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A B S T R A C T   

In this work, we develop superhydrophobic ceramic surfaces possessing flower-like hierarchical structures that 
can resist surface wetting against not only water but also ethylene glycol and palm oil. This can benefit a wide 
range of potential applications in many ceramic fields. The synergistic strategy to fabricate superhydrophobic 
ceramic surfaces relies on the construction of hierarchical structures through pre-roughening. Using TiO2 
microflowers obtained via a hydrothermal approach and post-fluorinating via surface grafting with 
1H,1H,2H,2H-perfluorodecyltriethoxysilane (C8) resulted in better metastable Cassie-Baxter state as water 
droplet roll-off the surface compared to non-textured ceramic surfaces where the water droplet pinned. The C8- 
TiO2-modified ceramic surface (C8/TiO2-CRM) can still maintain a high contact angle against palm oil (above 
nearly 120◦) within 40 min of exposure, whereas the un-textured ceramic surface is fully wetted. In addition, the 
C8/TiO2-CRM has excellent self-cleaning, anti-fouling and “gasphilic” properties. In this work, the robustness of 
the composite interface from hierarchical structures resulting from TiO2 micro-flowers is further explained.   

1. Introduction 

To date, research on surfaces that have superhydrophobic property 
has gained great momentum in response to the need for antiwetting and 
antifouling properties [1–6]. In general, super-hydrophobic surfaces 
exhibit water contact angles above 150◦ and contact angle hysteresis 
lower than 10◦ [7,8]. Contact angle hysteresis is related to the resistance 
to the droplet movement along a solid surface. Surface wettability is 
frequently distinguished by hysteresis, with lower hysteresis values 
(necessary below 10◦) indicating Cassie-Baxter state and higher hys-
teresis values indicating Wenzel state. The surface does not allow liquid 
penetration in the Cassie-Baxter state due to trapped air beneath the 
droplet and the solid substrate, which is required to create high liquid 
droplet mobility. Meanwhile, in the Wenzel state, liquid penetration in 

the roughness surfaces is visible, resulting in a pinning effect [9]. 
Surface chemistry and surface roughness govern a surface’s wetta-

bility. Low surface energy materials have played an important role in 
increasing the hydrophobicity of a surface because, due to their 
nonpolar chemistries and closely packed and stable atomic structures, 
they can reduce the intermolecular forces and adhesive force of a sur-
face. [10]. The reactive molecules used in literature for low surface 
energy modification of surfaces are carbohalogen compounds [11], 
hydrocarbon compounds [12], fluorosilane compounds [13], organo-
silicon compounds [14], silsesquioxanes [15], or their combinations. 
Fluorocarbons have the lowest surface energy due to fluorine’s smaller 
atom size and low polarizability, both of which have a strong influence 
on their bonding and electronic properties [10]. Because of fluorine’s 
limited polarizability, van der Waals interactions between fluorinated 
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chains are weak, resulting in fluorocarbons with a low cohesive energy 
[10]. As a result, fluorosilane compounds or fluorinated polymers/co-
polymers have emerged as the logical choice for low surface energy 
materials used in the design of superhydrophobic materials. Despite CF3 
having the lowest surface energy of any chemical group, the highest 
reached contact angle of a smooth surface using CF3 is about 120◦, 
which does not meet the requirement for superhydrophobicity unless 
surface roughness is introduced. 

Aside from chemical composition and surface roughness, hierarchi-
cal structure should also be considered in the development of a much 
more stable Cassie-Baxter. The Cassie-Baxter state is favored over the 
Wenzel state as the number of texture scales increases. [16,17]. In 
general, most surface structures in nature are hierarchical, which means 
that more than one scale of texture is used to keep adhesion force low 
enough for droplets on lotus leaves to roll freely and water striders to 
walk on water. [18]. A hierarchically structured surface is typically 
composed of a nanoscale texture on top of a microscale texture [19]. The 
complementary roles of the microstructure and nanostructure can in-
crease the composite’s apparent contact angle while decreasing its 
sliding contact angle. [20,21]. This is due to the fact that air is trapped at 
multiple length scales for a hierarchically textured surface, as opposed to 
only one length scale for a single-tiered textured surface. This means 
that the solid-liquid contact area for hierarchically textured surfaces is 
reduced even further, lowering the likelihood of droplet pinning [22]. 

Superhydrophobic surfaces can effectively trap air between micro-
structures underwater, resulting in gaseous plastron formation. This air 
layer has shown great potency in many fields such as membrane distil-
lation [23], membrane contactor [24], carbon capture [25], battery 
technology [26], electrocatalytic reduction [27] and so-forth. However, 
recent advances in superhydrophobic modification have focused on 
polymeric [28,29], metal [30,31] and textile substrates [32,33]. Despite 
successful modifications, the methods may not be suitable for use in 
conditions requiring ceramic-based materials. Superhydrophobic 
ceramic substrates appear to be more robust materials suitable for harsh 
condition applications because they provide substrates with high ther-
mal, chemical, and mechanical stabilities. Our previous research intro-
duced flower-like structures on the surface of a ceramic hollow fibre 
membrane, followed by fluorination, which revealed the formation of a 
shiny air cushion trapped on the surface when immersed in water [34]. 
Hierarchical roughness from the texture increased the value of the en-
ergy barrier, which in turn lead to an improvement of the anti-wetting 
and anti-fouling properties of the composite surfaces compared to the 
primary roughness from the grains and pores of fluorinated pristine 
membrane. The implementation of hydrothermal treatment followed by 
fluorination for superhydrophobicity is expected to be less complex 
because it integrates the multiple steps normally required to deposit a 
nanoscale texture on an underlying coarser length scale structure. 

In line with our previous work, we present here a theoretical study 
that estimates the robustness of the composite interface (1H,1H,2H,2H- 
perfluorodecyltriethoxysilane-coated TiO2 microflowers) developed via 
hydrothermal and fluorination treatments, based on two design pa-
rameters: the robustness angle (T*) and the robustness angle height 
(H*). The design parameters were previously explained in detail in the 
existing literature [35]. Moreover, we further explore explain in detail 
the morphology and chemistry of such coatings on a ceramic substrate. 
We also evaluate the Cassie state stability of the coating using not only 
water but also low surface tension liquids such ethylene glycol and palm 
oil. Anti-fouling, self-cleaning and “gasphilic” properties were also 
evaluated. 

2. Experimental 

2.1. Materials 

Ball clay was purchased from Zibo All Way Import & Export Co., Ltd, 
China. 1H,1H,2H,2H-perfluorodecyltriethoxysilane (97%) or C8 with a 

chemical formula of C8F17C2H4Si(OC2H5)3 and Titanium (IV) butoxide 
with a chemical formula of Ti(C4H9O)4 were supplied by Sigma-Aldrich. 
Hydrochloric acid (HCl) fuming 37% and anhydrous ethanol was pur-
chased from Merck. Ethylene glycol was obtained from QRëC™. Palm oil 
was obtained from Saji Malaysia. 

2.2. Ceramic substrate 

For the fabrication of the ceramic substrate, ball clay powder was 
compressed in a home-built press to cylindrical pellets of about 13 mm 
diameter and 0.4 g weight. Then, the samples were sintered in a muffle 
furnace (Nabertherm, Germany), under the following sintering profile: 
the compressed ceramic samples were first sintered from room tem-
perature to 1300 ◦C at a rate of 5 ◦C/min and were held at that tem-
perature for 5 h for consolidation. It was then cooled down to 25 ◦C at 
5 ◦C/min. 

2.3. Hydrothermal synthesis of TiO2 microflowers 

The ceramic substrate was placed at the bottom of a Teflon-line 
stainless steel autoclave containing a mixture of titanium butoxide, 
HCl and RO water (see Fig. 1(ai)). This method utilizes a metal die to 
press the dry or slightly humid powders into compacted disk to form 
small disk ceramic membrane [23]. The solution was made by 
combining 120 mL of HCl with 120 mL of RO water, then adding tita-
nium butoxide (6 mL) dropwise. Hydrothermal synthesis was carried out 
at elevated temperature at 150 ◦C for 10 h to grow the TiO2 microflowers 
[34,36]. The reaction during hydrothermal synthesis of TiO2 micro-
flowers is shown in Fig. 1(b). After the reaction was finished, the auto-
clave was cooled to room temperature. The TiO2 modified ceramic 
substrates were collected and flushed with RO water, followed by drying 
in ambient air. 

2.4. Fluorination 

Fluorination was used to impart superhydrophobicity to the sub-
strate after it had been surface roughened with TiO2 particles. The 
fluorination procedure was in accordance with the method from previ-
ous studies [37,38] where a 2 wt% C8 solution was prepared by adding 
C8 dropwise into ethanol with continuous mixing. TiO2-modified 
ceramic substrates were first hydroxylated in an ethanol/water (1/2 
vol/vol) solution for 24 h. After drying, the substrates were immersed in 
2 wt% C8 and kept there for 24 h. The reaction mechanism of C8 grafting 
is shown in Fig. 1(c). Then, the modified substrates were rinsed with 
ethanol to remove excess C8 and allowed to dry at 60 ◦C in an oven 
overnight. 

2.5. Characterization 

The surface and cross-section morphology of the sintered ceramic 
was examined using a field emission scanning electron microscope, 
FESEM (SU8020, Hitachi) and scanning electron microscope, SEM 
(TM3000, Hitachi) and the samples were sputter-coated with platinum. 
The FESEM micrographs of both surface and cross-sectional of samples 
were taken at different magnifications. Attenuated total reflectance- 
Fourier-transform infrared spectroscopy, ATR-FTIR (Nicolet iS10, 
Thermo Scientific) was used to examine the surface chemistry of TiO2 
microflowers, C8 and ceramic substrate. The surface topologies were 
investigated by scanning a 5 mm × 5 mm area with an atomic force 
microscopy, AFM (5100 N, Hitachi) in the tapping mode. The roughness 
profile provided by the AFM5000 II software was used to calculate an 
arithmetic mean of the surface roughness (Ra). X-Ray photoelectron 
spectroscopy, XPS (Kratos, AXIS Ultra) was used to characterize the 
surface coating layer of ceramic substrate. The surface wettability of the 
samples was measured using a goniometer (DataPhysics Instruments, 
OCA series) at room temperature (25 ◦C) using contact angles of water 
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and low surface tension liquids. One µL of liquid was dropped onto 
ceramic surface and the contact angle was captured by a high-speed 
camera promptly. The advancing and receding contact angles were 
measured by increasing and decreasing the drop volume by 1 µL, 
respectively. At least three measurements were made to obtain an 
average value and a standard deviation. Two low surface tension liquids 

were used, namely ethylene glycol and palm oil, with surface tensions of 
47.3 and 28.6 mN/m, respectively [39,40]. The surface tension of water 
is 72.8 mN/m. 

Fig. 1. Schematic illustration of (a) hydrothermal synthesis of TiO2 microflowers and fluorination method, (b) reaction mechanism of TiO2 microflowers and (c) 
post-fluorinating with 1H,1H,2H,2H-perfluorodecyltriethoxysilane. 

Fig. 2. (a-b) FE-SEM images of surface and (c) cross-section of C8/TiO2-CRM (d-f) basis of the design parameter of the composite interface, (d-e) having cone-like 
nanorod as an individual spine and (f) forming acicular network to form microflowers. 
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3. Results and discussion 

3.1. Structural and robustness study 

TiO2 microflower particles were grown on ceramic substrates by 
both hydrolysis and condensation reaction from titanium (IV) butoxide 
at 150 ◦C. The TiO2 layer evolved different microstructures depending 
on the hydrothermal reaction time. At 10 h of synthesis time, the surface 
of the ceramic substrate is uniformly covered with TiO2 microflowers as 
can be seen in Fig. 2(a), parallel to our previous work’s morphology 
[34]. During the hydrothermal process, Cl- played a crucial role in the 
formation of flower-like structures (this mechanism has been discussed 
elsewhere [41]). To provide a direct measure of the robustness com-
posite, the structure parameters was evaluated based on FESEM images 
through ImageJ analysis. As shown in Fig. 2(b-c), TiO2 micro-flowers 
are composed of packed nanocrystals that are shaped like cone. The 
nanorods radiate in an acicular network of very high density, forming a 
flower-like topography. Considering an acicular framework of TiO2 
micro-flower, the range of the tilt angle (α) of nanorod arrays is esti-
mated from −90◦ to +90◦ normal to the membrane surface (basis Fig. 2 
(c-f) and Fig. S1). The oriented nanorod arrays of the microflowers has 
an estimated length of 4 µm and an average opening angle (φ) of 11.10◦

± 2.3 (see Fig. 2(c) and Fig. S2 respectively). 
The obtained flower-like textured surface after being chemically 

modified with C8 shows good hydrophobicity as evidence by the high 
static contact angle (159.8◦ ± 1.5) and the low contact angle hysteresis 
(0.5◦ ± 0.6), as shown in Figs. 3(a,d) and 4(a). The fluorinated ceramic 
substrate with hierarchical TiO2 microflowers, which is denoted as C8/ 
TiO2-CRM, displays super-hydrophobic and slippery behavior as shown 
in Fig. 4(c). Meanwhile, the fluorinated ceramic substrate without the 
secondary structure of TiO2 (C8-CRM) exhibited lower static contact 
angle (136.6◦ ± 3.4) and higher contact angle hysteresis (14.1◦ ± 6), 
resulting in strong pinning effects (see Fig. 4(d)). Hierarchical structures 
from TiO2 micro-flowers as well as low surface energy from fluorinated 
material have demonstrated synergistic effects towards forming a 
Cassie-Baxter surface on C8/TiO2-CRM. The flower-like hierarchical 
surface exhibited a Cassie-Baxter state after fluorination. Meanwhile, a 
Wenzel state was observed on the fluorinated pristine surface with pri-
mary structure of pores and grains (see Fig. S3). In fact, the C8/TiO2- 
CRM surface was able to keep the ethylene glycol hysteresis contact 
angle below 10◦ (see Fig. 4(b)), compared to the untextured substrate 

where it was 30◦. As for TiO2 microflower presence of hierarchical 
structures, the existence of dense nano-rod arrays can dramatically 
reduce the solid– liquid surface fraction and minimize the adhesion 
between solid and liquid surfaces due to multiple energy barriers. To 
justify our hypothesis, theoretical studies based on the robustness angle 
(T*) and robustness height (H*) were carried out to quantify the sagging 
of the liquid-vapor interface as consequences of pressure difference at 
the interface. 

3.2. Robustness angle 

The robustness angle (T*) and height (H*) are two parameters that 
were proposed by Tuteja’s group to estimate the robustness of a com-
posite interface [35]. T* provides a dimensionless measure of the pres-
sure (Pθ) required to force the sagging angle, δθ, of the vapour-liquid 
interface to reach the bottom of a composite surface, and H* provides 
a dimensionless measure of the pressure (PH) required to force the 
sagging height, h1, for the liquid-vapour interface to reach the maximum 
depth of a composite, h2 as illustrated in Fig. S4. However, the rational 
design of the composite interface of this work is explained by the cone 
geometry-like nanorod with an opening angle (φ). The nanorods radiate 
from its center of gravity, forming an acicular network, where each of 
the nanorods is tilted in a certain angle (α) (see Fig. 2(d-f)) The basis of 
the parameters (φ and α) for an acicular geometry (see Fig. S5) was 
suggested by Yamauchi et al [42]. Taking those considerations into ac-
count, the T* for TiO2 microflower in this work can be re-written as: 

T* =
2Lcapcosα sin(θ − (π

2
+ φ)min)

D
(1)  

where Lcap is the capillary length of the fluid and D is the spacing be-
tween the solid textures. The values of φ and α were estimated using a 
scanning electron microscope and then processed using the ImageJ 
program (see Fig. S2 and Table S1). θo is defined as the contact angle of 
a smooth surface where its surface chemistry is C8 (since C8 was applied 
on both the C8-CRM and C8/TiO2-CRM). 

Since Lcap and D are always positive [42], the evaluation of T* can be 
done by plotting T* relatively to φ, α and θo. The derivation of Equation 
(1) can be seen from supplementary data (from Equation S1 to S11). 
Fig. 5(a-b) shows the theoretical analysis of the effect of α and φ relative 
to T* from Equation (1). Half opening angles of 6◦ – 17◦ for the tip of the 

Fig. 3. (a) Static water contact angle for C8 modified smooth glass (C8-GL), C8-CRM and C8/TiO2-CRM, and adhesion water droplet test on (c) C8/TiO2-CRM and (d) 
C8-CRM. 
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spines from C8/TiO2-CRM were obtained by analyzing 50 independent 
nanorods through SEM (See Fig. S2). When α varies from −90◦ to +90◦, 
and φ varies from 6◦ to 17◦, T* always shows a positive value, as shown 
in Fig. 5(a-b). The composite satisfies (0 < θo −

π
2− φ < π), considering 

the contact angle on a smooth surface (θo) of C8 (basis: glass as a sub-
strate, C8-GL) is 115◦ (see Fig. 3(a-b)), and thus exhibiting an advantage 
of forming a robust composite superhydrophobic surface. 

Fig. 5(a-b) shows that hierarchically structured TiO2 microflowers 

Fig. 4. (a) Water and (b) ethylene glycol contact angle for C8-CRM and C8/TiO2-CRM, and adhesion water droplet test on (c) C8/TiO2-CRM and (d) C8-CRM.  

Fig. 5. (a-b) Relative robustness angle parameter T* at various α and φ.  
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can enhance the stability of the Cassie-Baxter state. The enhancement 
was due to the fact that hierarchical structure provides more geometries 
- nanorods branched out into multi arms normal to the plane surface 
over a wide range of tilt angles (α), thereby creating more local energy 
barriers to prevent the spreading of liquid. Moreover, pores and grains 
with a single scale of texture provide less resistance against liquid 
propagation because the local energy barrier is only at one length scale. 
Moreover, from Fig. 5(a-b), it can be seen that the decrease of the 
robustness of a composite is also associated with the increase of the half 
opening angle φ. This finding is in line with the hypotheses from pre-
vious studies [35,42] that suggested that when the local geometric angle 
of the texture increases (in this work, due to the increase of φ), the net 
traction on the liquid-vapour interface will favour the downward di-
rection. Since TiO2 microflowers have relatively uniform and narrow 
shapes for the half opening angle of the spine around of 11.10◦ ± 2.3, 
and were further coated with C8 (θo = 115◦), their T* was positive, as 
shown in Fig. 5(a-b). Meanwhile, the robustness parameter H* (see 
Equation (2)) - taking the striped electro-spun fiber structure as an 
example - is strongly dependent on the radius (R) of a structure’s com-
posite interface. Specifically, H* increases by increasing R. It is postu-
lated that because the size of TiO2 microflowers is larger than the size of 
the primary structure of pores and grain, the TiO2 microflowers surface 
can achieve higher H*, allowing the C8/TiO2-CRM to trap more air at 
the composite interface than the C8-CRM. 

H* =
LcapR(1 − cosθ)

D2
(2)  

3.3. Physico-chemical properties 

The functionalization of C8 to hierarchical TiO2 microflowers- 
modified ceramic substrate reduces its surface energy. The roughness 
provided by the TiO2 microflowers is vital to reducing the contact area 
between liquid and solid at the interface. Since the bonds of inorganic 
materials are close and overlap, it is difficult to distinguish them, 
especially on C8/TiO2-CRM samples. To address the issue, ATR-FTIR 
analysis of C8-TiO2 micro-flowers layer and ceramic substrate was 
performed independently. The interpretation of the ATR-FTIR spectra 
confirms the successful C8 grafting over TiO2 micro-flowers, as shown in 
Fig. 6(a). The Ti-O-Ti network of the rutile structure of the bond vi-
bration have absorption bands between 505 and 580 cm−1 [43,44], and 
this is corroborated by the sharp and intense band at 700 cm−1 (Ti-O-Ti 
characteristic vibration band) [43]. The peaks at 1147, 1200 and 1245 
cm−1 for the C8-TiO2 microflowers are attributed to the fluorocarbon 
(CF2 and CF3) [45,46]. For the ceramic substrate, the peaks show the 
typical spectrum of alumino-silicate based ceramic. We observe the 
typical absorption peak of Si-O-Si bond appearing at 1080 cm−1 [47]. 

The peaks at about 790, 737, 830 and 903 cm−1 can be attributed to the 
Si-O-Al bonds [47,48]. The growth of hierarchical TiO2 microflowers is 
essential to increase the surface roughness of the ceramic surface to 
provide multi-level barrier, thus reducing the attraction between liquid 
and the ceramic surface. The AFM images confirm the presence of 
micrometer-scale roughness associated with the TiO2 microflowers layer 
(Fig. 6(c)). The roughness average (Ra) of the surface demonstrates that, 
when compared to an untreated ceramic surface (Ra = 0.18 µm) (Fig. 6 
(b)), growing TiO2 microflowers on it via hydrothermal treatment has 
increased its roughness (Ra = 0.29 µm). The successful surface modifi-
cation of C8-TiO2 on the ceramic membrane surface was also demon-
strated by the XPS measurement, as shown in Fig. 6. Under 
hydrothermal conditions, the abundant hydroxyl groups on the ceramic 
membrane surface allowed for TiO2 deposition and continued hydrox-
ylation of titanium complex, Ti4 + precursors, resulting in TiO2 crys-
tallization. The Ti 2p spectrum (Fig. 7(a)) is divided into five typical 
peaks with respect to Ti, Ti+, Ti2+, Ti3+ and Ti4+. C8 was then subse-
quently grafted on TiO2 modified ceramic membrane surface to reduce 
the surface energy. The curved fits in the fine spectra of the O1s region 
(Fig. 7(b)) show the formation of Ti-O-Ti, Si-O-Si, and Si-O-Ti bonds, 
confirming the successful TiO2 deposition and grafting of C8 to TiO2 
microflowers. The curve fits of (Fig. 7(c)) show a stronger F1s peak, 
meanwhile the curve fits C1s shows the highest peak at around 292 eV in 
Fig. 7(d), which is attributed to C-F2 because it is the main chemical 
group of C8. The C1s spectrum is fitted with other four characteristic 
peaks at 285 eV, 286.5 eV, 289 eV and 294 eV, which are assigned to C- 
C, C-O, C-F and C-F3, respectively. 

3.4. Contact angle analysis with low surface tension liquid 

The contact angle of C8/TiO2-CRM with various low surface tension 
liquids over a longer contact time period was compared to C8-CRM to 
gain a better understanding of the effect of hierarchical structure on the 
surface wettability with low surface tension liquid. The time-dependent 
variation of droplet contact angles for water, ethylene glycol, and palm 
oil on two different substrates at room temperature is depicted in Fig. 8. 
Even though the water droplet evaporates over time, its contact angle 
C8/TiO2-CRM is constant over most of the evaporation period (contact 
angle decreases less than 10◦ over 30 min, compared to the C8-CRM 
contact angle decrease of more than 35◦ over the same timespan). 
This can be attributed to the membrane’s minimal contact angle hys-
teresis. Moreover, even after 30 min of droplet exposure on the surface 
of C8/TiO2-CRM, the water droplet retained its perfect spherical shape 
(Fig. 9(b)), despite a droplet volume reduction from evaporation (Fig. 9 
(a-b)). 

As shown in Fig. 8(a), the contact angle of the water droplet on the 

Fig. 6. (a) ATR-FTIR analysis of C8-TiO2 layer and ceramic substrate and AFM of surface of (b) C8-CRM and (c) C8/TiO2-CRM.  
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C8-CRM decreases continuously as the droplet evaporate. Within 30 
min, the water contact angle on the membrane surface decreases from an 
average initial contact angle of 136.6◦ to 101.4◦. The complementary 
roles of the microstructure and nanostructure of flower-like TiO2 can 
further increase the apparent contact angle and reduce the contact angle 
hysteresis (resistance to droplet movement) of the composite. This is due 
to the fact that air is trapped at multiple length scales for a hierarchically 
textured surface, as opposed to only one length scale for a single-tiered 
textured surface. This means that the solid-liquid contact area for hier-
archically textured surfaces is reduced even further, thereby, the ten-
dency for droplet spreading is minimized. 

Ethylene glycol and palm oil were used to test the wettability of C8- 
CRM and C8/TiO2-CRM against those low surface tension liquids. 
Interestingly, in addition to its extremely superhydrophobic properties, 
the as-prepared C8/TiO2-CRM demonstrated excellent ethylene glycol 
and oil repellency over a relatively long period of time. As illustrated in 
Fig. 8(b-c), C8/TiO2-CRM demonstrated a highly stable ethylene and oil 
contact angle after 40 min. There is a gradual decrease in ethylene glycol 
and oil contact angle within the first 15 min, but, from then on, their 
contact angle is purely in a constant contact angle mode, which can 
represent the receding contact angle. On the contrary, despite exhibiting 
a stable ethylene glycol contact angle for a long time, the C8-CRM 
demonstrated a dramatic reduction in oil contact angle within 40 min. 
The roughness on the surface of C8-CRM caused by grain and pore 

structures is inadequate to create a sufficient number of voids or air 
pockets to prevent the intrusion of a liquid with a very low surface 
tension oil. Meanwhile, the secondary structure of TiO2 microflowers on 
the surface of C8/TiO2-CRM is capable of creating a large number of 
voids or air pockets, endowing this TiO2 microflowers with extreme 
superhydrophobicity. 

3.5. Self-cleaning and anti-fouling study 

The self-cleaning tests of C8-CRM and C8/TiO2-CRM surfaces are 
presented graphically in Fig. 10. On the C8-CRM’s surface, the water 
droplets spread and pinned on the entire surface and this pinning 
behavior is highly associated with Wenzel behavior. On the other hand, 
water droplets are highly mobile without wetting the surface of C8/ 
TiO2-CRM, indicating that the surface is in a Cassie-Baxter state. This 
condition is necessary to create low adhesion and high liquid-repellency 
surfaces, where a droplet can easily roll off on a substrate. We also 
carried out a dirt-removal test on the C8-CRM and C8/TiO2-CRM by 
dispersing dirt (PMMA powder) partly on their surface. The dirt-removal 
property was tested simply by passing water over the surface as shown in 
Fig. 10(c-d). When water was dropped on the dirt-contaminated C8// 
TiO2-CRM surface, the droplets trapped and carried the dirt away, 
leaving a clean surface. Meanwhile, when the water was dropped on the 
surface of C8-CRM, the droplet pinned and the dirt could not be 

Fig. 7. XPS scan spectra, (a) a fine spectra of F 1s region, (b) a fine spectra of C1s region (c) a fine spectra of O1s region and (d) a fine spectra of Ti2p region of the 
C8/TiO2-CRM. 
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effectively removed. Fig. 11 shows EDX analysis on both C8-CRM and 
C8/TiO2-CRM after 24 h of immersion in a 10 ppm methylene blue 
aqueous solution. In comparison to C8/TiO2-CRM, the surface of 
contaminated C8-CRM has a higher C content and a lower F content, 
revealing that there were more foulants on the surface of C8-CRM than 
C8/TiO2-CRM. 

3.6. Analysis of plastron properties 

A hierarchical structure with micro/nano-roughness can aid in the 
trapping of air beneath liquid, and such a system can promote gas- 
attracting behavior. To explore such “gasphilic” properties, the bubble 
gas interaction with C8-CRM and C8/TiO2-CRM was carried out by 
immersing them in water. Fig. 12 shows the gasphilic behavior of both 
samples with air in water. For C8/TiO2-CRM samples, we observed an 
instantaneous reduction in air bubble contact angle, and the droplets are 
completely adsorbed within nearly 2 min. However, in the case of the 
C8-CRM, the air droplet contact angle remained nearly constant at 80◦

after 8 min of observation. This phenomenon was also observed by Khan 
et al [49]. They demonstrated gasphilic surfaces by bubbling CO2 gas on 
their textured silicon surfaces, and the gas quickly spread into a sheet of 

plastron, but a substrate with no plastron bounced off the bubble. Since 
the trapped air between the solid and liquid is surface area dependent, 
thereby, the surface area of C8-CRM and C8/TiO2-CRM was further 
evaluated via BET analysis. Fig. 12(b) shows the BET surface area of the 
C8-CRM and C8/TiO2-CRM. The C8/TiO2-CRM had surface area of 4.33 
m2/g which was higher than the C8-CRM (0.25 m2/g). It implies that the 
composite ceramic surface with hierarchical micro/nano-patterned 
structures (TiO2 microflowers) had approximately 17 times the surface 
area of the C8-CRM, allowing for more area for gas trapping. The C8/ 
TiO2-CRM exhibits not only superhydrophobicity in air but also gas-
philicity in water, indicating that this superhydrophobic coating has a 
wide range of potential applications in many ceramic fields for gas 
adsorption. 

4. Conclusion 

In conclusion, TiO2 microflowers with relatively uniform and narrow 
shapes for the half opening angle of the spine around of 11.10◦ ± 2.3 
and coated with C8 (θo = 115◦) resulted in a robust anti-wetting surface 
as the T* was found to be positive. Moreover, the micro-size of TiO2 
microflowers plays a major role in achieving higher H*, allowing the 

Fig. 8. (a) Water contact angle, (b) ethylene glycol contact angle and (c) palm oil contact angle of C8-CRM and C8/TiO2-CRM. C8/TiO2-CRM 1, 2, 3 and C8-CRM 1, 
2, 3 in the figure denoted three samples were tested. 
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C8/TiO2-CRM to trap more air at the composite interface. Based on 
contact angle analysis, the geometry of the hierarchical TiO2 micro-
flower led to high Cassie-State stability towards water and also high 
liquid repellency against palm oil and ethylene glycol. The structures 
provide more local energy barriers to prevent the spreading of liquid. 

Meanwhile, because the local energy barrier from pores and grains is 
only at one length scale, the surface of the ceramic substrate with no 
secondary structure is completely wetted with oil. The C8/TiO2-CRM 
also had better self-cleaning properties than the C8-CRM because the 
water droplet can easily roll off its surface as opposed to the C8-CRM, 

Fig. 9. (a) Nondimensional droplet diameter (d/do) with respect to time on the C8/TiO2-CRM and C8-CRM. Contact diameter, d is normalized with respect to the 
initial droplet diameter, do. C8/TiO2-CRM 1, 2, 3 and C8-CRM 1, 2, 3 in the figure denoted three samples were tested. Image of water droplet evaporation on (b) C8/ 
TiO2-CRM and (c) C8-CRM within 30 min. 

Fig. 10. (a) Water droplet pinned and (b) roll-off on the surface of C8-CRM and C8/TiO2-CRM respectively. A dirt-removal test on the (c) C8-CRM and (d) C8/TiO2- 
CRM by putting PMMA powder as dirt. 
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where the water droplet is pinned. In addition, the C8/TiO2-CRM also 
exhibited better anti-fouling properties than C8-CRM when immersing 
them into a 10 ppm methylene blue aqueous solution for 24 h. The C8/ 
TiO2-CRM structure is not only superhydrophobic in air, but also gas-
philic when immersed in water. We discovered that the micro/nano- 
roughness of TiO2 microflowers can promote gas-attracting behavior, 
possibly due to the trapping of air beneath liquid. Moreover, based on 
the water, ethylene glycol and palm oil contact angle results, it is safe to 
conclude that a ceramic substrate with a stable superhydrophobicity was 
achieved with potential oleophobicity by designing a multiscale surface 
through deposition of TiO2 microflowers and lowering its surface energy 
via fluorination. It is worth noting that the implementation of a multi- 

scale texture surface was carried out in this work at a single step of 
hydrothermal synthesis, overcoming many previous strategies that pri-
marily involved multiple steps in depositing a nanoscale texture on an 
underlying coarser length scale texture. Initial speculation could be that 
this gas-attracting property is highly advantageous for applications like 
membrane contactor, carbon capture, battery technology, electro-
catalytic reduction and so-forth. 
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