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ABSTRACT: Any solid surface can spontaneously exhibit variational
wettability toward liquids with varied surface tension (γ). However, this
correspondence has seldom been proposed or used on an artificial
superhydrophobic surface, which should be more remarkable and
peculiar. Herein, we fabricated robust, transparent superhydrophobic
surfaces utilizing acid- and base-catalyzed silica (AC- and BC-silica)
particles combined with candle soot template for structural
construction and the CVD process for chemical modification. Three
types of porous silica structures were devised, which presented
distinctive surface tension responsiveness in wettability. Interestingly,
all types of surfaces (i.e., AC-, AC/BC-, and BC-silica) show high repellence to high surface tension liquid (γ > 35 mN/m), and
small differences are observed. With decreasing γ of the ethanol−water mixtures (γ < 35 mN/m), the static contact angles
(SCAs) on all surfaces have an evident decline, but the features of the decreases are fairly different. As γ decreases, the SCA on
the AC-silica surface decreases gradually, but the extent of decline becomes larger when γ < 27.42 mN/m. However, the SCA on
the BC-silica surface decreases gradually except for γ ≈ 30.81 mN/m, and the SCA undergoes a sharp decline at γ ≈ 30.81 mN/
m. The SCA on the AC/BC-silica surface has a similar variation as that of the SCA on the BC-silica surface, but a lower rate of
BC-silica particles, e.g., 1/16, 1/8, 1/1 (AC/BC), further diminishes the critical γ values (where a sharp SCA drop occurs) to
30.16, 29.56, and 28.04 mN/m, respectively. The diversity is believed to be ascribed to the structure-induced selectivity of pore
infiltration for the liquid. The tunable responsiveness can be generalized to various classes of organic aqueous solutions including
methanol, acetic acid, acetone, and N,N-dimethylformamide. Benefiting from this, we can estimate organics concentration of an
organic aqueous solution as well as its liquid surface tension by detecting its wettability on all of the diverse superhydrophobic
surfaces.
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1. INTRODUCTION

Abundant nonadhesive surfaces with opportune texturing,
motivated by commonly observed natural organisms covering
lotus leaves, duck feathers, and water striders, have been framed
to address technological and scientific issues on the basis of
their enormous potentials in self-cleaning, antifouling, antifog-
ging, antibacterial, and optical applications.1−6 Given the
synergic effects of hierarchically structured topography and
low surface energy materials, these artificial surfaces are
endowed with large water contact angles (WCAs > 150°)
and low sliding angles (SAs < 10°).7,8 Recently, it has been
reported that some man-made surfaces can respond to external
stimuli such as pH, temperature, light irradiation, and different
types of solvents.9,10 Using stimuli-responsive hydrogels as the
main raw material, Huang et al.11 fabricated surfaces that can
reversibly vary from superhydrophobicity to superhydrophilic-
ity under the influence of an external stimulus, including pH,
temperature, and stress. Burgess et al.12 reported a surface with
fluid-specific optical response in a three-dimensional photonic

crystal. Nevertheless, among these responsive materials, the
responsiveness derived from varied hybrid liquids with
controllable surface tension was seldom proposed. The contact
angles of ethanol−water mixtures (0−100% by ethanol volume
fraction) have recently been investigated on a rough
polydimethylsiloxane (PDMS) surface in comparison with a
planar PDMS surface, which disclosed the conclusive effect of
surface texturing on the wetting scenario.13 These prepared
surfaces, not pertaining to the genuine superhydrophobic scope
however, cannot facilitate the detection of wettability response
toward the diversity of an extremely coarse surface. Inspired by
superhydrophobic porous nanostructure models with tunable
water adhesion,14 we can regulate diverse porous nanostruc-
tures to fabricate surfaces with different surface-tension
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responsiveness and then estimate the surface tension of a liquid
solution.
The surface tension of a liquid can be approximately

measured by several conventional techniques (e.g., testing the
interfacial energies between the liquid and a solid object,
probing resonant oscillations of liquid dropping, using a
maximum bubble pressure method, and so on). Recently,
Wang et al.15 developed a novel one-way oil-transport ZnO/
POSS-coated fabric that was capable of estimating the surface
tension of an ethanol−water mixture simply by observing the
transport features on a series of fabrics. Because a wide range of
the surface tension values is obtained by this method, more
novel and accurate methods to gauge surface tension are
expected. It has been demonstrated that, with increasing
ethanol concentration, the surface tension value of an ethanol−
water mixture decreases in the range of 72.75−22.31 mN/m (at
20 °C).16 When these various liquid solutions are dropped on a
nonwetting surface (with the surface energy much less than
72.75 mN/m), the exhibited SCAs will range from high to low
depending on the liquid concentration (or surface tension).
However, utilizing wetting responsiveness on diverse super-
hydrophobic coarse structures to estimate the liquid surface
tension has not yet been reported. Hence, it will make sense to
propose such a smart surface to spontaneously gauge liquid
surface tension and further estimate liquid concentration.
For such superhydrophobic surfaces to be obtained, the sol−

gel method can be employed as an ideal candidate because it
can generate silica spheres or linear silica particles to provide
coarse structure.17 By blending two types of silica at different
ratios, it is facile to control the surface morphologies.17,18 Aside
from structure adjustment, high transmittance and abrasion-
resistant properties are other important factors to consider if we
want to expand their applications.19,20 Recent progress in
fabricating multifunctional superhydrophobic coatings (made
by our group21−23) revealed that the candle-soot template is a
good approach to increase roughness, and CVD of PDMS for
modification can lower the coating surface energy. Herein,
utilizing a silica-based sol−gel process combined with
templating method and CVD modification, we fabricated
superhydrophobic surfaces with ideal porous structures that
can simultaneously impart favorable transparency, excellent
robustness, and the most significant surface tension responsive-
ness. Aiming to create tunable surface tension responsiveness,
we devised three types of superhydrophobic nanostructures
including AC-, BC-, AC/BC-silica. We found that the SCAs of
liquid solutions on the surface had a positive correlation with
liquid surface tension. Meanwhile, varied porous structures had
apparent influences on the wetting behaviors of liquid solutions.
The liquid solutions were extended into organic aqueous
solutions including methanol, ethanol, acetic acid, acetone,
N,N-dimethylformamide (DMF), etc. We further disclosed that
the surface could be employed as an effective test for liquid
concentration (or liquid surface tension) of a typical liquid
solution. This work can provide new thinking for a multifunc-
tional superhydrophobic surface.

2. EXPERIMENTAL SECTION
2.1. Materials. Adopted as substrates, 7101 slides (25.4 mm × 76

mm × 1.2 mm) with an original WCA of 10 ± 2.5° were purchased
from the market. Commercially used paraffin wax and cotton threads
were obtained from the market to prepare candles. N,N-
Dimethylformamide (DMF, 99.5%), acetic acid (99.5%), tetraethyl
orthosilicate (TEOS, 98%), methyltriethoxysilane (98%), aqueous

ammonia (NH3·H2O, 25%), hydrochloric acid (HCl, 37%), and
absolute ethanol (99.5%) were obtained from Sinopharm Chemical.
High purity water with a resistivity of 18.25 MΩ cm−1 was employed
in the experiment, and fluid Sylgard 107 (α,ω-dihydroxypolydime-
thylsiloxane) with a viscosity of 5000 cps was purchased from Jiangxi
Xinghuo Organic Silicone Plant (China). Dibutyltindilaurate
(DBTDL, 97%), methanol (99.5%), acetone (99.5%), isopropanol
(99.5%), and propyl alcohol (99.5%) were received from Shanghai
Lingfeng Chemical Reagent Co., Ltd. (China). All laboratory supplies
were used as received.

2.2. Preparation of Diverse Silica Solutions. In the acid-
catalyzed sol−gel (AC Sol) process, TEOS, HCl, H2O, and absolute
ethanol were mixed at a molar ratio of 1:0.06:4:37. After magnetic
stirring for 1 h, the mixture was left at room temperature for 3 days.
Accordingly, silica colloid particles with an average diameter of
approximately 5−10 nm were attained. When preparing base-catalyzed
sol (BC sol), an ammonia ethanol solution was added dropwise into
TEOS in the absolute ethanol. After the addition of deionized water,
the mixture was continuously stirred for 1 h and spontaneously aged
for 3 days. The final molar ratio of TEOS/NH3·H2O/H2O/absolute
ethanol was 1:0.8:1.2:37. Subsequently, a slightly whitish silica
solution, namely BC Sol, was formed at room temperature. For the
sake of stability of the resulting silica particles, the above sols were
agitated in a ventilating cabinet to remove ammonia and hydrochloric
acid. With the removal of hydrolysis catalyzer, AC Sol and BC Sol
were mixed at mass ratios of 2:1, 1:1, 1:8, and 1:16 (the content of BC
sol was 33.33, 50, 88.89, and 94%, respectively) under magnetic
stirring for 30 min to produce different acid−base-catalyzed hybrid
silica solutions (collectively called AC/BC Sol).

2.3. Creation of Transparent Superhydrophobic Surfaces.
Glass slides were first cleaned by an overnight immersion in absolute
ethanol, entirely dried at 60 °C, and then promptly moved back and
forth through the middle of the candle flame until the slides turned
wholly black. After respective dip-coating in AC Sol, BC Sol, or AC/
BC Sol at a speed of 1 mm/s, the glass slides were directly subjected to
the calefaction procedure in a muffle furnace with a heating speed of 5
°C/min and a holding time of 1 h in air at 550 °C. Subsequently,
stable, rough, and superhydrophilic silica coatings appeared on the
glass slides. The fluid Sylgard 107, methyltriethoxysilane, and DBTDL
were mixed at a mass ratio of 50:10:1 and baked at 60 °C for 12 h to
fabricate the cured PDMS. In a stainless steel container (10 cm × Φ10
cm) with a hole (Φ5 cm) on the cover, the superhydrophilic substrates
were conducted by a CVD process in which 0.1 mg of PDMS was used
and heated at 330 °C for 0.5 h. After the slides were naturally cooled
to room temperature, the target coatings were obtained.

2.4. Characterization. Field-emission scanning electron micros-
copy (FE-SEM, Hitachi, S-4800) was used to detect surface
morphologies of the as-prepared coatings. For the electrical
conductivity to be improved, the samples were coated with a thin
gold layer before being measured. WCA and SA were measured using
5 and 12.5 μL deionized water droplets, respectively, which were
conducted in three different positions of the samples on a commercial
contact-angle meter (JC2000CS) equipped with a CCD camera.
Moreover, the SCA in the ethanol−water studies was measured using
12.5 μL mixture droplets. Transmittance measurements were
performed on a UV−vis−NIR spectrophotometer (UV-3600,
SHIMADZU).

3. RESULTS AND DISCUSSION

Figure 1a demonstrates the forming process of hybrid SiO2
nanoparticles. Silica particles can be synthesized by the sol−gel
process involving the formation of silanol by primary hydrolysis
and a multidimensional network of colloidal particles through
water condensation reactions. The regulations of hydrolysis,
catalyst effects, and condensation reactions are elaborated in
the literature.24 It is acknowledged that using aqueous ammonia
and hydrochloric acid respectively as catalyst in the sol−gel
method can yield diverse nanoscale silica colloid particles that
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exhibit different surface microstructures. Under acidic con-
ditions, the silica particle growth or agglomeration holds until
the particle size reaches approximately 5 nm, where the size-
dependent solubility is greatly reduced. The resulting linear
chain mostly composed of small primary particles was prepared.
For the base-catalyzed sol−gel process, however, the formation
of larger particles due to better solubility (above pH 7)
generates the silica cluster and particulate sol. Then, blending

polymeric chains with a particulate network could produce the
hybrid silica sol where the larger spherical particles cluster
around well-connected polymeric chains. Figure 1b schemati-
cally depicts the fabrication procedure of the superhydrophobic
(hybrid silica) coating. First, candle soot was deposited on the
glass substrates through the operation over the candle flame.
The blended silica solution was then applied to the candle soot-
coated glass through a dip-coating technique. The pores of the
deposited candle soot gave space for the hybrid silica particles
to penetrate in and attach to the substrates. Later, the coated
glass was calcined at 550 °C to remove candle soot template,
and then, vast nanosized pores formed on the superhydrophilic
glass. During this period, some fusion, especially twining mode,
may occur at 550 °C to the same kind of silica nanoparticles
and even the diverse silica nanoparticles, thus enhancing the
binding force between the adjacent particles as well as the
mechanical strength of the coatings. Finally, the low surface
energy substance was then applied to the above super-
hydrophilic glass by a novel CVD modification of cured
PDMS, where PDMS successively experienced decomposition
and oxidation at 330 °C.21 As a main decomposition product,
hexamethylcyclotrisiloxane (HMCTSO)25 immediately experi-
enced oxidation in air with the help of high temperature to
modify the hydrophilic SiO2 nanoparticles. Thus, the porous,
stable, and superhydrophobic silica coating was formed due to
the increased surface roughness and reduced surface energy.

Figure 1. Schematic procedure for preparing the target super-
hydrophobic surfaces: (a) forming process of hybrid SiO2 nano-
particles via sol−gel method and (b) structural construction and CVD
modification.

Figure 2. SEM images of the superhydrophobic surface prepared using (a) AC-silica particles, (b) blended silica particles (target surface as 1:8), and
(c) BC-silica particles. (d) Partial magnification of (b). (e) Corresponding AFM images of target surface (b,d). Blue circles in (a) indicate nanoscale
pores.
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Figure 2a shows that the AC-silica superhydrophobic coating
is covered by dense silica network where plenty of nanoscale
concave pits were formed along with several submicrometer-
scale pores. The concave pits were around 10−20 nm in
diameter and randomly distributed to coating, thus constituting
a honeycomb-like morphology. As revealed in Figure 2b, the
modified AC/BC (1:8)-blended silica particle layer possessed a
rough concave-convex structure. In the BC-silica layer, massive
spherical silica nanoparticles accumulated on the glass substrate
and were interconnected, forming a multidimensional morphol-
ogy (Figure 2c). Furthermore, the mean particle sizes shifted to
larger values, and many submicrometer-scale pores were still
observed in this porous and coarse surface, which was devoid of
nanosized pits. Intrinsically, utilizing a well-interlinked AC/BC-
silica network, thus generating hybrid chain/sphere structure,
obviously caused a loss of nanosized concave pits owing to the
filling of silica spheres and low rates of chain particles (Figure
2d, e). With the increase in BC-silica particle rate, there was a
corresponding increase in convex cluster structures but an
evident decline in particle coverage rates (see the Supporting
Information). Thus, by controlling the ratio of AC- to BC-silica,
it is fairly novel and facile to obtain superhydrophobicity with
varied surface structural topographies.
As evidenced by the UV/vis transmittance spectra in Figure

3a, these coarse nanostructures have slight effects on the

transparency of silica coatings. The average transmittances
(ATs) at visible wavelengths (400−800 nm) were 58.48 and
82.61% for AC- and AC/BC-silica coatings (the latter obtained
by mixing AC/BC Sol at a ratio of 1:8), respectively. The BC-
silica coating showed 85.19% AT within the visible range, close
to the performance of the bare glass slide. Notably, there was a
distinct improvement for AT with an increasing amount of BC-
silica particles. The results revealed that the incorporation of
porous BC-silica entitled the coating with enhanced trans-
parency due to their higher porosity and lower refractive

index.26,27 Favorable transparency can be more directly
reflected by the distinct letter beneath the sample of AC/BC-
silica (1:8) coating; its high superhydrophobicity is indicated by
the nearly spherical state of many randomly distributed liquid
droplets (including milk, coffee, purple vodka, strawberry juice,
and water) on such a transparent coating (Figure 3b).
For the influence of surface microstructure on the coating

durability to be investigated, a series of tests were carried out,
including water-droplet impingement test,28 solution immer-
sion experiment, and thermal stability test (see details in the
Supporting Information). It is observed that, as the rate of BC-
silica increases, the total volume of impacted water damaging
the superhydrophobicity undergoes an increase to 20 L
followed by a decrease to 12 L (Figure 4a). As outlined in
Figure S4a, the twining mode and particle fusion, instead of a
weak physical bond, enhanced the particle−particle bonding
due to introduction of BC-silica,17 which was in agreement with
our results. However, induced by further augmentation of BC-
silica nanoparticles, less and weaker linkages between individual
particles lower the coating strength. Given the best resistance to
water-droplet impacting, the AC/BC-silica (1/8) coating was
selected as target coating (henceforth referred to AC/BC-silica
coating) for further testing of the coating stability.
For the target coating, a WCA higher than 160° and an SA

less than 2° occurred therein after 15 L water impacting (4 ×
105 drops), and the coating retained its nonadhesive super-
hydrophobicity (with WCA higher than 150°) even after 19.5 L
water impacting (Figure 4b). The WCA was as high as 147.5°
± 1° even if the surface was abraded by 20 L water impacting.
There were little changes for the WCA and SA of the immersed
coating in the neutral solution within a week, indicating good
stability (see data in Figure 4c). However, with extended
immersion time, the WCA decreased and remained stable close
to 152° after 17 days. As for the coatings immersed in the acidic
and basic solutions, they maintained superhydrophobicity for
approximately 6 days and 12 h, respectively, and their WCAs
were stable near 135° and 20° after 17 days of immersion. The
significant effects of acidic and basic solutions on the coating
can be explained by the cumulative corrosive reactions
including hydrolyzation and remodeling of micronano
structures.29 Thorough destruction of rough structures
happened in the base-immersed coating, whereas few changes
occurred to the morphology for acid- and neutral-immersed
coatings, which could be further demonstrated by the WCAs of
the immersed examples after re-CVD (Supporting Informa-
tion). As shown in Figure 4d, WCAs and SAs of the coating
were stable below 420 °C, and the surface remained
superhydrophobic with a slightly smaller WCA (150°) after
the temperature further increased to 440 °C, indicating good
thermal stability of the as-fabricated coating. However, further
increasing the temperature (460 °C or higher) led to loss of
superhydrophobicity owing to the thermal oxidization of the
silyl groups. The destroyed coating regained superhydropho-
bicity and nonadhesion after re-CVD of PDMS, which was due
to the preserved nanosized rough structures (see the SEM
image in Figure S4c).
Table 1 presents the dependence of WCA and SA on the

coating composition, which indicates that the superhydropho-
bicity of the as-prepared samples is not apparently changed by
mixing AC Sol and BC Sol at different ratios. All WCAs
measured for these silica coatings are more than 161°, and SAs
for them are less than 3°. This evidence suggests that all
samples display nonadhesiveness and that the different

Figure 3. Transmittance and superhydrophobicity of the coatings. (a)
Transmittance of the superhydrophobic coatings obtained from silica
particles with different blended ratios. (b) Photographs of deposited
liquid mixture droplets (10 μL for each volume) and water drops (10
μL) on such a transparent coating.
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morphologies do not apparently affect their wettability to pure
water. However, many differences may appear when it comes to
the liquid with lower surface tension.
It has been demonstrated that the surface tension value of an

ethanol−water mixture decreases in the range of 72.75−22.31
mN/m (at 25 °C) with increasing ethanol concentration.16

Thus, a series of ethanol−water mixtures with different ethanol

volume concentrations (Ve) were utilized to detect the variation
of the SCAs on the porous superhydrophobic surfaces.
Figure 5a shows the wetting features of ethanol−water

mixtures that are different on three types of coatings. With
increasing Ve, the wettability of ethanol−water mixtures on the
AC-silica surface increased gradually, but that on the other two
coatings sharply changed from nonwetting to wetting in the
range of 30−40%. The lowest Ve of mixture drops to wetting

Figure 4. Robustness and durability of the superhydrophobic coating. (a) Water volumes to damage the as-fabricated coatings. (b) Dependence of
WCAs and SAs of the target surface on the water-drop impinge volumes. (c) pH and the immersion time dependence of WCAs for the target
superhydrophobic coating. (d) WCAs and SAs after thermal-treated coatings for 1 h at a series of temperatures.

Table 1. Wettability of the Superhydrophobic AC/BC Blended Silica Coatings Prepared with Varied Mass Proportions of AC
Sol to BC Sol

AC/BC 1:0 2:1 1:1 1:8 1:16 0:1

WCA/deg 162.0 ± 1.0 163.0 ± 1.0 163.0 ± 0.5 163.5 ± 0.5 164.0 ± 1.0 164.0 ± 0.5
SA/deg 2.0 ± 0.5 2.0 ± 0.5 2.0 ± 0.5 1.0 ± 0.5 1.0 ± 0.5 1.0 ± 0.5

Figure 5. (a) Photos of ethanol−water droplets with different ethanol concentrations on the AC-silica (1:0) coating, BC-silica (0:1) coating, and
AC/BC-silica (1:8) coating. (b) SCAs of ethanol−water mixtures with different volume concentrations on all types of superhydrophobic coatings.
(c) Dependence of SCAs of all porous coatings on the mixtures’ liquid surface tension as calculated from the theoretical model.
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the AC-silica surface was obviously higher than that to wetting
the other two surfaces. All coatings can show super-repellency
to mixtures with Ve lower than 28% (see data in the Supporting
Information), but it changed dramatically when Ve exceeded
28%. As revealed in Figure 5b, the AC-silica coating was
repellent to the ethanol−water mixtures with Ve less than 46%,
whereas the repellency decreased gradually with increasing Ve
(Ve ≥ 48%). The lowest Ve of the mixture to fully wetting the
AC-silica coating increased to 74%. For the BC-silica
superhydrophobic coating, the SCA gradually decreased to
137° up to Ve ≈ 34% and then sharply decreased to 58° when
Ve increased to 36%. After Ve ≥ 36%, SCA gradually decreased
until Ve ≈ 60%. Note that the SCA variation on the AC/BC-
silica coating resembles that on the BC-silica coating. However,
a lower rate of BC particles, e.g., 1:16, 1:8, and 1:1 (AC/BC),
further extended the lowest Ve of mixture drops to wetting the
surface to 38, 40, and 46%, respectively. For example, a sharp
decrease of SCA on the AC/BC-silica (1:8) coating occurred at
a higher Ve range (38−40%), and the SCA of mixtures
decreased gradually in the range of 46.5°−0° after Ve ≥ 40%.
Notably, with the increasing BC-silica particles of porous
coating, its repellency to ethanol−water mixtures with Ve
exceeding 36% was reduced.
The ethanol concentration in water has a negative correlation

with the liquid surface tension (Supporting Information). By
employing the nonlinear least-squares curve fitting combined
with the shishkowski model,30 the relevance between Ve and
surface tension (γ) can be clarified. The code of the curve
fitting is characterized as

γ = + +− −11.11e 37.80e 23.02V V( /2.23) ( /22.80)e e (1)

The values of surface tension for all required ethanol aqueous
solutions could be calculated using this equation. Thus, we can
correlate the SCAs of ethanol aqueous solutions with their
surface tension. We noted that no obvious variation in SCA
occurs on the surfaces until γ decreases to 35 mN/m
(Supporting Information). Figure 5c shows that SCAs on the

surfaces change obviously in the γ range of 25−35 mN/m. As γ
of the ethanol−water mixture decreased, its SCA on the AC-
silica surface had a gradual decrease to γ ≈ 27.42 mN/m and
decreased dramatically after γ < 27.42 mN/m. The SCA on the
BC-silica surface underwent a sharp decline with γ from 31.53
to 30.81 mN/m. Except for this γ range, the SCA decreased
gradually. The scenario for all AC/BC-silica coatings resembled
that of the BC-silica surface, but a sharp drop of SCA occurred
at γ = 30.16, 29.56, and 28.04 mN/m for AC/BC-silica coating
(1:16, 1:8, 1:1, respectively).
Figure 6 schematically correlates the wetting states of

ethanol−water mixtures with the features of porous structures.
After being dropped on three porous surfaces, droplets of
ethanol−water mixtures (γ from 35 to 31.53 mN/m) were
substantially suspended on the topsides of the cavities or
concave pits instead of penetrating into the inside, indicating
that it was in the Cassie state.31 The SCA can be depicted as the
equation32 cos(θc) =(1 − φv)cos(θ0) − φv, where θc, θ0, and φv
represent the Cassie SCA, intrinsic angle, and air fraction,
respectively. Through this equation, the SCA of the mixtures
decreases mainly because of the reduction of the intrinsic angle
(local angle or θ0) with increasing ethanol concentration.
Because they are reported to be in a metastable state, the Cassie
state of these superhydrophobic surfaces would break down
when γ of the liquid droplets is under a critical value
(henceforth referred to as the break-in point).33 For the AC-
silica coating, as shown in Figure 6a, the nanostructures were
not penetrated by drops until γ was set at a low value (27.62
mN/m). As discussed earlier (Figure 2a), the AC-silica coating
exhibited the closed nanosized groove structure, which would
be expected to generate the approximate solid−liquid “line
contact” behavior.14 This behavior may pin the triple-phase
contact line (TCL) at the topside of the porous structure and
generate high air pockets so that it is hard for droplets to
penetrate into the pores (Supporting Information). When the
droplet was overhung on the topside of nanosized pores, the
capillary force, Δpr, can be calculated as Δpr = 2 × γ/R,34,35

where R is the curvature radius of curved triple-phase lines.

Figure 6. Illustration of the decrease in the contact angles of ethanol−water mixtures with increasing ethanol concentration on various
superhyphobic surfaces including (a) AC-, (b) BC-, and (c) AC/BC-silica (1:8) surfaces. The difference of wetting behavior on the AC- and BC-
silica surfaces is shown left of the dotted line. As illustrated right of the dotted line, the scenario in the AC/BC-silica resembles the BC-silica surface,
although some differences appear in the turning points.
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There could be significantly higher Δpr generated by a smaller
R in the AC-silica coating compared to those of others. As the
liquid surface tension decreased gradually, a lower γ could make
the Δpr of drops decrease to a critical point (below the
molecular gravity), and then the γ at the break-in point was
further lowered. After infiltrating into the pits, droplets cannot
flow into the pores outside the contact area because of the
closed groove system. Thus, the SCA decreased gradually with
the decreasing γ and drops did not reach the Cassie-
impregnated state until Ve exceeded 60% (γ ≤ 25.73 mN/m).
After the surface structure was impregnated by mixtures, the
decreasing liquid tension reduced the intrinsic angle in
correlation with the decrease of SCA. A mixture droplet with
γ lower than 24.49 mN/m fully dampened the AC-silica surface.
For the BC-silica coating accompanied by the submicrometer

convex structure (Figure 2c), coarse and sparse spherical
particles or clusters generated the typical “point contact”
behavior36 with a smaller contact area and extremely discrete
TCL. Thus, droplets with an appropriate γ can penetrate into
the structure easily. For γ = 30.81 mN/m, the θ0 of the mixture
drops was less than 90°, and then the BC-silica surface was not
able to hold back the penetration of the droplet (Figure 6b).
Actually, the well-connected valleys between pores prompted
the flow of intrusive liquids into the pores outside the contact
area, and the transition to the Cassie-impregnated state13

happened within 20 s (Supporting Information). Thus, a
dramatic decrease in SCA occurred here. As the γ decreased to
26.25 mN/m, the pores outside the contact area were partially
filled, and the surface was fully wetted by the mixture
dropletsapproaching the thermodynamic equilibrium. Figure
6c indicates that the wetting performance on the AC/BC-silica
(1:8) surface resembles the performance on the BC-silica
surface, but the transition to the Cassie-impregnated state
appears at a lower γ (29.56 mN/m). Owing to coexistence of
connected cavities structures and closed concave pits, the AC/
BC-silica coating could be a little harder than BC-silica coating
to penetrating into. So γ at the break-in point of AC/BC-silica
coating was lowered. In general, the characteristics of porous
structures are dominant to the diverse wetting responsibilities
and only the AC-silica coating can display moderate γ-
dependent SCA curves due to gradual pore penetration.
The procedure of gauging solute concentration in a liquid

solution is illustrated schematically Figure 7a. When a liquid
solution is respectively dropped on the three kinds of surfaces,
they may display different SCAs. On the basis of the measured

SCAs and the responsive curve, the liquid concentration (or the
surface tension) can be available. Via fine-tuning of the blended
ratio of AC- and BC-silica, different responsive curves can be
obtained, leading to finer testing values. Taking ethanol as an
example, we can estimate Ve (or γ) according to the almost
linear dependence on the AC-silica surface and further reduce
the error of Ve by analyzing wetting diversity of the other
surfaces. Apart from ethanol, the system can be generalized to a
series of commonly used organic solvents (that could be mixed
with water at random ratios) including methanol, acetic acid,
acetone, DMF, and so forth (Figure 7b−e and Supporting
Information). The results show that the thresholds between the
Cassie and Wenzel states for methanol, acetic acid, acetone, and
DMF occur in the ranges of 50−70%, 40−60%, 30−50%, and
60−80%, respectively. Except for DMF, these pure solvents
could fully wet the three superhydrophobic surfaces. Two
notable properties are that, (i) when more BC-silica particles
are mixed with AC-silica particles, all of the responsive curves
present the responsiveness (from the liquid concentration)
ranging from very moderate to very sensitive and the threshold
(liquid concentration) between nonwetting and wetting states
is reduced, and (ii) the threshold range between the Cassie and
Wenzel state occurs at diverse concentrations for different
liquids. For various classes of liquid mixtures with the same
liquid volume fraction, the remarkable selectivity of infiltration
on the porous structures may be attributed to the individual
liquid surface tension. According to the responsive curve and
the measured SCAs, the liquid concentration (or the surface
tension) can be available. Beyond this, we foresee that this
system will find use as an effective test for liquid surface tension
as well as liquid concentration and also to determine the
textural properties (including pore sizes, geometries, porosity,
etc.) of the porous surface through the results of a liquid with
known surface tension.

4. CONCLUSIONS

Utilizing the AC- and BC-silica composited particles incorpo-
rated with candle soot template for structural construction and
CVD process for chemical modification, we proposed a novel
and cost-effective approach to prepare a transparent, robust,
superhydrophobic coating. The as-fabricated superhydrophobic
coating displayed favorable resistance to high temperature (at
most 440 °C), water, acidic solution, and at most 20 L drop-
impinging. The results reveal that the SCAs of liquid solutions
on the surface had a negative correlation with liquid

Figure 7. Surface tension responsiveness of superhydrophobic coating to various liquid solutions: (a) principles of gauging liquid surface tension;
dependence of SCAs on the volume fraction of (b) methanol, (c) acetic acid, (d) acetone, and (e) DMF. Cv represents the liquid volume fraction.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b12779
ACS Appl. Mater. Interfaces 2017, 9, 4142−4150

4148

http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12779/suppl_file/am6b12779_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12779/suppl_file/am6b12779_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b12779/suppl_file/am6b12779_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b12779


concentration and a positive correlation with liquid surface
tension. As the amount of BC-silica particles on the surface
increased, the surface microstructures gradually ranged from
closed concave pits to connected cavities. We disclosed that this
structural variation had an apparent influence on the wetting
response to the liquid surface tension. By measuring the SCAs
of the mixture droplets on a series of diverse superhydrophobic
coatings, their liquid surface tension could be estimated along
with concentration. Thus, we anticipate that tunable surface
tension-responsive surfaces will be used as an effective test for
liquid surface tension as well as liquid concentration.
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