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Polyethylene glycol (PEG) 2000 was used as a templating reagent to synthesize porous TiO2 thin film by sol–gel
process. The nanopores resulting from the presence of growing cracks were ultimately formed on the surface
when PEG content was higher than the critical value. Surprisingly, stable pore structure disappeared and surface
became fluctuating and dehiscent after PEG amount increased to 0.02 M. Besides, two main hypotheses were
proposed inorder toexplain this superhydrophilic behavior, namely theWenzel andCassiewetting impregnating
models. Furthermore, the transition between these twowetting regimeswas investigated and the criteria for the
design and construction of Cassie impregnatingwetting surfacewas also discussed. It was found that Cassie state
shifting from Wenzel state could be easily achieved with increasing hole depth on TiO2 surface. The study of
transition betweenWenzel and Cassie impregnating wetting regimes on porous films provides valuable wetting
mechanism of porosity-driven wettability for the design of superhydrophilic surfaces.
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1. Introduction

Hydrophilic surfaces have considerably technological applicationsdue
to their special properties [1–7]. Such materials are already commercial-
ized as doormirrors for cars, coatings for buildings, self-cleaning glass, etc.
TiO2 is a widely used photocatalytic and hydrophilic material, which has
been employed in many promising industrial applications for its fine
optical, chemical and hydrophilic properties. Notwithstanding this trend,
pure TiO2 is limited for superhydrophilic application owing to its
alternative photo-induced efficiency with light changes [8–10]. Recently,
special attentionhas been focusedon the structuremodification of TiO2 to
permit its chemical composition and the topography of surface layers to
improve hydrophilic performance [11–16]. It is generally believed that
the use of a high-surface area, i.e., hierarchical or porous surface structure,
rather thana commercially lowsurface areahas somebeneficial effects on
hydrophilic behavior.

As most previous experiments, the natural tendency of solid is
enhanced by the presence of a texture, which can make the apparent
contact angles usuallymeasured becomedifferent from thosepredictedby
the Young equation [11,14,16,17]. The earliest works on this problem can
be attributed toWenzel and Cassie [18,19]. Their expressions, whichwere
called Wenzel regime and Cassie–Baxter regime for the apparent contact
angle, were based on certain average characteristics of the roughness. In
Wenzel regime, it iswell established, for example, that for a given chemical
composition, the increasing roughness of a surface can render it more
hydrophobic or more hydrophilic. On the other hand, according to
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traditional Cassie model, either air or the test liquid can remain trapped
below the drop, which also leads to a superhydrophobic or super-
hydrophilic behavior. Superhydrophobic behavior (Cassie–Baxter type;
waterdroplet contact angleN150°and lowcontact anglehysteresis)occurs
when air becomes entrapped in the nanostructure: in this state which is
called Cassie air trapping regime,water droplets simply roll on the surface.
On the opposite side, near complete wetting can occur if the structure of
surface is readily invaded by water and can accommodate the full volume
of the liquid droplet (Cassie impregnating wetting regime [20,21]; water
droplet contact angle b5° within 0.5 s or less). Additionally, the transition
of different wetting regimes was subjected to intensive theoretical and
experimental research recently [22–26]. Nevertheless, previous experi-
ments arenot conclusive regardingwhich regime to interpret theporosity-
driven superhydrophilic state and the transition mechanism between
these two superhydrophilic regimes has not been reported yet.

For the past few years, TiO2 nanostructured films/arrays can be
normally obtained through modified sol–gel routes in the presence of
templates [27–32].Among those templates, polyethyleneglycol (PEG) is a
traditional pore-forming one commonly used for the synthesis of porous
TiO2 thin films. It shows a long zigzag chain structure and extremely
becomes a ring-network structure when it is dissolved in water or
ethanol.Wedemonstrated that porousTiO2 thinfilmdopedwithPEGwas
found to exhibit both antifogging and superhydrophilic although it was
not exposed to ultraviolet irradiation due to its rough surface [33]. In this
paper, the wetting on sol–gel derived porous films with different pores
has been investigated. Twodistinct hypotheses are classically proposed to
explain this effect. A key finding of this work is that suitablewetting state
must be chosen to interpret the formation of superhydrophilic TiO2 thin
film with porous structure.
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2. Experimental

2.1. Preparation of porous TiO2 films

The special porous TiO2 thin films were prepared by a sol–gel
approach suitable for thedifferent scaleof poresusingpolyethyleneglycol
(PEG) as a pore-generating agent. The titania sol was prepared at room
temperature in a classical method yielding a polymeric mother solution,
which was obtained by mixing tetrabutyl titanate with deionized water,
acetylacetone, hydrochloric acid, and absolute ethanol as a solvent. The
concentration of tetrabutyl titanate in the solution was 0.5 M, and the Ti
(OC4H9):EtOH:AcAc:H2O:HCl molar composition was 1:60:0.5:2:0.1. To
obtain differentmicro-nanostructured surfaces, different amounts of PEG
(0.003, 0.006, 0.010, 0.012, 0.015 and 0.02 mol/L), whichwere namedA1,
A2, A3, A4, A5 and A6 respectively, were adopted in the mother solution
for analyzing the hydrophilic conversion of the thin films with changing
size of apertures. Meanwhile, in order to investigate the pore-forming
process on TiO2 surface, the following experimental situation was taken
into consideration: the adding amount of PEG 2000 was controlled from
0.001 to 0.003 M. Finally, TiO2 films were deposited by spin coating
process from TiO2 sols with different PEG concentrations onto glass
substrates with the screw rotating rate of 800 rpm for 20 s and 3000 rpm
for 10 s in succession. Then the coatingswere dried at 100 °C for 0.5 h and
calcined in air at 500 °C for 1 h using heating rate of 5 °C/min.
m

2.2. Characterizations

IR spectra were recorded on Vector 33 FTIR spectrometer from
BrukerCorporation.Morphologies of theTiO2filmswere investigated by
a LEO 1530 VP field emission-scanning electronsmicroscope (FE-SEM).
Atomic force microscopy (AFM) measurement was performed using an
instrument (CSPM 2003) with 3 μm×3 μm scanned area and images
were acquired under ambient conditions in contact mode using a
Nanoprobe cantilever. Contact angles for water (WCA) were measured
with an OCA40 contact angle goniometry from Dataphysics Co.
Fig. 1. FTIR spectra of titanium sol process: a—Ti(OC4H9)4+C2H5OH+AcAc; b—Ti(OC4H9)4+C2
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Germany. Typically, the average value of five measurements, made at
different positions of the film surface was adopted as the value of WCA.

The fraction of the liquid–solid interface in Cassie model was
established with the image processing technique, i.e., it was supposed
that the interface corresponds to the top parts among pores. The
roughness parameter and hole depth were established from the
Nanoscope system of atomic force microscope (AFM) for TiO2 surfaces.

3. Results and discussion

3.1. FTIR spectra of sol process

The evolution of the infrared spectra is represented in Fig. 1 for
different samples. The absorption of 3500–3000 cm−1 is due to stretching
vibration of the hydroxyl groups in the titanium sol. By comparison of
these traces, it can be seen that the bands in the 1400–1600 cm−1 range,
characteristic of acetylacetonate groups bound to titanium, still remain
intense during the hydrolysis process and polycondensation with PEG.
The absorption peak from Ti–O–C (1097 cm−1) disappeared when the
mixture of water and EtOH was added into the solution, while it
dramatically appeared after amounts of PEG were dissolved into the
solution. This indicated that hydrolysis had occurred in the former
solution and generated Ti–O–H bending, whichwas substituted by Ti–O–
C bending during some polycondensations between PEG and the
complexing products. Additionally, small colloidal particles were gener-
ated continually in the sol due to the stable hydrolysis of Ti (OC4H9)4 and
soon coated with PEG before polycondensation reaction.

3.2. Effect of PEG amount on morphological development of TiO2 films

Themicro-structured surface of TiO2 thin filmswith different adding
amount of PEGwas studied. Fig. 2 shows the topography images of PEG-
dopedTiO2 thinfilmsheated at500 °C (A1)withPEG0.003 M, (A2)with
PEG 0.006 M, (A3)with PEG 0.010 M and (A5)with PEG 0.015 M. In the
figures, PEG-A1 gave the normally numerous nanopores with average
size around 420 nm on the surface, a little smaller than thosemeasured
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H5OH+AcAc+H2O; c—titanium colloid+0.003M PEG; d—titanium colloid+0.015 M PEG.
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Fig. 2. FE-SEM images of PEG-doped TiO2 (a) 0.003 M, (b) 0.006 M, (c) 0.010 M, and (d) 0.015 M.
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on PEG-A2 sample and PEG-A3 sample, which were approximately
0.8 μm and 1.1 μm respectively after sintering. Comparatively, the
total crystallization of flat TiO2 coating with a narrow crystal size
distribution can be prepared with no PEG treated in the same experi-
mental condition [33]. Therefore, it could be considered that pores in
these TiO2filmmade anupward trend in diameters and depthswith the
enhancing amount of PEG.

Meanwhile, it deserves to be mentioned that the pore-forming
process was ascribed to the presence of PEG. Actually, the polyethylene
glycol could oxidize and decompose to carbon dioxide which left
numerous small cracks on the surface when its adding amount was
0.0025 M (see Fig. 3). Surprisingly, if the PEG amount was lower than
0.002 M (Fig. 4), small cracks on the surface would easily disappeared
since TiO2 grain size was enlarged in the TiO2 film during thermal
treatment. This indicated, as anticipated, that TiO2 colloidal particleswere
absorbed on the same PEG chains (Fig. 5a) since PEG content in TiO2 sols
was lower than the critical value (0.002–0.0025 M), thus colloidal
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Fig. 3. FE-SEM images of numerous small cracks on TiO2 surface.
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particles cannot be coated by PEG and serious agglomeration among
particles occurs over the period of thermal treatment. In contrast, PEG
moleculeswere absorbed on the same TiO2 particle surfacewhen the PEG
amount was higher than the critical value (see Fig. 5b), and then TiO2

colloidal particlesdidnot easily agglomeratedue to the sterichindranceof
PEG molecular chains. According to Fig. 3, numerous small cracks were
generated in randomly circular regions due to the linkage between Ti

m.
Fig. 4. Small vanishing cracks on TiO2 surface after sintering.

Fig. 5. Effect of PEG amount on TiO2 colloidal particles (a) lower than critical content
and (b) higher than critical content.



Fig. 6. Irregular and fluctuating PEG-doped TiO2 surface (A6).
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(OH)4 particles and PEG, and it seems that increasing small cracks
ultimately formpores,which increase the special surface area. Besides,we
found out that a considerable amount of small holes occurred on the top
surface among large holes as PEG content increased to 0.015 M (Fig. 2d).
The formation of many small clusters among large clusters, which was
attributed to CH2–O…Ti bonding, induces the growth of these small
holes. In this case, PEG molecules therefore would not contribute to a
complete enlargement of aperture, and the shape of holes would
become irregular and fluctuating as the content of PEG continued to
increase to 0.02 M(sample A6),whichwas shown in Fig. 6. The reason is
that the combination of PEG is stronger than complexing of Ti sol and
PEG, and excess PEG can self-assemble and finally separate out in sol,
which invalidates the mechanism of phase separation [34].

3.3. Wetting state: experimental data and their interpretation

Final apparent contact angles (θfin), corresponding to the wetting
transition onset, can be measured on the above-mentioned substrates
and listed in Table 1, together with calculated ones according to the
well-known Wenzel (Eq. 1) and Cassie equation (Eq. 2). The same
technique was used for the determination of contact angle on the flat
TiO2 surface (theYoungangle).The initial (flat surface) andfinal (porous
surface)wetting states are stable. It could be easily recognized that θfin is
muchsmaller than θflat, and thedecrease infinal apparent contact angles
was observed on surfaces A1–A5, but it was not observed on surface A6
where PEG amount was larger than 0.02 M. After doped PEG into the
TiO2 sols, they (surfaces A2–A5) undergo a wetting transition from
hydrophilicity to superhydrophilicity. Since superhydrophilic behavior
is only observed on PEG-doped films, it is reasonable to suggest that the
addition of PEG was contributed to macro-nano pores that ultimately
give rise to superhydrophilicity.

Following two different wetting regimes would be significantly
discussed for the adaptation to the sudden growth in the hydrophilicity
of the TiO2films. It has been reported that rough surfacemay change the
contact angle, and that microtextured topography can also influence
[15,16,35]. In many cases, it turns out that drops on textured materials
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Table 1
Measured and calculated contact angles of samples corresponding to differentwetting states.

Sample The
amount
of PEG/
(M)

Roughness,
f

Wenzel,
θcalcWenzel

Fraction of
SG interface,
Øs

Liquid
trapping
Cassie,
θcalcCassie

Final
apparent
contact
angle, θfin

Flat 0 1 – 1 – 16.12±1a

A1 0.003 1.26 0 0.85 14.79 12.34±2
A2 0.006 1.41 0 0.61 12.52 8.16±2
A3 0.010 2.08 0 0.24 7.85 5.97±3
A4 0.012 2.26 0 0.20 7.16 4.92±2

a The Young angle on a flat TiO2 surface.
are observed to be in the Wenzel regime and Cassie regime. It is firstly
indispensable to suggest that the hydrophilicwetting states, namely the
Wenzel state, can interpret the wetting transition from initial apparent
contact angle of the flat surface to final apparent contact angles with
nanoporous surfaces which were observed in these experiments. The
Wenzel model describes homogeneous wetting by the equation [18]:

cos θw = r cos θ0 ð1Þ

where θw and θ0 are Wenzel contact angle and the Young's CA of a flat
surface, respectively and r is the roughness factor, defined as the total
surface area to the projected area in the horizontal plane.

In a hydrophilic surface (θbΠ/2), Eq. (1) implies the solid roughness
thatmakes the solidmorewettable. Contact angle, for certain, can sharply
decrease with the corresponding linear slope of the equation and easily
become zero as PEG amount exceeding 0.003 M in the complete Wenzel
state presented in the table. Identification of transitional andfinalwetting
regime could be achieved from the comparison of the angles predicted by
Eq. (1) with the experimental data summarized in Table 1. For surfaces
A1–A5which are ‘too hydrophilic’, a different law is followed, which also
seems to be linear in this plot, yet with a slope smaller than the Wenzel
one. This different behavior here indicates that the final wetting state for
surfaces A1–A5 is not Wenzel regime as previously supposed.

Comparatively speaking, it was also demonstrated that at least one
more wetting regime of hydrophilic exists on the textured surface,
namely the Cassie impregnating wetting regime, which supposed that
the mixed surface is comprised of solid and the text liquid [21]. Thus,
this model describes heterogeneous wetting by the equation [19]:

cos θc = 1−�s + �s cos θ0 ð2Þ

where θc and θ0 are the Cassie contact angle and the Young contact
angle, respectively, and Øs is the area fraction of dry solid “islands” in
the mixed surface beyond the drop.

This model describes the penetration front spreads beyond the drop
and a new solid–liquidfilm forms over the surface, whichwas displayed
in Fig. 7. Proper understanding of the Gibbs energy and the energy
barrier is also the key for studying hydrophilic properties of porous
surfaces. The Wenzel and Cassie impregnating wetting regimes are
sometimes treated as two-phase states with a certain energy barrier
associated with the phase transition [20,36]. Fig. 8 shows the transition
of Gibbs energy of a droplet on themicropatterned surface with certain
chemical composition. In our experiments, the rough TiO2 surfaceswith
different topography are composed of the same chemical component
(anatase phase) after calcined at500 °C [33]. Therefore, itwasextremely
instructive to study and explain the possibility of this above-mentioned
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Fig. 7. Wenzel (a) wetting regimes and Cassie impregnating wetting regimes (b).



Fig. 8. Schematics of the Gibbs energy curve for wetting states: theWenzel state and the
Cassie impregnating wetting state. Fig. 9. Scheme illustrating the precursor film consisted of pores filled with liquid and

dry solid.

3958 W. Huang et al. / Surface & Coatings Technology 204 (2010) 3954–3961
surface structure-induced transition fromWenzel to Cassie impregnat-
ing regime on porous TiO2 thin films. When a liquid film impregnates a
texture ahead of the droplet from the Wenzel state, the corresponding
change in interfacial Gibbs free energy writes:

ΔG = γSL−γSGð Þ nπdh + nπ
d
2

� �2� �
+ γLGnπ

d
2

� �2

ð3Þ

where γ, h and d are surface tension, hole depth and hole diameter,
respectively. Associated with Young's relation, this yields:

ΔG = γLGnπ
d
2

� �2
−γLG nπdh + nπ

d
2

� �2� �
cosθ: ð4Þ

Here, the surface tension of liquid corresponded to the deionized
water (fixing γLG, γLGN0). Thus, the imbibition's front progresses occur
only if the energy of the Cassie state should be lower than that of the
Wenzel state, namely ΔG is negative. Eq. (4) can also be recasted in the
following equation:

cosθ N
d

4h + d
: ð5Þ

Apparently, if Young's contact angle is larger than Π/2, the
solid remains dry beyond the drop, and the Wenzel's relation Eq. (1)
applies. On the other hand, a CA for the smooth resulting surface is
betweenΠ/2 and 0, thus the Cassie impregnating wetting regime should
be metastable—a film develops in the texture and the drop sits upon a
mixtureof solidand liquid (Fig. 7b).According to formula (5), thereclearly
exists a gradual transition of the porous TiO2 surface fromWenzel regime
to Cassie impregnating wetting regime as the hole depth increases, and
also the decrease in diameterwith unchangedhole depth can also expand
the propagation of water droplet into each of pores, which leads to a
broadening of the front. More generally, formula (5) is also a criterion
which shows the condition for the regime's transition θc =ð
arccos

d
4h + d

� �
Þ. The spreading occurs since the CA of the flat surface

is smaller than the critical contact angle, θc. In this regard, the energy
supplied by porous thin film in this case is sufficient for exceeding the
potential barriers separating wetting states into Cassie impregnating
wetting state.

The pore depths of A1 and A2 are 66.4±10 nm and 82.8±10 nm
respectively, while the other three samples are 102±18 nm. The
corresponding diameters for the samples A1–A4 are about 0.4, 0.8, 1.1
and 1.2 μm, respectively. According to the measured water CAs of the
prepared porous TiO2 films shown in Table 1, the CA decreased slightly
from16° to 12°when small holes appeared in sampleA1. For this porous
substrate with a diameter of 0.4 μm and a hole depth of 66.4±10 nm,
the impregnating condition can be satisfied which indicates that the
sample A1 was in the complete Cassie state. Besides, further increase in
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hole depth to 82.8±10 nmraised the trend and resulted in thedecrease
in CA to 8.16°. When the holes became deeper (102±18 nm), the CA
remained essentially superhydrophilic. Therefore, if we apply the Cassie
impregnating model developed for porous and heterogeneous surface,
we can explain the observed experimental observation well.

It is noteworthy that as for the Cassie impregnatingwetting discussed
in this experimental situation, we should not consider these rough
surfaces as homogeneous surface any more when a liquid film
impregnates a texture ahead the drop, depicted in Fig. 9. The reason is
that the gaps between the peaks were filled by another material (pores
arefilledwith liquid) so that the “real” surface, onwhicha liquiddropwas
placed, consisted of two different materials. It therefore should be
considered as heterogeneous surface. An additional consideration which
supposing the drop is surroundedby a thin precursorfilm,may justify the
success of the Cassie impregnating wetting regime [25,36,37]. Indeed at
least partially liquid impregnating pores of the template could be seen
through the thin water precursor film. The precursor film is adjacent to
the drop boundary. It smoothes away local windings of the triple line and
diminishes the energy excess connected with the triple line bending.

4. Conclusions

The mechanism for formation and superhydrophilic activity for
porous TiO2 thin film modified by polyethylene glycol (PEG) with
average molecular weight 2000 was systematically investigated. It has
been found that the amount of PEG as a pore-generating agent
significantly affects microstructure and hydrophilic properties of the
obtained TiO2 nanoporous films. The appearance of small cracks on the
surface was attributed to small clusters, consisted of PEG and TiO2

particles, when the amount of PEGwas higher than the critical value on
the sol. The aperture and depth of pores showed a gradual rise with the
enhancing amount of PEG. Furthermore, stable porous structure
disappeared and the surface became fluctuating and dehiscent if PEG
amount increased to 0.02 M. Besides, the wetting transition was
observed between Wenzel and Cassie (impregnating) wetting
states. The direct evidence for existence of the Cassie impregnating
wetting regime upon wetting with rough surfaces can be obtained
by the quantitative comparison and the regime's transition criterion

θc = arccos
d

4h + d

� �� �
. The wetting transition betweenWenzel and

Cassie impregnating wetting of the surfaces which is based on the
multiple minima of Gibbs energy of droplet can be controlled by two
major factors: the hole depth and diameter. If the hole depth increases,
the wetting state will exhibit characteristics more like the Cassie
impregnating state. What is more, the spreading of water in porous
surface will occur if CA of the flat surface is smaller than critical contact
angle, θc.
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Fig. A. AFM images of PEG-doped TiO2 (A1) 0.003 M, (A2) 0.006 M, (A3) 0.010 M, and (A4) 0.012 M.
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Table A1
The corresponding area–perimeter data of these surfaces.

Sample Area (nm2) Perimeter (nm)

Flat 1.48e+006 1.475e+004
A1 1.095e+008 1.096e+005
A2 4.004e+008 2.112e+004
A3 9.227e+006 4.454e+004
A4 1.97e+007 6.925e+004

Fig. B. AFM 3D images of PEG-doped TiO2 (A1) 0.003 M, (A2) 0.006 M, (A3) 0.010 M, and (A4) 0.012 M.
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