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Abstract 

 

Vertically-oriented, self-organized TiO2 nanotube arrays (TNAs) are a highly ordered n-type 

semiconducting nanoarchitecture with a wide range of potential applications. We generated 

low energy surfaces repellent to a broad spectrum of liquids by functionalizing TNAs using 

monolayers of two different fluorinated hydrocarbon molecules: perfluorononanoic acid 

(PFNA) and 1H, 1H′, 2H, 2H′-perfluorodecyl phosphonic acid (PFDPA). Nanotubes of two 

different outer diameters (50 nm and 130 nm) were studied and their wetting behavior 

analyzed in liquids belonging to different solvent classes to infer the nature of the wetting 

states.  We show that the wetting behavior of perfluorinated monolayer-functionalized TNAs 

in polar liquids is explained by fakir or Cassie-states whilst the wetting behavior of bare 
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nanotubes in every liquid is explained by Wenzel-type states.  On the other hand, a transition 

between the Cassie and Wenzel states due to closed pores in the TNA architecture dictates the 

wetting behavior of functionalized TNAs in apolar liquids.  The wetting behavior of 

functionalized TNAs is understood considering the synergistic effect of geometric and 

chemical surface modification. PFDPA-functionalized TNAs were found to be resilient to 24 

hours of exposure to water and ethylene glycol at a static fluid pressure of 0.105 MPa, and are 

one step closer towards the realization of a mechanically robust omniphobic surface. At the 

same time, an understanding of wetting behavior will be useful in the design and optimization 

of a wide range of interface-sensitive devices such as metal oxide nanotube/nanopore array 

based sensors, implants, flow-through membranes, photocatalysts and heterojunction solar 

cells.   

 

Introduction 

TiO2 nanotube arrays (TNAs) are an intriguing class of nanomaterials. They combine the 

versatile application spectrum of TiO2 with an ordered porous architecture that is easily 

achieved by the inexpensive process of electrochemical anodization.
1
  The ability of TiO2 to 

tether a wide range of biomolecules either directly or through linker monolayers in a stable 

fashion for extended durations, coupled with the large interfacial area and high effective 

refractive index of the nanotubes makes TNAs attractive for use in ultrasensitive labeled and 

label-free optical biosensors.
2-4

  TNA-based drug-eluting bone implants utilize the non-toxic, 

chemically inert and mechanically robust nature of TiO2, combined with high aspect ratio 

pores and the resulting diffusion-controlled release of molecules confined in the volume of the 

pores.
5-10

   The n-type semiconducting behavior of TNAs concomitant with the position of the 

TiO2 conduction band edge favoring ultrafast (fs) injection from a broad class of dyes, 

polymers and quantum dots is interesting from the perspective of constructing ordered 
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excitonic solar cells to overcome both the exciton diffusion bottleneck and to orthogonalize 

the competing processes of light absorption and charge separation.
11-17

   

 

 A key unifying theme in the above applications is that they all constitute hybrid 

devices, wherein interfaces involving the TiO2 nanotubes are critical.  These include the dye-

TNA, electrolyte-TNA and polymer-TNA interfaces in excitonic solar cells, osteoblast-TNA 

interface in bone implants, as well as the TNA-biomolecule, TNA-analyte and TNA-foulant 

interfaces in biosensors. Wetting of the TNA surface by liquids or gels is critical to the 

functioning of every one of the above-mentioned devices; however, such wetting behavior is 

currently inadequately understood and poorly optimized for peak device performance.  For 

instance, the resilience of biomolecule-functionalized TiO2 nanotubes to fouling agents is 

controlled by the wetting characteristics of the surface.  Likewise, the efficiency of the 

process of filling of p-type conjugated polymer(s) into TiO2 nanotube arrays depends on the 

wetting properties of the pore-walls with respect to the polymer solution, which in turn 

dictates the imbibition dynamics of the polymer solution into the pores. In addition, 

mechanically robust, chemically inert, superamphiphobic coatings have applications in marine 

and industrial coatings, where the superamphiphobic coatings can retard both the nucleation 

of inorganic salt crystals and fouling by organic molecules.  Despite such remarkable 

significance, issues concerning wetting rarely figure in the design of devices based on TiO2 

nanotube arrays, and consequently the existing device designs fail to take advantage of the 

full range of specifications, configurations and performance possibilities associated with the 

TNA architecture. Systematic and well-designed studies of the wetting behavior of 

functionalized, well-ordered TNAs are clearly needed to fill this void.   

 

While nanoporous alumina has received some attention as an ordered porous structure 

for studies of wetting,
18, 19

 self-organized TiO2 nanotube arrays with inner and outer wall 
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surfaces and inter-tubular spaces present a different geometry, and potentially different 

wetting configurations from the hexagonal cylindrical channel architecture of nanoporous 

alumina. In this paper, we are motivated to generate and understand superamphiphobic 

surfaces using TiO2 nanotube arrays. For this purpose, we functionalized titania nanotubes 

with perfluorinated monolayers since it is well-known that perfluorinated monolayers present 

the lowest energy surfaces obtainable by purely chemical surface modification.
20, 21

  The low 

polarizability of the C-F bonds and the low overall dipole moment of perfluorinated 

molecules drastically reduce both Coulombic and Van der Waals interactions
22

 – this is 

especially relevant given the high surface energy of the bare TiO2 surfaces. The combination 

of chemical and geometric surface modification may be used to generate low energy liquid 

repellant surfaces with the added advantage of transparency,
23

 which are in great demand in 

diverse applications such as drag-free fluid flow in membranes, spatial confinement of the 

initiation of chemical reactions, prevention of biofouling, amelioration of fogging and 

freezing on mirrors and windows, etc.  There exist both obvious and subtle differences in 

wetting phenomena on flat and nanotubular TiO2 surfaces when functionalized using the same 

monolayer. For strongly lyophobic monolayers, the annular surfaces of the nanotubes reduce 

the effective contact area available for wetting and nearly eliminate hysteresis since any 

imbibition of the solvent droplet into the nanotubes encounters further repulsion from 

molecules adsorbed on the nanotube walls.  On the other hand, in ambient conditions, the 

imbibition of solvent droplets into nanotubes derivatized by strongly lyophilic monolayers is 

constrained by the buoyant force of air trapped in the nanotubes.
18

  In comparison to textured 

surfaces that use microstructures, texturing-based on nanostructures is expected to reduce 

pinning and improve agreement with the Wenzel and Cassie-Baxter theories.
24-26

   

 

A true indication of amphiphobic or superamphiphobic behavior
27-29

 is only obtained 

by demonstrating liquid repellence of the surface in a broad spectrum of solvents where 
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dispersion-based, dipole-based and hydrogen-bonding-based interactions are involved.  The 

few extant fundamental studies of wetting behavior on TiO2 nanotubes are either limited to a 

narrow range of solvents (mostly from the polar, protic solvent family)
30-32

 and/or utilize 

nanotubes with visible surface debris,
31, 33

 pore clogging or tangled, randomly oriented 

morphologies.
30, 34

 Superhydrophobic nanotubes have received far more attention than either 

oleophobic or amphiphobic nanotube surfaces. Different methods have been used to generate 

the desired lyophobic behavior. Brush-coating anodized Ti with fluoropolymers has been 

reported to result in contact angles with water of up to 122°.
35

 Dip-coating anodized Ti with a 

perfluoroalkylsilane followed by curing resulted in optimized water contact angles of 150°.
36

  

Superior performance was obtained by forming a monolayer of a perfluoroalkyltrichlorosilane 

on the exposed surfaces of TiO2 nanotubes by immersion self-assembly, which resulted in 

contact angles as high as 163° with water and 157° with ethylene glycol.
37

 Balaur et al. 

reported water contact angles of 165-167° by coating TiO2 nanotube arrays with self-

assembled monolayers of octadecylphosphonic acid (ODPA).
31

  In the same study, diameter 

dependence of the superhydrophobic behavior was also studied and it was found that largest 

diameter (100 nm) nanotubes provided the highest water contact angles and smallest diameter 

(20 nm) the lowest contact angles in accordance with the area fraction calculation  with 

Cassie-Baxter theory.
31

 In this report, we study the wetting behavior of clean, unclogged, 

debris-free TNA surfaces (Fig. 1) coated with linear chain perfluorinated monolayers formed 

by self-assembly. Two different nanotube diameters and planar films were studied to 

understand geometric effects.  In order to form a perfluorinated monolayer, we chose not to 

use the commonly employed perfluorinated alkyltrichlorosilane as the coupling agent, due to 

its well-known propensity to form three-dimensional multilayer polymer films (thus 

diminishing the structural effect of the nanotubes) and possessing only moderate binding 

strength to TiO2 surfaces.
38

 Instead, we used non-polymerizing perfluorinated 

alkanephosphonic acid and perfluorinated alkanecarboxylic acid, whose headgroups have 
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high binding strength to TiO2 surfaces.  We examined many different classes of liquids 

including polar protic, polar aprotic and non-polar solvents to establish amphiphobicity. We 

also present a theoretical analysis of the wetting behavior, ensuring that the present work 

becomes the first systematic study on wetting properties of TNAs providing ample design 

specifications for future research.  

 TiO2 nanotubes have a hardness (> 1 GPa),
39, 40

 Young’s Modulus (23-44 GPa)
40, 41

 

and fracture toughness (1-2.8 MPa.m
1/2

)
42

 that is either comparable to or higher than films 

made of polytetrafluoroethylene (PTFE) and other polymers,
43

 which are currently the 

predominantly used hydrophobic and amphiphobic surfaces. Therefore, amphiphobic coatings 

and composites based on TiO2 nanotube arrays offer the potential of more mechanical 

robustness, particularly for wear-resistant applications.   

 

Experimental Methods 

Materials 

Linear chain perfluorononanoic acid (PFNA) with the molecular structure CF3(CF2)7 COOH 

was purchased from Sigma Aldrich Corp. 1H, 1H′, 2H, 2H′-perfluorodecyl phosphonic acid 

(PFDPA) with the molecular structure CF3(CF2)9(CH2)2 PO3H2 was supplied by Aculon Inc. 

Methanol (99.8%), n-hexane (95%), N,N-Dimethylformamide (99.9%), dimethyl sulfoxide 

(99.9%), diiodomethane, toluene (99.5%), acetone (99.5%),  ethylene glycol (99.9%) and 

ammonium fluoride (98.3%) were obtained from Fisher Scientific. Deionized (DI) water used 

for contact angle measurements was obtained from ELGA system ((PURELAB Ultra, ELGA).  

 

Preparation of TiO2 nanotubes and planar TiO2 thin films 

Titanium dioxide nanotube arrays were prepared by electrochemical anodization at room 

temperature using a two-electrode geometry.
44

 Prior to anodization, titanium foil was 

degreased ultrasonically in acetone, DI water and methanol for 10 minutes each.  The Ti foil 
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was connected with the electrolyte by an O-ring and formed the anode; the cathode consisted 

of a piece of titanium with a surface area half time that of the Ti foil. 

 

Fig. 1 FESEM images of the two TiO2 nanotube array geometries used in this study - (a) 

TNAs of 100 nm average inner diameter formed by anodization at 65 V and (b) TNAs of 30 

nm average inner diameter formed by anodization at 20 V. 

 

The distance between the Ti foil and the cathode was approximately 5 cm. A DC 

power supply was used to drive reaction. For growing highly ordered nanotubes, a two step 

process involving pre-anodization in the first step, was used. In all steps, the electrolyte 
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contained 0.3 wt% NH4F and 4% DI water in ethylene glycol. The pre-anodization step 

involved anodization of the Ti foil at 65 V for 2 hours followed by ultrasonic delamination of 

the oxide nanotube layer from the surface to leave a pattern of pits to nucleate ordered 

nanotubes in the second step.  After the first step pre-anodization, the Ti foil was assembled 

back in the ethylene glycol electrolyte to perform the secondary anodization for another 24 

hours. Before the formal anodization, the oxide layer was delaminated ultrasonically, and a 

pattern was left on the surface of foil. Subsequently, the exposed titanium was used for the 

first step formal anodization at 65V for three hours followed by rinsing in methanol and 

drying by pressurized nitrogen.  For anodizing small diameter nanotubes, Ti foils were 

anodized for 72 hours at 20 V and since small diameter nanotubes are more difficult to 

delaminate, pre-anodization was not used. These TNAs are further treated with oxygen 

plasma in order to hydroxylate the surface. Concurrently, thin films of planar TiO2 were 

prepared by annealing Ti foil overnight on a hot plate at 200° C. The cleaning steps for the Ti 

foil were identical to those used for the growth of TNAs.   

Surface functionalization 

Two different molecular monolayers were used to perform the functionalization of planar 

TiO2 thin film (TTF), small diameter (TNASmall) and big diameter (TNALarge) titanium dioxide 

nanotube arrays. Functionalized surfaces were generated by 10 hour immersion in 1 mM 

solution of perfluorononanoic acid in n-hexane, and in 1 mM perfluorodecane phosphonic 

acid in methanol, respectively.  Functionalization of nanotubes of two different diameters by 

PFNA and PFDPA resulted in four different kinds of substrates− arg

PFDPA

L eTNA , arg

PFNA

L eTNA , 

PFDPA

SmallTNA  and PFNA

SmallTNA . Systematic wetting studies of TiO2 thin films (TTF), bare nanotubes 

(TNALarge  and TNASmall) and functionalized thin films, TTF
PFDPA

 and TTF
PFNA

 were  

performed prior to the measurements of contact angles on arg

PFDPA

L eTNA , arg

PFNA

L eTNA , PFDPA

SmallTNA  and 

PFNA

SmallTNA . Thus, we had in total nine substrates for the contact angle measurements. At least 
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two samples of each type of substrate were used for contact angle measurements. The 

complete process flow for the generation functionalized TiO2 thin films and nanotube arrays 

in illustrated in Fig. 2.   

 

Fig. 2 The process flow for the preparation of the TiO2 nanotubes coated with perfluoroalkyl 

monolayers. A Ti foil was used to synthesize the nanotubes by electrochemical anodization. 

The synthesized TiO2 nanotubes were of two different types − large and small which are 

numbered as 1(TNAsSmall) and 2(TNAsLarge), respectively. The encircled images beside the 

TNAsSmall show the SEM images of the top and bottom of the nanotubes. The encircled images 

at the bottom of TNAsLarge and TNAsSmall  (image 3 and 4) are the top and side views of the 

large and small nanotubes. Further, PFNA and PFDA were used obtain the two different kinds 
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monolayers by self-assembly on planar TiO2 thin films (TTF −image 5) and TNA (image 6) 

substrates. 

Characterization 

The morphologies of the TNAs were imaged using a JEOL 6301F Field Emission Scanning 

Electron Microscope (FESEM). Fig. 1 shows top-views and cross-sections of small diameter 

and large diameter nanotubes fabricated by the electrochemical anodization process at 65 V 

and 20 V, respectively. A Thermo Nicolet Nexus670 Fourier Transform Infrared (FTIR) 

spectrometer was used to obtain vibrational spectra from the sample surfaces in order to 

verify the presence of the monolayers. X-ray photoelectron spectroscopy (XPS, Kratos 

Analytical, Axis-Ultra) measurements were conducted using Al Kα source with energy 1486.6 

eV under ultra-high vacuum (UHV) conditions (∼10
-8

 Torr). The binding energies were 

calibrated by the C 1s peak of carbon at 284.6 eV. The static contact angle measurements 

were performed using Drop Shape Analyzer (DSA) 100 (Krüss GmbH - Germany) and the 

wetting configuration of a 2µl drop was observed using an in-built CCD camera. The static 

contact angles were measured on two substrates of each kind (18 substrates in total) and 

minimum five measurements were performed at different locations on each substrate. In each 

case, the average contact angle was determined from a series of measurements to evaluate the 

consistency of wetting behavior on the studied substrate. For measurements of the 

sustainability of the lyophobic behavior, the wetting configuration of sessile drops was 

observed before and after 24 hours of immersion in selected solvents using a high resolution 

digital camera. 

 

Results and Discussion 

Verification of functionalization protocols 

Fig. 3 shows the XPS spectra of the functionalized TiO2 thin films and large diameter TNAs.  

The high resolution spectra of Ti 2p (Fig. 3a) corresponds to two dominant doublet peaks at 
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binding energies of 458.7 eV (Ti 2p3/2) and 464.5 eV (Ti 2p1/2), respectively for TTF
PFDPA

 and 

TTF
PFNA

.
45

 This peak corresponds to the Ti
4+

 state of TiO2. A minor shift of 0.2-0.3 eV is 

observed for arg

PFDPA

L eTNA  and arg

PFNA

L eTNA  samples. A broadening in the core-level O 1s peak at 

530.2 eV (Fig. 3b) for TTF
PFDPA

 and TTF
PFNA

 samples may be attributed to surface 

contamination. 
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Fig. 3 High resolution XPS spectra of TiO2 thin films and TNALarge coated with PFNA and 

PFDPA. 

       

Fig. 4 FTIR spectra of bare TiO2 nanotube arrays (red), and subsequent to coating (blue) with 

a monolayer of Perfluorononanoic acid (A) and Perfluorodecylphosphonic acid (B).   

 

The C 1s peaks on TiO2 surface are deconvoluted into various peaks (Figs. 3c and 3d).  

The tabulated details of the all the peaks present in the spectra may be found in Table S1 in 

Supporting Information. The main peak of carbon (C1s) is found at 284.6 ± 0.3 eV in all the 

samples except that of TTF
PFNA

.
46

 The C1s peak in the TTF
PFNA

 sample is shifted to 285.1 eV 

corresponding to C-H bonds on the surface. The other peak found in the C1s region is at 286.4 

± 0.5 eV (C=O), which is found in all the samples. The presence of carboxyl and ester group 

is seen at binding energies of 288.6 eV and 289.3 eV for the PFNA-coated samples (TTF
PFNA 

and arg

PFNA

L e
TNA ).

46
 No such peak is observed in PFPPA-coated TiO2 samples (TTF

PFDPA
 and 

arg

PFDPA

L eTNA ). However, a prominent peak at binding energy of 291.5 eV is seen in PFPDA-

coated TiO2 samples, corresponding to C-F bonds. This peak is found to be more intense in 

nanotube samples in comparison to thin films. The presence of C-F bonds is also seen in 

fluorine (F1s) XPS spectra at binding energy 689 ± 0.5 eV for all the samples (Fig. 3e).   
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Fig. 3f, shows the P 2p spectra for TTF
PFDPA

 and arg

PFDPA

L eTNA . The peak with binding 

energy 133.3 eV corresponds to P 2p3/2, which is attributed to the pentavalent tetra 

coordinated phosphorous surrounded by different chemical environment.
47

 The 2p line at 

binding energy of 133.0 eV is found on the surface of an alkane phosphonic acid complexed 

with zirconium, which was grafted on the native oxide of a Ti plate (TiO2).
48

 A variation in 

binding energy of P 2p (132.4 eV to 135.8 eV) is found depending on the oxygen 

environment. A lowering in binding energy is reported in the P2p when the P-OH bond (at ca. 

134.5 eV) in, e.g.,CH3P(O)(OH)2, is replaced by a P-C bond, as in Ph2P-(O)OH (133.3 eV). 

No such peak is found in PFNA based TiO2 samples.
49, 50

 

 

Fig. 4 shows the vibrational spectra of the functionalized TNAs.  The bands at ca. 

1241, 1210 and 1152 cm
-1

 correspond to the –CF2 stretches, thus confirming the presence of 

PFNA and PFDPA on the surface.
51

  In Fig. 4B, the strong –P=O bands in the 1230-1260 cm
-1

 

region are absent while bands in the 1000-1070 cm
-1

 corresponding to the symmetric νsPO2
─
 

are prominent, pointing to a monodentate adsorption of the phosphonic acid headgroup.   

 

Insight into the effect of nanostructuring was obtained by comparing the wetting 

characteristics of flat TiO2 films to TNAs for identical functionalization and solvent(s).  The 

packing density of alkanoic acid SAMs is positively correlated to the density of hydroxyl 

groups on the surface due to the participation of –OH groups in the bidentate binding of –

COOH groups to the TiO2.  On the other hand, due to the much stronger interaction of the –

PO3H2 headgroup with TiO2, the packing density of alkanephosphonic acid SAMs is 

independent of the surface –OH group density, and equal to ~1 nmol cm
-2

 on a flat TiO2 

substrate, corresponding to an area/molecule of 0.166 nm
2
.
52
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Effect of surface morphology and surface chemistry on wetting behavior 

Our main aim was to fabricate omniphobic substrates which repel a wide range of liquids or 

solvents. Therefore, we selected polar protic (deionized water, ethylene glycol), polar aprotic 

(dimethylformamide and dimethyl sulfoxide) and apolar (toluene and diiodomethane) solvents 

as working liquids for contact angle measurements to characterize the wetting properties of 

these disparate liquid classes on different chemically modified nanostructures. The measured 

contact angles for six different liquids on nine different substrates are shown in Fig. 5. The 

exact values of contact angles with standard deviation in measurement for all six liquids on all 

nine substrates can be found in the Table S2 in Supplementary Information.  The data in Fig. 

5, and in Table S2 provide evidence that the chemical treatment, i.e., monolayer formation is 

necessary for liquid repellence while geometric texturing via the creation of nanotubes 

generates extreme liquid repellence manifested by large static contact angles > 140°.   

 

The influence of the surface chemistry on wetting by particular liquids is commonly 

analyzed using the Owens-Wendt,
53

 Fowkes
54

 or Van Oss-Good frameworks
55

 in terms of the 

dispersive, polar and hydrogen-bonding components of the solid surface energy interacting 

with the corresponding components of the liquid surface tension. We used the extended 

Fowkes theory
56

 and the average values of the static contact angle observed using three 

prototypical liquids with known dispersive, polar and hydrogen-bonding components 

(diiodomethane, ethylene glycol and water) to determine the components of the solid surface 

energy, as per the following equations: 

d p h

L L L Lγ γ γ γ= + +      (1) 

       (2) 

(1 cos ) 2 2 2d d p p h h

L L S L S L Sγ θ γ γ γ γ γ γ+ = + +              (3) 

d p h

S S S Sγ γ γ γ= + +
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where γ represents the surface energy, the subscripts S and L denote solid and liquid, 

respectively while the superscripts d, p and h denote the dispersive, polar and hydrogen-

bonding components of the surface energy, respectively.  For both liquids and solid surfaces, 

the total surface energy is given by the sum of the dispersive, polar and hydrogen-bonding 

components.  

While Owens-Wendt, Fowkes and Van Oss-Good theories are strictly applicable only 

for flat surfaces,
57

 applying them to nanostructured surfaces results in an estimate of the 

surface energy of a flat substrate that would produce the same static contact angle(s) and 

allows us predict the overall wetting behavior of nanotube arrays with different types of 

liquids.
58

 The results of such an analysis are shown in Table S2 in Supporting Information and 

indicate a strong attenuation of the significant dispersive and hydrogen-bonding surface 

energies of bare (unfunctionalized) planar and nanotubular TiO2 surfaces upon perfluoro-

functionalization. The extended Fowkes analysis also indicates that nanostructuring the 

perfluorinated surface produces a near-complete attenuation of polar and hydrogen bonding 

components of the surface energy. For example, while the polar component of the surface 

energy (γS
p) of the PFNA-functionalized flat TiO2 sample (TFF) drops to 15.56 mN m

-1
, γS

p for 

PFNA functionalized nanotube samples ( PFNA

SmallTNA  and arg

PFNA

L eTNA ) is < 0.1 mN m
-1

 (see Table 

S2).  A similar large drop in the hydrogen bonding component of the solid surface energy (γS
h
) 

is seen for functionalized nanotube surfaces. Therefore, large static contact angles of wetting 

are expected for polar protic and polar aprotic solvents on nanotube surfaces, and this is 

indeed the case for all the polar solvents examined in this study. On the other hand, 

functionalized nanotube surfaces experienced only a modest decrease (< 3 mN m
-1

) in the 

dispersive component (as shown in Table S2) of the surface energy in comparison to 

perfluorinated flat TiO2 films. If we closely look at table S2, the total surface energies of the 

four functionalized nanotube samples (PFNA-large small and PFDPA large and small), are 

2.35 mN m
-1

, 1.03 mN m
-1

, 0.74 mN m
-1

 and 1.07 mN m
-1

, respectively. The maximum 
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difference in surface energy is 1.61 x 10
-3

 N/m, which could arise from the assumptions 

inherent in the extended Fowkes model and is well within the error range of the contact angle 

measurements. Therefore, while the Fowkes model is useful in understanding the chemical 

nature of the functionalized surfaces, the predictive value of the surface energy values in 

estimating the variations in wetting behavior as a function of nanotube morphology, type of 

functionalization and precise solvent, is quite limited.  

 

Explanation of observed wetting behavior 

As mentioned previously, aside from informing us that the functionalized nanotube surfaces 

have a low overall surface energy with their polar and dispersive components particularly 

attenuated w.r.t. functionalized flat TiO2 surfaces,  the extended Fowkes analysis of the 

previous section does not provide sufficient insight into the wetting configuration of different 

liquids on the various surfaces considered in this study. Therefore, we use a different to 

approach, outlined here, to analyze the observed wetting behavior. For substrates with 

geometric non-uniformity and chemical heterogeneity, Wenzel
59

 and Cassie
60

 theories have 

been widely used to describe the wetting characteristics or contact angles on such substrates.  

Wenzel suggested that the contact angle of a liquid on a textured surface w

rθ  is a function of 

surface roughness and the equilibrium contact angle ( e

flatθ ) on a flat substrate of the same 

material. This can be expressed as
59

 

  cos cosw e

r flatrθ θ= ⋅      (4) 

 

where r is the surface roughness parameter (ratio of the actual area to the projected area of 

the substrate containing the nanotextured surface). The theory proposed by Wenzel (Eq.4) 

indicates that surface roughness always magnifies the inherent wetting property of the 

substrate i.e. a lyophilic surface becomes even more lyophilic due to surface roughness and a 

lyophobic surface is rendered even more lyophobic.  Therefore, we measured e

flatθ  on TiO2 
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thin film substrates (TTF) and further determined w

rθ . It was observed that, for all the liquids 

used in this study, the TTF surface is a liquid-attractive surface ( e

flatθ < 35° for all liquids 

studied).  This is attributed to the high surface energy of clean, bare TiO2 due to dangling 

bonds and hydroxyl groups on the surface. Nanotubular TiO2 has an even higher liquid-

attractive nature, i.e., the contact angle is smaller than for flat TiO2 surfaces for all liquids 

studied.
61

 Thus, as predicted by Wenzel
59

 a liquid-attractive bare amphiphilic surface becomes 

more amphiphilic with the increase in the surface roughness. This observation also implies 

that the drop placed on the nanotubes is in the Wenzel configuration. 

 

As expected, the formation of a perfluorinated monolayer distinctly changes the 

wettability of TTF substrate. For example, bare TTF is hydrophilic, whereas TTF
PFDPA

 and 

TTF
PFNA

 are hydrophobic (
SAM

flatθ > 100°).  However, it is highly challenging to obtain a flat 

monolayer-coated TiO2 surface that is truly amphiphobic i.e. shows broad spectrum liquid 

repellence ( SAM

flatθ > 100° for different classes of liquids). To achieve extremely liquid repellent 

surfaces, we need to obtain a surface where the liquid drop is in Cassie-Baxter or fakir state.
60

 

The fakir state is one that does not allow drop to collapse or spread (on the side walls of 

nano/micro structure) thereby allowing the liquid to rest at the tip of the asperities on the solid 

substrate.  In such a scenario, the drop is suspended on the micro- or nano-scale asperities 

with the air underneath it.  We performed similar functionalization of the nanotubes as we 

performed for TiO2 thin films. It was observed by us that the nanotubes functionalized with 

perfluorinated monolayers showed extreme liquid repellence (Fig. 5), for example TTF
PFDPA

 

is hydrophobic in nature but monolayer-coated TNAs ( arg

PFDPA

L eTNA , arg

PFNA

L eTNA , PFDPA

SmallTNA  and 

PFNA

SmallTNA ) show superhydrophobic behavior ( SAM

TNAsθ > 170°). The detailed analysis and 

explanation of such behavior is provided in a later section.    
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Fig. 5  Equilibrium contact angles of different liquids on nine different substrates measured 

by the pendant drop technique are presented here. The bare TiO2 thin film allows all liquids 

considered in this study, to spread easily; in nanotubular form (TNALarge and TNASmall), the 

substrates became more amphiphilic. The chemical treatment, namely functionalization by 

two different perfluorinated alkane chain-containing molecules (PFNA and PFDA) resulted 

in the bare flat TiO2 thin films becoming hydrophobic surfaces (TTF
PFDPA

 and TTF
PFNA

). A 

similar treatment was performed on two different nanotubes (TNALarge and TNASmall) to 

generate four types of functionalized nanotube array samples ( arg

PFDPA

L eTNA , arg

PFNA

L eTNA , PFDPA

SmallTNA  

and PFNA

SmallTNA ), which showed distinctly different liquid-repellent characteristics compared to 

the bare nanotubes. The static contact angles obtained with these functionalized nanotubes 

are some of the highest observed for any surface.   
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Analysis of wetting properties and theoretical predictions of contact angle 

In the case of a structurally heterogeneous surface, such as arg

PFDPA

L eTNA , arg

PFNA

L eTNA , PFDPA

SmallTNA  and 

PFNA

SmallTNA , Cassie and Baxter reported that the contact angle of a liquid drop on a 

heterogeneous substrate in an air medium can be expressed as
60

 

  ( )1 cos 1CB e

r sl flat
Cos fθ θ= + −  

(5) 

  

where    is the contact area fraction parameter , i.e., the ratio of the liquid-solid contact 

area and the projected area of the drop base.  Titania nanotubes formed by anodization in 

ethylene glycol electrolytes are known to pack in a triangular lattice. The unit cell for the 

observed TiO2 arrangements (see Fig. 1 and images (a) – (c) in Fig. 6) can therefore be 

considered as an equilateral triangle, of side 2R0 (for nanotubes without any gap) or 2R0+s (for 

nanotubes with gap s)  formed due to three hollow nanotubes. The representative unit cell 

considered for the analysis and the top view of this unit cell is shown in Fig. 6b. For this case, 

the contact area fraction parameter ( slf ) can be presented as, 

2

0 0

2

0

2

2 3
1

2

sl

t t

R R
f

s

Rπ

 
−  
 =

  
 +  
   

 

 

(6) 

where  R0 and t are the outer radius and thickness of an individual nanotube, respectively and 

s is the inter-tube spacing. For each of the two nanotube architectures studied, the values of R0, 

t and s were extracted using scanning electron micrographs, and are shown in Table S3. Table 

1 shows the comparison between the experimentally measured contact angle and the 

difference between the experimentally measured and theoretically predicted (using Eqs. 5 and 

6) contact angles. The subscript and superscript of the contact angle (θ) in Table 1 represent 

the type of nanotube and the functionalization process, respectively. The value in the 

parenthesis represents the percentage difference between the theoretical predictions and 
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experimentally observed contact angle measurements. It is evident that the PFDPA

SmallTNA  surface 

is the most liquid repellent surface with minimal deviation from the theoretical prediction.  

 

 
Fig. 6 (a) The unit cell considered for the theoretical analysis assumes that the nanotubes are 

closely packed in a triangular lattice (b) First scenario considered for the analysis: the unit cell 

consists of three hollow nanotubes with height h, radius R0, wall-thickness t and inter-tube 

spacing s.  (c) Second scenario considered for the analysis: The nanotubes are considered as 

solid nanorods of outer radius R0 and there is a finite gap s in between them.   

 

 Liquid 
arg

PFNA

L eθ  arg

PFNA

L eθ∆  arg

PFDPA

L eθ  arg

PFDPA

L eθ∆  

Ethylene Glycol (EG) 141.18±5.5 4.46(3.16) 142.2±1.32 11.20(7.87) 

Dimethylformamide (DMF) 114.5±5.9 6.01(5.25) 132.2±0.53 3.99(3.02) 

Dimethyl sulfoxide (DMSO) 125.7±3.5 5.25(4.17) 139.3±1.44 11.50(8.25) 

Toluene 105.2±0.8 21.31(20.29) 110.5±0.91 14.74(12.75) 

Diiodomethane (DIM) 134.5±1.59 9.95(7.40) 144.6±0.38 4.93(3.39) 

     

 Liquid PFNA

Smallθ  
PFNA

Smallθ∆  
PFDPA

Smallθ  
PFDPA

Smallθ∆  

Ethylene Glycol 140.9±4.5 24.45 (17.41) 149.7± .22 42.31(28.26) 

Dimethylformamide 110.7±2.5 20.90(19.01) 140.0±4.92 37.15(26.53) 

Dimethyl sulfoxide 87.8±23.3 1.89(2.14) 145.2±2.61 43.02(29.62) 

Toluene 110.8±3.44 11.09(10.12) 120.8±2.17 14.64(12.21) 

Diiodomethane 140.4±3.39 12.07(8.59) 143.5±0.88 21.854(15.22) 

 

Table 1. The experimentally measured contact angle (θ) and deviation (∆θ) from theoretically 

predicted value. The value in the parenthesis represents the percentage difference between the 

theoretically predicted and experimentally measured contact angle values. 
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Both Table 1 and Table S2 show that PFDPA-coated nanotube surfaces exhibit high 

contact angles (> 130°) approaching superamphiphobic behavior for the four polar solvents 

examined in this study, namely water, EG, DMF and DMSO.  PFNA-coated nanotube 

surfaces exhibit contact angles > 140° for the protic solvents (water and EG), and lower 

contact angles for the aprotic solvents, DMF and DMSO (Table S2). On the other hand, 

perfluoro-functionalized flat TiO2 surfaces (TFF
PFNA

 and TFF
PFDPA

) repel protic solvents and 

do not repel aprotic solvents (Table S2). Thus for the polar aprotic solvents (DMF and 

DMSO), the liquid attractive behavior of the TFF
PFNA

 and TFF
PFDPA

 transforms to liquid 

repellent behavior for the functionalized nanotubes, pointing to the likely emergence of 

Cassie-Baxter type wetting states. For polar protic solvents (Water and EG), the liquid-

repellent behavior of TFF
PFNA

 and TFF
PFDPA

 is amplified by nanostructuring, which could be 

caused by either Cassie-Baxter or Wenzel-type wetting states. Our subsequent analysis 

attempts to determine the nature of this wetting state. Keeping in mind that each nanotube 

behave as a closed pore  and the inter-tube spaces act as an open space, we deduce that a 

liquid droplet may exist in three different configurations on the perfluorinated monolayer-

coated nanotubes as shown in Fig. 7. In each configuration, the local interaction between the 

individual nanotube and the liquid-air interface dictates the outcome of the drop configuration. 

In the first configuration, the drop does not spread locally on either the outer or inner surfaces 

of the nanotubes and consequently, we observe the failure in the drop deposition with the 

conventional pendant drop deposition technique.
23

  The pendant drop deposition technique is 

a widely adopted technique to deposit the drop on the substrate for contact angle 

measurements where the needle with a liquid drop at its tip is brought near to the 

characterizing substrate and further allowed to get deposit on the substrate. During the 

deposition, the drop detaches from the needle and spreads on the substrate and finally one can 

determine the equilibrium contact angle of the drop which is in equilibrium condition on the 

substrate. It is to be noted that to determine the wetting characteristics of any low energy 
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surface (the surface with very high contact angles) the drop volume needs to be smaller so 

that the contact angle measurements are preformed without any influence of gravity.
62

 This is 

achieved by maintaining the drop radius (Rc) much smaller than capillary length scale 

cl gγ ρ=  where γ, ρ and g are the liquid surface tension, liquid density and the 

gravitational acceleration respectively. In the case of very low energy surface such as 

functionalized TNA  surfaces where the water drop of radius ≤ Rc remains attached to the 

needle and does not spread on the substrate. If we apply additional force on the drop through 

the needle to obtain the forceful spreading, first the drop rolls/slides on the characterizing 

surface and then climbs-up on the needle outer surface (Refer to Supplementary Video in 

Waghmare et al.
63

). Since in our case the height of the nanotube is much larger than the radius  

h (~6-18 µm)>> R0 (38-75 nm), the developed stresses at the three phase contact line (the 

portion at which drop is in contact with solid substrate) may disturb the nanotube 

arrangement.
63, 64

 Moreover, if we perform the contact angle measurements on the drop that is 

attached to the needle, it may lead to wrong interpretation of the contact angles because the 

drop in this configuration always has affinity towards the needle. We have also maintained the 

drop-substrate contact for a longer time  (> 1 min) to allow the drop to spread without any 

additional force from the needle on the drop. But it was observed that the drop never spreads 

on the substrate and remained attached with the needle. Further, if the needle is retracted away 

from the characterizing substrate the drop travels along with the needle. For ultralyophobic 

surfaces, sessile drops of larger volume were used to observe the wetting behavior - but 

contact angles measured in such a configuration include the effect of gravity. For such 

ultralyophobic cases (e.g. water on functionalized nanotubes in this study) where a drop never 

gets deposited or spread on the surface, we have reported the contact angle > 170°. In such a 

scenario, the drop neither stays in contact with any portion of the nanotube nor spreads locally 

as shown in the first configuration (image 1) of Fig. 7.  
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Fig. 7 Possible drop configuration of liquids during the contact angle measurements. In the 

first case, the drop does not spread, whereas in the second and third cases the drop spreads 

over areas which are different from the area predicted by the contact area fraction parameter.  

 

For polar liquids other than water, we surmise that the liquid either spreads locally on 

the nanotube surface (image 2) or is in contact with a certain portion of the nanotube to-

surface (image 3) as shown in Fig. 7. Whether the liquid just spreads on the tip of the 

nanotubes or if it imbibes in between the nanotubes or inside the nanotubes, is ambiguous. 

However, in our analysis thus far, we have strictly considered the drop is able to access only  

the top surface of the nanotubes for spreading, and therefore the geometric feature of the tip of 

the nanotubes (R0 and t in Eq. 6) decides the outcome of the drop configuration (using Eq. 5).  

It is necessary to further investigate the local spreading of the drop to find out whether the 

drop has partially wetted the outer nanotube surface or whether it has imbibed inside the 

nanotubes. For this purpose, we have defined the experimental area fraction parameter ( exp

slf ) 

as follows
65

 

exp 1 cos

1 cos

e

TNAs
sl e

flat

f
θ
θ

+
=

+  

(7) 
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and compared it with the theoretically determined area fraction parameter (fsl) provided in Eq. 

(6). In Eq. (7), cos
e

TNAsθ is the equilibrium contact angle measured on TNA surfaces. If 

exp

sl slf f> , then the drop wets the external surface (as shown in image 2 of Fig. 7) in addition 

to the top surface of the pillar-like micro/nano structure. This results in over-prediction of the 

equilibrium contact angles. In the alternative case, where exp

sl slf f< , the drop is in contact 

with less area compared to the minimum available area to spread (as depicted in image 3 of 

Fig. 6) or the area predicted by theory. The geometrical parameters ( exp

slf  and 
slf ) for 

different nanotube configurations are presented in Table 2. The area fraction parameters for 

our cases are determined by using geometric parameters of nanotubes (Eq. 6 and 

Supplementary Table S3) and the experimentally observed contact angle values (Eq. 7 and 

Supplementary Table S2).  The number in the parenthesis after the sample name in Table 2 

provides the theoretical area fraction parameter (fsl) for four different configurations.  

Subsequently, the experimental area fraction parameter ( exp

slf ) for the same substrates with 

different liquids is also presented.  It is to be noted that the experimental area fraction 

parameter ( exp

slf ) is determined from the contact angle values obtained from experiments and 

hence exp

slf  is different for each liquid even though  the drop is resting on the same geometric 

configuration whereas the theoretical area fraction parameter (
slf ) is purely a function of the 

geometrical parameters. It is clear from Table 2 that for the majority of studied substrate and 

liquid combinations  exp

sl slf f<  , which suggests that these liquids prefer to be in contact with 

the air rather than the TiO2 surface, and we infer that the drop is in a similar configuration to 

that presented in image 3 of Fig. 7. Thus, we can infer the liquid drop to be in the fakir state, 

where the drop sticks to the surface but does not spread on the available surface.  The 

reduction in contact area over and above that expected from purely geometrical considerations 

could be local surface roughness on the axial surface of the nanotubes and the type of 
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molecular packing on the substrate.  It is well-known that perfluorinated monolayers occupy 

an effective area 1.5 times that of the analogous alkane chains and are rigidly oriented almost 

orthogonally from the surface (i.e. parallel to the surface normal) due to the helical 

arrangement of CF2 segments.
66

  Due to the above mentioned larger spacing between adjacent 

molecules and the weaker Van der Waals interactions involving the less polarizable C-F 

bonds, the packing density of perfluorinated monolayers is smaller than that of alkyl chains.  

According to Hamaker theory,
67, 68

 close-packed monolayers experience stronger interactions 

with chemically similar molecules while a smaller molecular packing density results in 

weaker interactions, and therefore a larger contact angle than expected from purely chemical 

similarity between the molecules in the liquid and on the solid surface.  These factors could 

explain why exp

slf is smaller than slf , and not equal to it. The clear exceptions to the plausible 

formation of fakir states are the wetting of toluene by arg

PFNA

L e
TNA  and arg

PFDPA

L e
TNA , and 

diiodomethane by arg

PFNA

L eTNA .  In these cases, exp

sl slf f>  implying the liquid is wetting an area 

larger than dictated by the geometry of the nanotube top-surface.   

Sample 

slf  

arg

PFNA

L eTNA  

(0.2842) 

arg

PFDPA

L eTNA  

(0.2842) 

PFDPA

SmallTNA  

(0.5803) 

PFNA

SmallTNA  

(0.5803) 

 exp

slf  exp

slf  exp

slf  exp

slf  

Ethylene Glycol 0.23 0.18 0.05 0.23 

Dimethylformamide 0.34 0.25 0.17 0.37 

Dimethyl sulfoxide 0.24 0.18 0.13 0.60 

Toluene 0.52 0.52 0.39 0.45 

Diiodomethane 0.46 0.28 0.24 0.36 

 

Table 2. The area fraction parameter derived from experiments using Eq. 6. And 

Eq 7. The corresponding theoretical values, based on Eq. (3), are provided in 

parenthesis beside each different nanotube arrays.  

 

One may also argue that the base of the nanotube is always encapsulated, since the 

nanotube grows from the base, whereas the other end is always open (please see encircled 
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SEM pictures in image 3 of Fig. 2, i.e., open end and dead end). Thus, the entrapped air inside 

the nanotube pores may not find a way to get displaced if the liquid attempts to imbibe inside 

the nanotubes. In this situation the liquid may pressurize the entrapped air inside the nanotube 

instead of displacing it, and eventually the liquid may prefer the wetting of the external wall 

of nanotubes. The choice of configuration 2 (image 2 in Fig. 7) as a possible alternative to the 

formation of fakir states is influenced by recent studies on closed pore structures
18, 69

 strongly 

suggesting that trapped air does indeed resist the imbibition of liquid inside the pores.  In such 

cases, one can consider the hollow tube act as a solid cylindrical pillar or as a nanorod, where 

the liquid can only spread on the outer surface of the nanorods. Owing to this argument, we 

have also performed the analysis for the case where we have assumed that the hollow 

nanotubes behave as a nanorod with a finite gap (s) in between them as shown in Fig. 7c. The  

theoretical contact area fraction parameter ( rod

slf ) for such arrangement is  

2

0

1
22 3

rod

sl

s
f

R

π
−

 
= + 

 
       (8) 

The supplementary Table S4 shows the difference between the measured contact angles and 

the theoretically determined contact angles, using Eqs. (8) and (5). It is distinctly clear that the 

deviation between the theoretical value and the experimentally measured contact angle for 

this case is much larger than the deviation observed in previous case (Table 1) i.e., the hollow 

nanotubes, lending further support to our speculation of drop configurations presented in Fig. 

7 the formation of fakir states during wetting of functionalized nanotubes by polar liquids.  

 

Now we try to understand the wetting configurations in Table 2 that result in 

exp

sl slf f> .  In the case of the weakly polar liquids toluene and diiodomethane (DIM), wetting 

behavior different from that of polar liquids is encountered on the functionalized nanotube 

surfaces. Table S1 shows that toluene wets flat TiO2 (TFF), functionalized TiO2
 
thin films – 
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TFF
PFNA

 and TFF
PFPDA

 (contact angles < 90°) and bare nanotubes (TNALarge and TNASmall) 

whereas,  it poorly wets functionalized TiO2 nanotubes (contact angles > 90°).  Such a 

transformation in wetting behavior is indicative of a Cassie-Baxter state, but the 

corresponding increase in the static contact angle falls significantly short of the minimum 

contact angles expected from the Cassie-Baxter relation for arg

PFNA

L eTNA  and arg

PFDPA

L eTNA . Flat, 

functionalized TFF surfaces repel DIM and this behavior is amplified in functionalized 

nanotubes, but likewise not to the extent expected from the Cassie-Baxter relation, for 

arg

PFNA

L eTNAs .  At the same time, the contact angles observed for this case diverge from the 

values expected for a classic Wenzel-state accounting for the complete surface area of the 

nanotubes.  The results are suggestive of partial imbibition of toluene and DIM into the 

nanotubes (image 2 in Fig. 6), which corresponds to a transition between the Cassie-Baxter 

and Wenzel regimes.   

 

In order to characterize the sustainability of the amphiphobic coating, separate samples 

of large diameter nanotube arrays functionalized by PFNA ( arg

PFNA

L e
TNA ) and PFDPA( arg

PFDPA

L e
TNA ) 

monolayers were immersed under 35 cm of water and ethylene glycol respectively for a full 

day, thus subjecting the coatings to a static fluid pressure of 0.105 MPa over a period of 24 

hours.  The static contact angle was measured before and after the immersion treatment.  For 

PFNA monolayers, the surface became hydrophilic after being immersed for only a few 

minutes, due to the hydrolyzed desorption of the chemisorbed carboxylate linkages on the 

TiO2.  On the other hand, for PFDPA monolayers tethered to the TiO2 nanotubes by the 

water-stable phosphonate linkages, the contact angle was unchanged due to the immersion 

treatment (Figs. S3 and S4 in Supporting Information).  
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Conclusions 

It is well understood that the chemical heterogeneity and surface topography significantly 

influence the wetting characteristics of the substrate.  The chemical heterogeneity is either 

achieved by the chemical treatment
17

 or heat treatment,
70

 whereas specific surface 

topographies are obtained by texturing the surface by fabricating micro/nanostructures.
71

 

However, obtaining a superomniphobic surface i.e. one that can repel a wide range of liquids 

(such as polar, non-polar, protic, aprotic, organic, non-organic, etc.), is still an unresolved 

issue. Here, we have attempted to produce a substrate that repels a wide range of liquids. We 

have combined both approaches −  the geometric texturing (by growing TiO2 nanotubes on 

the substrates) and chemical heterogeneity (by functionalizing the TiO2 surface with liquid-

repellent monolayers) to achieve this goal. The necessity of such a combined approach is 

validated by presenting the wetting characteristics of two different configurations of TiO2 

nanotubes with and without chemical treatment.  Secondly, the highly ordered nanotube 

architecture presents a model system to study wetting and imbibition processes. The 

functionalization of TiO2 nanotube arrays with perfluorodecanephosphonic acid generated a 

surface which can be considered an omniphobic surface since it repelled a wide range of 

liquids (polar protic, polar aprotic and select non-polar solvents).   
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