1. Introduction

It is well known that the wettability of solid surfaces is not only
dependent upon their chemical compositions but also closely
related to the micro/nano-structures on their surfaces.”?
Superhydrophobic surfaces with large water contact angles
(CAs) and small contact angle hysteresis (CAH) have attracted
strong interest in various industries due to their unique liquid-
shedding or droplet-sliding properties over the past two
decades.*® The excellent wettability of these surfaces has shown
wide potential applications, such as self-cleaning glasses, bio-
logical scaffolds, microfluidics, lab-on-a-chip devices, coatings
for automotive and aerospace vehicles, and textiles.>™*
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larger than 120° have never been achieved for water on ideal flat
surfaces. Therefore it is generally thought that all super-
hydrophobic surfaces result from originally hydrophobic
substrates with surface microstructures. This has been
demonstrated well, e.g., for a CA of the order of 100-120° on
such flat surfaces, a microstructured or rough surface shows an
amplified CA as high as 150-175°.>"°

However, some studies indicted that roughness can also lead
to the superhydrophobicity on a hydrophilic surface. For
example, for example, Otten et al. have found that a water
droplet can be held by hydrophilic hairs on the leaves of Lady's
Mantle.'® Apart from leaves of natural plant, some artificial
superhydrophobic surfaces have been prepared on some
hydrophilic materials without low surface energy modifica-
tion."”® Furthermore, two approaches to achieve hydropho-
bicity on inherently hydrophilic surfaces have been developed.
One is to make hydrophilic substrates with cavities and the
trapped air in cavities can inhibit the liquid from wetting the
surface. Abdelsalam et al. have proved that the contact angle of
gold surfaces can be larger than 130° if the substrates are
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decorated with 400-800 nm pores.'® The other one is to prepare
re-entrant or overhang microstructures, such as T-shape or
inverse-trapezoidal structures, on substrates.”?* Cao et al
showed that the overhang microstructures can induce super-
hydrophobicity on Si substrates with an intrinsic contact angle
74°." Furthermore, it has proved that the T-shape microstruc-
tures can induce superhydrophobic behaviors on hydrophilic
surfaces without any organic modifications.*

Although the above results have experimentally demon-
strated that the superhydrophobicity can be achieved on
hydrophilic surfaces with very rough microstructures. However,
the theoretical explanations have not been completely under-
stood. For example, Liu et al*® studied closed/airproofed
microstructures and some special topologies of the pillars or
hairs on solid hydrophilic substrates, considering the effect of
Laplace pressure and a certain geometric condition on the
formation of Cassie's state. Marmur> theoretically analyzed the
possibility of high contact angle from low contact angle surfaces
for concave and convex roughness topographies and found that
concave parts of roughness topographies may not enable
a Cassie's state, while convex roughness features may enable the
formation of hydrophobic surfaces from hydrophilic materials.
On the contrary, Patankar® considered the energy of drops on
surfaces with cavities, and theoretically explained the possibility
of hydrophobic surfaces with cavities from hydrophilic mate-
rials. In addition, McHale** compared the surface free energy
(FE) changes based on Young's law, and explained hydrophobic
tendencies induced the roughness hydrophilic solid surfaces.
Here it is noted that the above studies are in agreement with
specific experimental observations, and can advance our
understanding of superhydrophobic behavior on hydrophilic
surfaces. However, these studies have never addressed the
stability for such superhydrophobic behavior. In particular, the
explanations and discussions about local surface curvatures in
these studies are qualitative. Therefore, it is necessary to
conduct a quantitative thermodynamic analysis on the super-
hydrophobicity on hydrophilic surfaces, especially, with a over-
hang microstructure.

In this work, based on a proposed 2-D model, we mainly
investigate and analyze thermodynamic states and wetting
behavior of the above overhang microstructures with an aim at
the possibility of superhydrophobicity on hydrophilic surfaces.
By such an analysis of free energy states, the effects of topo-
graphical features and in particular, intrinsic hydrophilic
surfaces on contact angle and contact angle hysteresis as well as
composite or Cassie's state can be obtained in order to reveal
the thermodynamic mechanism for the superhydrophobicity on
hydrophilic surfaces.

2. Thermodynamic analysis

2.1. General 2-D model

The contact angle (CA) of a droplet on an ideal smooth solid
surface can be given by classical Young's equation

yla cos 0Y — ysa _ 715 (1)
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where 6y is Young's CA, i.e., intrinsic CA. v'3, y** and ' are the
surface tension at liquid-air, solid-air and liquid-solid inter-
faces, respectively. For a rough surface, it is well known that two
wetting states may occur if a water droplet is deposited on the
surface: the noncomposite (i.e., complete liquid penetration
into the troughs of a roughness surface) and composite (i.e., the
entrapment of air in the troughs of a roughness surface) states.
Fig. 1 shows a pillar microstructure surface and the two states.
Note that the surface microstructure is uniformly constructed
from the constant geometrical parameters of pillar width (a),
spacing (b) and height (%). The apparent contact angle of the
noncomposite is given by Wenzel's equation®”

cos fw = r cos by (2)

where r is the roughness factor as the ratio between the actual
area and geometric projected area for a wetting surface; for the
2-D model r can be written as:

r=1+2hi(a + b) (3)

However, the apparent contact angle for the composite can
be calculated using Cassie's equation®®

cos c =ficos by + f; — 1 (4)

where f; is the solid-liquid contact area fraction of the substrate
for the 2-D model and can be written as:

fu=al(a + b) = 1/(1 + bla) (5)

Based on the previous studies,** a 2-D model is proposed to
analyze the pillar microstructured surface with a set of
geometrical parameters (see Fig. 1). Therefore the thermody-
namic analysis of the wetting states related to the surface
texture geometry and numerical calculations of free energy and
free energy barrier corresponding to contact angle and contact
angle hysteresis respectively can be conducted by the free
energy and geometrical equations. For this model, some

Noncomposite
(liquid intrusion)

(a) z

<>
®) Composite
(air intrusion)
X

Fig.1 Schematic of a 2-D pillar microstructure. (a) Noncomposite; (b)
composite.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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assumptions for the thermodynamic analysis should be fol-
lowed as:*°

(1) 1t is generally accepted that the gravity, chemical
heterogeneity and interactions between water and solid and
between fluidic molecules within droplet and molecules within
solid can be ignored.

(2) The droplet is millimeter scale and is large enough
comparing with the dimension of surface asperities. As a result,
the line tension, i.e., the excess free energy of a solid-liquid-air
system per unit length of the three-phase contact line, becomes
extremely small and makes little contribution to the wettability
for such a macroscopic droplet.

(3) Based on the above assumptions, the droplet is spherical
in the absence of gravity and liquid volume conservation can be
kept. Therefore on a horizontal solid surface, this assumption is
reasonable as the gravity centre of the droplet will not change
significantly as a result of the liquid front movement. Thus, in
the present 2-D model, the droplet area should be constant.

For the noncomposite state (see Fig. 1), if a infinite small
change, the droplet advances from reference point A (associated
with CA of §, and droplet size L,) to the neighboring point B
(associated with CA of s and droplet size Lg) (see Fig. 2). Due to
the constant droplet area in x-z plane for the 2-D model, i.e., the
constant droplet volume for a 3-D model, the geometrical
equation can be expressed as:

LA? Lg?

Oa — Lpa%ctg Oy = 03% — Lg? ctg O (6)
sin” g

SiIl2 7 A

The free energy for the two states can be written as,
respectively.

OAL
Fa=y"22tay+C (7)
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Fig.2 Schematic of variation of wetting states for a droplet from state
A to B (or to C) along the contact line.
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1a O8LB
sin Og

Fp = +ay? +C (8)
where C is the free energy of the unchanged portion for the
system (e.g., the free energy is associated with solid-liquid
interface beneath the droplet from A to B). Young's equation is
locally valid, meanwhile, based on eqn (7) and (8), the change of
free energy (i.e., free energy barrier) from A to B can be written
as:

Ly La

AFAHB/’Yla = <0B 0A ) + a cos ey (9)

sin @z sin O,
If the droplet recedes from A to the neighboring point C

(associated with CA of . and droplet size L, respectively) (see
Fig. 2), the equivalent equations can be expressed as:

Ly* L
0A ) — LAZ ctg 0A = ﬁc ) — LCZ ctg 0C + 2bh (10)
sin” O sin” fc
Lc La
AFALc/v® = [ 0c— — 04— — (b + 2h)cos 0 11
A C/Y < Csin Oc sin 6‘A) (b+2hjcos by (11)

Therefore, similarly, for the composite state, the droplet
advances from reference point A to the neighboring point B or
recedes from A to the neighboring point C (see Fig. 2), the
geometrical equation can be expressed as:

LAz 2 LBz 2
Opa————La"ctg s =0 ——— Lp~ ctg O (12)
sin” O sin” Oy
Ly La
AFs_p/y* = (g —— — 04— 0 13
A B/Y <Bsm0B AsmeA)+acos v (13)
Ly? L’
Or———La’ctg s = 0c——— LcP ctg O (14)
sin” O sin” fc
Lc L
AFa_c/¥* = [ c— — 0p— b 15
A C/y <Csm6‘C AsmﬂA)jL (15)

It should be pointed out that a reference free energy state is
assigned as a value of zero by a random choice (e.g., the
instantaneous position A) with the initial drop size L, and 6,,
respectively. Hence, the reference state will not impact the
results of free energy barrier, which is a relative value with
respect to its neighbors (e.g., B and C). Hence, the free energy
barrier such as AFxp and AFj;c can be determined by successive
applications and numerical computations. Similarly, geomet-
rical constraint and free energy barrier equations for other
arbitrary instantaneous position can be derived.

2.2. Unified treatments

In the present work, based on the above general 2-D model, for
the different overhang microstructures, further unified treat-
ments are conduct necessary in order to investigate effects of all
the topographical features and geometrical parameters on
superhydrophobic behavior on intrinsic hydrophilic surfaces.

RSC Adv, 2022, 12, 2701-2711 | 2703
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In particular, unit height free energy barriers (UHFEB) is
proposed to clarify the thermodynamic mechanism for the
superhydrophobicity on hydrophilic rough surfaces.

For a comparison, three different surface microstructures
with inverse-trapezoidal pillars, vertical pillars and trapezoidal
pillars were employed in the present work, as shown in Fig. 3.
For the unified treatments, « was defined as sidewall angle, H
was pillar height, a was pillar width, and b was pillar spacing. If
the liquid/vapor interfaces moved down the pillars, the inter-
mediate state would form, and the penetration depth of the
drop was defined % (Fig. 3(c)). Because the drop was spherical,
the drop length L, equaled R sin #f where R was radius, and
6 was the apparent contact angle if the penetration depth was &
(Fig. 3(b) and (c)). The number of micro-pillars contacted with
the drop can therefore be expressed as:

n= 2Ly + b)l(a + b) (16)

For the vertical pillar microstructure, the geometrical equa-
tion can be expressed as:

L’ L’
K 2ot 6 = 6, — Zkakh

[%
k .
sin” 6 sin

— L cot 6" + (n — 1)bh

(17)

If the penetration depth of the drop was £ (Fig. 3(c)), the free
energy can be expressed as:

(18)

E" = ysyLiy + ysLLéL + vivLiv

X lal
T_I 00

inverse-trapezoidal pillars

| |
L
le——|

(b)

vertical pillar

(a)
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where v and L represented the interfacial energies and inter-
faces. The interfaces were distinguished by subscripts SV for
solid/vapor interface, SL for solid/liquid interface and LV for
liquid/vapor interface, respectively. If the liquid/vapor inter-
faces moved down Ah, the free energy barriers could be
expressed as:

AE — EMah _ ph

20,4 L 20kth)
= — +2 n—1)Ah—-2 n—1)Ah
TLv (sin 0kh+Ah sin 0k;, 'YSL( ) YSV( )
20,4, 20kth)
= — +2 — n—1)Ah
TLv (sin HkthAh sin 0kh (vsL = vsv)( )

(19)

The UHFEB E, can therefore be defined as the limit of AE/AR
as Ah — 0, as shown:

AE

Fo= Jmih 0

This indicates that UHFEB can be regarded as the free
energy change if liquid/vapor interfaces moved down per unit
height. From the above equations and Young's equation,
UHFEB can further be normalized with respect to vy, as
shown:

Ysv = vsL + YLv cos Oy (21)

WX
H X

trapezoidal pillars

| |
|<L>I

(c)

Fig. 3 Schematic of overhang microstructures with a droplet. (a) Three different profiles of surface geometry; (b) Cassie state; (c) intermediate

state.
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E, 1 . AE
= — lim—
Yoy YLy Ah—0AR
1 E/1+A/1 _ Eh
= — lim—7
YLy Ai—0 Al
L (20 20" Ly
= lim — - - =
ah—0Ah | \sin 6" sin 6"
+(775L — ISV o(n — l)Ah) }
TLv
20,"L
:d< x j‘)/dhfz(nf 1)cos fy
sim 0k1
sin 6" — 6" cos 6," (I =n)b sin* 6"
= 2Ly 2 2 (w2 ph h oo h h
sin” 6y 2L, (sin” 6" — 6" sin 6," cos 6,")
—2(n — 1)cos Oy
1 — n)b sin 6,"
— w — 2(” — l)cos HY
Ly
(22)
Similarly, for the trapezoidal and inverse-trapezoidal

microstructures, the geometrical and normalized UHFEB
equations can be expressed as:

L’ K
¢° —Ll2cotd =0/ — L2 cot 4,
K sin? ﬁ £ k « sin’ 6," : .
+h(n—1)(b+ hcot a) (23)
E, 1 AE

= m —-
YLy YLy Ai—0AN

1 E11+A/1 _ Eh
= — lim——F—
YLV Ah—0 Ah
_ ! lim ! { (20kh+Ath Zekth)
= Yoy aioak | \sin S
Ah Ah
+ (('YSL Ysv)2(n—1) sin(r — a) +rv2(n )tan a) }
) 1 20k11+Ath zekth
= lim — -
an—0AR | \sin 6" sin 6,”

{ Vs — Ysy 2(n — 1)Ah+

2(n— 1)Ah cos a}

YLv sin « sin «
_d Z?khL: dh—i-z(ni 1)(09safcos Oy)
sin 6y sin «

sin 0" — 6" cos 6" (1 — n)(b + 2/ cot a)sin* 6"

= 2L
: sin® 6, 20,2 (sin2 6" — 6" sin 6" cos 6;")
, 2(n — 1)cos a — cos by
' sin

~ (I—n)(b+2hcota)sin 6"  2(n— 1)(cos a — cos fy)

B Ly sin «

(24)
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Fig. 4 Variation of normalized free energy with contact angle for
noncomposite (non) and composite (com) states (L =102 m,a=b =
h = 2 um; intrinsic contact angle, 8y = 80°; 6y = 69.68°, 6 = 114.4°).
The inset shows an enlarge view of a segment of free energy curve
illustrating the free energy barrier; positions A, B and C correspond to
those in Fig. 2. AAB and AAC represent the free energy barrier for
retreating and advancing contact line, respectively.

3. Results and discussion

3.1. Changes in free energy and free energy barrier with
contact angle

Fig. 4 shows two free energy curves of composite and non-
composite states for a pillar microstructure (a =b =2 pm, h =2
pm). One can see that there is only one global free energy
minimum for each curve, which is associated with the equilib-
rium contact angle (ECA/fx) and exactly corresponds to gener-
alized Cassie's contact angle (e.g., 6c = 114.4°) and Wenzel's
contact angle (e.g., fw = 69.68°), respectively. However, it
should be noted that if drop advances from a position A to B or
recedes from A to C, the contact angle changes and the local
curve can show a fluctuation in free energy, as illustrated in the
inset of Fig. 4. These fluctuations demonstrate that the free
energy curve contains multi-valued local minimum free energy
and maximum free energy, indicating that such extremes
represent metastable and unstable equilibrium states, which
are related to various apparent contact angles. Therefore, the
free energy barrier refers to the difference between local
minimum and maximum in the direction of three-phase line
motion, i.e., advancing and receding. Furthermore, there are
always two free energy barriers, ie., advancing free energy
barrier and receding free energy barrier, connected to each
contact angle value.

Fig. 5 shows the advancing and receding free energy barrier
for both composite and noncomposite states based on the same
geometrical parameters as shown in Fig. 1. Hence, the
advancing contact angle (6,) and receding contact angle (f,) as
well as contact angle hysteresis defined as (6, — 6,) can be

RSC Adv, 2022, 12, 2701-271 | 2705
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Fig. 5 Illustration of determination of the receding and advancing
contact angles as well as contact angle hysteresis from the typical
curves of advancing and receding free energy barriers for composite
and noncomposite states (L = 1072 m, a = b = h = 2 um; intrinsic
contact angle, y = 80°). The contact angle hysteresis for composite
state shown is the maximum value associated with zero free energy
barrier on the advancing and receding branches of the free energy
curves, whereas for the noncomposite state, the free energy barrier is
negative.

determined by the intersecting values of advancing and
receding curves with x-axis, respectively. As a result, for the
composite state, the advancing (6, = 180°) and receding (6, = 6y
= 80°) contact angles as well as the maximum theoretical
contact angle hysteresis defined as (contact angle hysteresis =
0, — 0. = 100°) can be determined.

3.2. Effect of sidewall angle

Through eqn (22) and (24), the normalized UHFEB of different
surface structures could be calculated numerically. Here it
should be indicted that because the free energy (J m ) had
been normalized with respect to v;y (J m~?) in eqn (22) and (24),

Sidewall angle « 70° 80° 90°
i ——100° ——110°
104
5
5 10 15 20
0 1 1 1 J
Penetration depth / (um)

Normalized UHFEB (m)

(a)

View Article Online
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the unit of normalized UHFEB should be meter. Fig. 6(a) shows
a typical change of UHFEB curves on hydrophilic surfaces with
inverse-trapezoidal pillars, vertical pillars, and trapezoidal
pillars where their sidewall angle « varies, respectively. It
could be seen that the value of normalized UHFEB did not
change greatly with different penetration depth, and the
normalized UHFEB curve would shift down with the
increasing sidewall angle «. If the sidewall angle was 70° and
80°, the normalized UHFEB would be larger than 13.6 m and
3.7 m respectively even if the intrinsic contact angle was 85°
(Fig. 6(a)). Here it is noted that as indicated above, although
the unit of the normalized UHFEB was meter in the present
work, in fact, it represented the free energy change. If the
liquid/vapor interfaces moved down per unit height, its value
could reach meter order. When the normalized UHFEB was
always positive, and the system would prefer Cassie state. It
meant that a composite interface could appear on the inverse-
trapezoidal microstructure surface. Therefore, it proved the
experimental observation that superhydrophobicity could be
induced on hydrophilic surfaces.*

For the inverse-trapezoidal pillar microstructure, Fig. 6(b)
shows the critical curve (green curve) about wetting transition.
If the sidewall angle increased from 83° to 85°, the normalized
UHFEB would become negative and wetting transition would
start. If the angle was larger than the critical value 84.104°, the
negative UHFEB curve indicated a fully wetted interface would
occur since the Wenzel state was more stable than the Cassie
state. From the viewpoint of thermodynamics, the above results
showed that the stability of a composite interface could be
amplified with a decreasing sidewall angle, since a higher
UHFEB could inhibit wetting transition. Hence, these results
also theoretically explained the experimental phenomena why
inverse-trapezoidal micro-textures superhydrophobic surface
could perform excellent robustness (not the mechanical
robustness).**

From Fig. 6(b), it was also seen that whether the Cassie state
could appear mainly depended on the value of normalized
UHFEB when penetration depth & was zero (ES).

Sidewall angle « 83° —83.908°

127 ———84.104° 85°

1.0 -‘\
—~ 0.8 /
E 06
8 04 \
S
% 0.2
E 0.0 —— T T T . 1

T

S 02 ~ 20
g 04 Penetration depth /2 (um) ™
—
o . -
o

-1.0 4 /

-1.24

(b)

Fig. 6 Effects of sidewall angle on normalized UHFEB with different penetration depth h on hydrophilic materials. (a =20 um, b =20 pm, H = 20
um, 6y = 85°, S = 107 m?; S was the sectional area of water droplet). (a) Three typical microstructures; (b) the inverse-trapezoidal pillar

microstructure with different sidewall angles.
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Fig. 7 Variations of normalized EQ with respect to intrinsic contact
angles for different sidewall angles (@ = 20 um, b = 20 um, H = 20 pm,
S=10"°m3).

Fig. 7 shows the effects of sidewall angle on the wetting
states on hydrophilic and hydrophobic surfaces. One can see
that the increasing intrinsic contact angle could bring a higher
EJ, regardless of the dimensions of the microstructures,
implying that a large intrinsic contact angle was preferred for
a stable superhydrophobicity. The critical value of intrinsic
contact angle (the curve intersecting with the EJ = 0 line) was
70.86° if the sidewall angle was 70°. The positive Ey indicated
that a composite interface could appear if 6y was in the range of
70.86° to 120°. If the sidewall angle increased from 70° to 110°,
the critical value could also increase from 70.86° to 110.97°,
implying that a small sidewall angle was crucial for the Cassie
state even if the surface was hydrophobic (the critical value of 6y
larger than 90° for green and pink curves in Fig. 7 due to a large
a). Generally, Wenzel's equation indicated that a rough surface
would become more hydrophilic if substrates were hydrophilic.
However, the results in Fig. 7 show that the intrinsic contact
angle, which was restricted by the sidewall angle of rough
micro-textures, was not an independent parameter to determine
the superhydrophobicity. Therefore, it was important to note
that besides pillar width and spacing, the sidewall angle also
played a very important role in the superhydrophobic behavior,
especially for the transition from noncomposite to composite
wetting states on hydrophilic surfaces.

3.3. Effect of pillar width and pillar spacing

Variations in normalized E_, with respect to sidewall angle « was
shown in Fig. 8 for different pillar dimensions. Apparently,
effects of pillar width and pillar spacing on normalized E_, were
quite similar. From Fig. 8(a), as pillar width increased from 10
pm to 50 um, the maximum value of normalized E° decreased
from 10.4 m to 6.5 m if the sidewall angle was 70°. And the
maximum value of normalized ES also decreased from 15.6 m to
3.4 m with increasing pillar spacing in Fig. 8(c). These results
indicated that the smaller pillar dimensions, the more stable

© 2022 The Author(s). Published by the Royal Society of Chemistry
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composite states could be. However, in terms of inducing the
transition from hydrophilicity to superhydrophobicity, such
effects of pillar width and spacing could hardly become
apparent. From the previous thermodynamic analysis, a small
sidewall angle was crucial to obtain free energy barriers to
separate the Wenzel state and Cassie state irrespective of solid
surface chemistry. However, the critical value of sidewall angle
(the curve intersecting with the E3 = 0 line) changed slightly
with different pillar width and spacing in Fig. 8(b) and (d). With
pillar width changing, the critical value of sidewall angle ranged
from 79.06° to 79.21°, while they were in the 77.62-79.60° range
for different pillar spacing. The change of the critical value were
only 0.15° and 1.98°, respectively for pillar width and pillar
spacing varying in the range of 10 um to 50 um. It could be
argued that since for preparing microstructures, the control of
sidewall angle with such an accuracy is impossible experimen-
tally, the pillar width and spacing could hardly play a crucial
role in achieving the superhydrophobicity on a hydrophilic
surface, but both affected its stability for this superhydrophobic
surface.

3.4. Transition of the Cassie state on hydrophilic surfaces

For the wetting transition conditions, the normalized UHFEB
should be positive from eqn (22) and (24). Based on eqn (24), the
sidewall angle « of pillars should be less than intrinsic contact
angle if a positive EY was expected. Apparently, if « was less than
intrinsic contact angle fy, the change of the free energy AE
could be positive, implying that positive free energy barriers
could appear even if a droplet was placed on hydrophilic
surfaces with overhang microstructures. Although it was ener-
getically favorable for the droplet to wet the hydrophilic
surfaces, the Cassie state could be metastable because extra free
energy was needed to overcome the energy barriers during the
wetting process.*” The criterion of inducing the transition from
hydrophilicity to superhydrophobicity was therefore derived as
a < fy. In terms of the previous experimental results, Cao et al.™
prepared an overhanging microstructure with a sidewall angle
of 35.3° and 54.7° to achieve the superhydrophobicity on Si
substrates with intrinsic contact angle 74°, which were also
compatible with the present theoretical analysis.

3.5. Comparisons of free energy and free energy barriers
between noncomposite and composite states

The above results indicated that for a hydrophilic surface,
superhydrophobic behavior can be achieved. Nevertheless, our
further theoretical investigations on the direct comparisons of
free energy and free energy barriers between noncomposite and
composite states indicated that such a superhydrophobicity
could be unstable or temporary. Fig. 9 shows the free energy
change of a wetting system on the hydrophilic surface (6y = 85°)
for a inverse-trapezoidal microstructure. As seen, for both
composite and noncomposite wetting states, their free energy
first decreased and then increased, i.e., there was a valley with
a minimum value, respectively, where the so-called equilibrium
contact angle located. It is very interesting to note that the curve
for the composite states was above the one for the
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noncomposite states, i.e., the free energy for the composite
states was always higher than the one for the noncomposite
states, implying that the composite states were metastable. This
indicated that for such a hydrophilic surface, from the view-
point of thermodynamics, a droplet on this surface would tend
to wet the rough microstructure. Further calculations
confirmed that there was a large positive free energy barriers
between the composite and noncomposite states. The above
results therefore provided a solid support for the difficult and
complexity to realize the superhydrophobicity on hydrophilic
surfaces or materials although now it has been recognized that
any efforts in both theoretical and practical aspects could be
feasible.

To further understand the superhydrophobic behavior on
intrinsic hydrophilic materials, the calculations were also
extend to investigate the effects of various geometrical param-
eters for different intrinsic contact angles. For the simplicity, we
employ the pillar microstructure as a typical example. Fig. 10
shows the free energy variations for the noncomposite and
composite wetting systems with the intrinsic contact angle of

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04004a

Open Access Article. Published on 20 January 2022. Downloaded on 2/11/2026 3:47:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
—1.com h=1

—
E m—2-non h=1
= 0.04F s 3.com h=5 ||
= e 4_non h=5
E’ —_com h=9
g 0.03 s 6 non h=9 |
@
3

0.02f L
=
=
@
N wm
®
£
o 0
=

0.01 a

20 40 ﬁ-I] s-u 1l-]l] 1;0 1:10 1;50 180
Contact angle (degree)

Fig. 10 Comparison of variations of normalized free energy with
apparent contact angle between noncomposite (non) and composite
(com) wetting systems with different pillar heights (h) (L =102 m, a =
b = 2 um; intrinsic CA, 6y = 80°).

x10°
4 r T v T r v -
m— 1.com h=1
= 2.non h=1
3F 3 _com h=1.25 |1

m——=4.non h=1.25
—5-com h=1.5
= f_non h=1.5

N

=

Normalized free energy (m)

%I]I] 110 120 130 140 150 160 170 180
Contact angle (degree)

Fig. 11 Comparison of variations of normalized free energy with
apparent contact angle between noncomposite (non) and composite
(com) wetting systems with different pillar heights (h) (L = 1072?m,a=
b = 2 um; intrinsic CA, 6y = 120°).

80° for different pillar heights. One can see that the curves of
both noncomposite and composite states intersect at 180° for
the same geometry, indicating the same energy state for the
noncomposite and composite states. The free energy of
composite states for the present system is always higher than
that of noncomposite states for different pillar heights,
implying that the composite states for this system were more
unstable than the noncomposite states.

In contrast, Fig. 11 shows the free energy variations with
respect contact angle for noncomposite and composite
wetting systems with an intrinsic contact angle of 120° for
different pillar heights. One can see that the composite state
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was more stable that the noncomposite state for different
pillar heights. In particular, compared Fig. 10 to Fig. 11, it was
important to note that the free energy of hydrophilic mate-
rials was higher than that of hydrophobic materials; the
former had a magnitude of 107> m, whereas the later had
a magnitude of 10 m. The above results indicated that the
thermodynamic state for hydrophilic materials was more
unstable than that for the hydrophobic materials. Therefore,
even though a composite state for hydrophilic materials can
be formed, the corresponding superhydrophobicity may be
temporary and tend to transfer to hydrophilicity with time,
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especially, in case of external stimulus such as vibrational
energy.*®

In order to further reveal the intrinsic effect of different
materials (hydrophilic or hydrophobic), Fig. 12 and 13 show the
free energy barrier variations for the noncomposite and
composite wetting systems with the intrinsic contact angle of
80° and 120°, respectively. From Fig. 12, one can see that the
free energy barrier and the resultant contact angle hysteresis of
the composite state could hardly depend on pillar height. It was
important note that the negative free energy barrier indicated
that there was not enough energy to provide a transition
between noncomposite and composite states. Comparatively,
from Fig. 13, one also can see that for an intrinsic contact angle
of 120°, the free energy barrier and the resultant contact angle
hysteresis of the composite state could not depend on pillar
height. However, for the noncomposite state, the contact angle
hysteresis increased and there was a positive free energy barrier,
implying that there was enough energy to provide a transition
between noncomposite and composite states. Here it is worth
noting that some experimental studies suggested that such
a transition was plausible.*®** For example, for hydrophilic
materials with an intrinsic contact angle of 70°, a transition
from noncomposite to composite states could occur if the depth
of surface topography pores (a similar parameter to the pillar
height) was very large. This happens perhaps because the
difference in free energy and barrier between the noncomposite
to composite states was so small due to adequate roughness
that the transition between the two states could be easily real-
ized under the experimental conditions where external
resources may be available.

4. Conclusions

The possibility for the surface superhydrophobicity on hydro-
philic materials with an intrinsic contact angle less than 90° was
investigated thermodynamically based on a 2-D model. In
particular, different (trapezoidal, vertical and inverse-
trapezoidal) microstructures were employed to analyze their
wetting states such as composite and noncomposite and
superhydrophobic behavior as well as the previous corre-
sponding experimental observations. The results show that for
a overhang microstructure, intrinsic contact angle was not an
independent parameter to affect superhydrophobicity.
Furthermore, a overhang microstructure was critical to realize
the transition from hydrophilicity to superhydrophobicity, and
for such a transition, the sidewall angle should be less than the
intrinsic contact angle where a positive free energy barrier could
support the liquid/vapor interfaces and separate the Wenzel
and Cassie states on such hydrophilic surfaces. Most impor-
tantly, it was found that for such hydrophilic surfaces, generally,
the free energy of the noncomposite or Wenzel's states were
lower than that of the composite or Cassie's states for those
trapezoidal, vertical and inverse-trapezoidal microstructures,
implying that once a noncomposite state was formed, it can
hardly be become a composite state, or in other words, even if
superhydrophobic behavior was possible, it could be temporary
or unstable.
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