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a b s t r a c t

The interaction of a droplet with a solid surface is characterized by two parameters, the contact angle and
the wetted area under the droplet. The Cassie-Baxter and the Wenzel modes make predictions on the
interfacial area by comparing the contact angles on smooth surfaces (the intrinsic wettability) with those
on rough surfaces (the apparent wettability). In these models, the actual wetted area is used as a fitting
parameter. In this work, we highlight the significance of determining the actual wetted area under the
droplet and the limitation of using only the contact angle to represent the wetting behavior of a surface.
Our experimental studies were performed on hydrophilic carbon surfaces where a combination of optical
measurements (contact angle and hysteresis) along with an electrochemical approach was employed. An
electrochemical method was used to determine the true wetted area using a droplet of aqueous elec-
trolyte on the surface. The interfacial area was then used to correlate wetting behavior to that of the
model predictions. We examined the impact of electrolyte concentration and potential sweep rate in
our evaluation of the wetted area. Our results show that, for a rough hydrophilic surface, the decrease
in contact angles with increasing solid-liquid interfacial areas is not always valid, as generally predicted
by the Wenzel and the Cassie-Baxter models.

� 2017 Elsevier Inc. All rights reserved.

1. Introduction

The apparent contact angle of a droplet placed on a rough sur-
face differs from that on a smooth surface and it depends on the
type of solid-liquid (S-L) interface under the droplet. For a rough
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surface, the liquid can penetrate the roughness features leading to
a fully wetted homogenous interface under the droplet, or the liq-
uid phase can stay suspended on the roughness asperities leading
to a composite solid-liquid-air interface. This solid-liquid interfa-
cial interaction (induced by the roughness) determines the interfa-
cial area under the droplet, which in turn, affects the apparent
contact angle that can be described by the Cassie-Baxter or the
Wenzel wetting equations.

Wenzel wetting corresponds to the homogenous interface
under the droplet, mathematically represented as [1]

cos h ¼ r cos hY ð1Þ
Conversely, for a composite interface, the Cassie-Baxter equa-

tion is used [2]:

cos h ¼ f sðcos hY þ 1Þ � 1 ð2Þ
In the above equations, the apparent contact angle (CA) is

denoted by h and the Young CA is hY. For the Cassie-Baxter equa-
tion, fs is the ratio of S-L interfacial area to the total interfacial area.
The parameter r in the Wenzel model corresponds to the ratio of S-
L interfacial area to the projected interfacial area. Based on these
equations, the contact angle is a function of the S-L interfacial area
under the droplet. According to the Cassie-Baxter equation and for
a hydrophilic surface with Young contact angle < 90�, the contact
angle should increase with increasing surface roughness when
the liquid is suspended on the roughness features. However, if
the liquid penetrates the roughness features, according to the
Wenzel model, the contact angle should become smaller. Recently,
the dependence of the CA on the S-L interfacial area under the dro-
plet predicted by the above equations has been the subject of
intense debate [3–8], and the predictions from these equations
can deviate from the experimental results [9,10]. However, deter-
mining the extent of these deviations still remains an open prob-
lem of general interest.

In the present work, we report an anomalous wetting behavior
on rough hydrophilic surfaces by correlating the wetted area under
the droplet to the apparent contact angle. Our results show that the
Wenzel model is unable to predict either the magnitude or trend
(increase or decrease) in the apparent contact angle for a rough
surface. In particular, we observed an increase in the apparent con-
tact angle along with the wetted area under the droplet for an
intrinsically hydrophilic rough material. This observation contra-
dicts the predictions from the Wenzel and the Cassie-Baxter equa-
tions. The anomaly addressed in this work is shown schematically
in Fig. 1. This anomalous behavior was observed for multiple sam-
ples with irregular roughness features.

Conventionally, studies to determine the validity of the theoret-
ical models have been performed on regularly patterned surfaces
by taking advantage of the well-defined roughness features (which
simplify analysis and modelling). The experimental protocol
involves evaluating the dimensions of the roughness features fol-
lowed by calculating the S-L interfacial area for the two conditions
corresponding to the Wenzel and the Cassie-Baxter models. How-
ever, these protocols become impractical for studying the surfaces
with irregular roughness due to the stochastic nature of the rough-
ness features. In the reported literature, very few studies have
focused on surfaces with irregular features, and their results are
limited by the unavailability of a singular parameter to represent
the surface heterogeneity and to link it to the contact angle mea-
surements. Following these practical limitations, the effect of irreg-
ular roughness on the contact angle and its compliance with
wetting models remain largely unexplored. In practice, rough and
irregular surfaces are more common than patterned surfaces, and
they are present on a wide range of applications such as biomi-
metic surfaces [11–13], tribology [14] and in-service engineering
parts [15,16]. Our work presents studies on irregular roughness
features where we utilize a combination of optical measurements
for measuring the apparent CA, and electrochemical measurements
to determine the interfacial area under the droplet. We used the
proportionality between the electrochemically measured double
layer capacitance and the solid-liquid interfacial area to determine
the wettability of these rough surfaces. This approach enables the
study of surfaces with a stochastic distribution of roughness fea-
tures, circumventing the problem of determining the dimensions
of the roughness features on the surface. It has been shown that
the relative scale of the roughness with respect to the double layer
thickness affects the capacitance measurement [17]. Moreover, the
mass transport rates within nano-pores also affect the measured
capacitance [18,19]. The impact of these roughness-induced phe-
nomena on the electrochemical wettability measurement has been
systematically studied in the present work. The possibility of creat-
ing rough surfaces with large contact angles while simultaneously
enabling large interfacial areas observed in this study could also be
particularly interesting for lab-on-a-chip applications.

2. Experimental

2.1. Materials and methods

The substrates used for the present studies were glassy carbon
(GC) discs (Sigradur G from Hochtemperatur-Werkstoffe GmbH,
10 mm dia.). The samples were prepared by first polishing them
to a mirror finish. One of the polished samples was used as the
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Fig. 1. The wetting anomaly on a rough hydrophilic surface presented in this study.
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