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Abstract: Surface hydrophobicity changes of a series of nanocomposite films were evaluated as a function of roughness and
ionomer concentration. Nanocomposite surfaces were created by coating a smooth silicon wafer and micro textured surfaces
based on two types of 3M micro-replicated Brightness Enhancement Films (BEF). Multiple nanocomposite surfaces were
evaluated as a function of Pt/C catalyst, a single walled carbon nanotube (SWCNT), and ionomer concentration varying
between 7.5 to 27.3 wt% Nafion. An increase in hydrophobicity was observed for all nanocomposite surfaces as compared to
bare substrates coated with ionomer. Bare substrates had observed water contact angles of 32.5o on silicon, 50.8o on BEF type
Y, and 91.2o on BEF type P. Nanocomposites coated on BEF type P surfaces had the greatest increase in apparent contact angle
starting from 101.5o on a surface coated with ionomer to 140.6o for an ionomer composite containing 100 wt% Pt/C followed
by BEF type Y (78.4o - 135.4o) and Si (76.9o - 135.8o). Nanocomposite roughness increased with increasing ionomer
concentration and was inversely related to the apparent contact angle of water. Nanocomposite wetting properties were
strongly dependent upon ionomer concentration and micro scale roughness contributed to wetting behavior transitioning
between Wenzel and Cassie modes.

Keywords: Hydrophobicity, Contact Angle, Wetting, Wenzel and Cassie Model, Nanocomposite, Ionomer,
Carbon Nanotube

1. Introduction
Nature’s self-cleaning properties of the Lotus leaf are due
impart to super hydrophobic properties created from its
complex surface features and unique composition. This
intriguing property has inspired the science and engineering
of structured surfaces and materials in order to control their
hydrophobicity. Altering the wettability of a material is
achievable by changing its surface energy based on
composition and surface structure or roughness [1-6]. A
significant technical need exists for controlling material
wetting properties in biological, electronic, mechanical, and
chemical systems [7-9]. Tailored surfaces can be used to
control hydrophobicity for inhibiting metal corrosion,
provide surface protection from chemical and biological
agents, reduce marine vehicle surface biological fouling, and
optimizing fuel cell gas diffusion layer wetting.

For example, Mennini et al. [10] designed
superhydrophobic materials by electrospinning polymer mats
made from polystyrene and poly [tetrafluoroethylene-co(vinylidene fluoride)-co-propylene] (PTVFP). This creates a
water repellant, self-cleaning, and anti-fouling surface that
minimizes snow or ice accumulation on exposed structures.
These structures were created using PTVFP solutions
containing 200 nm particles of 8 wt% polytetrafluoroethylene
(PTFE) that resulted in nominal surface contact angles of
161o. Atomic force microscopy imaging revealed a complex
surface structure comprised of beads and fibers creating
nanoscale roughness. Zhao et al. [11], created a systematic
series of novel solution cast blends from poly
(methylmethacrylate)
(PMMA)
and
amphiphilic
polyurethane (A-PU) that generated unique surface
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topologies of variable roughness and composition. Phase
separation of these blends resulted in partitioning of PMMA
and A-PU into nanodomains with a static contact angle of
160o. While these surfaces can have large contact angles,
they are non-sliding as evidenced by the drop sticking to the
surface at significant angles of tilt. When fluorinated PU (FPU) is added to the blend of PMMA and A-PU, the surface
properties could be attenuated from sticking to non-sticking.
This work demonstrates that surface composition,
morphology, and topology can be controlled in order to tailor
adhesion while still maintaining a superhydrophobic surface
with a contact angle of 160o. Naha et al. [12] used an
ethylene-air mixture to generate three zones of ‘nanopearl’
amorphous carbon coating on an untreated 450 µm thick Si
wafer. In this study, the untreated Si surface had a contact
angle of 40.8°, which increased between 152.4º and 157.1°
when coated with carbon. Surface hydrophobicity of
polymers [13-14] and carbonaceous materials are important
to electrochemical devices [12, 15-16]. In a study by Yang et
al. [17], molecular dynamic studies confirmed that
hydrophobic surface properties are dependent on the rootmean-square (RMS) of the surface roughness. Many present
and future applications in nanotechnology will require
controlling the interaction and assembly of ionomer
structures for new membranes [18], enhanced mechanical
structures for composites [19], enhanced actuators [20], and
structured carbon-ionomer nanocomposites for polymer
electrolyte membrane (PEM) fuel cells [21].
While these examples do not encompass all material
efforts, it is appreciated that hydrophobicity of a surface is
dependent on its chemical composition and surface structure
ranging from microns to nanometers. Complex interactions
are created when materials of different composition,
molecular structure, and surface energy are combined in
order to design multifunctional devices such as a fuel cell
electrode. One challenge with real surfaces is that roughness
is made up of a distribution of small-scale and non-uniform
undulations that may exhibit very large contact angles for
water and other high surface energy liquids.
The angle created at the interfaces of a vapor, liquid, and
solid is described by a contact angle, θ. A contact angle is
specific to a material system and the complex interfacial
interactions between these three phases. At equilibrium, the
chemical potential (µ) is equivalent in these phases
represented in terms of interfacial energies or surface energy
(γ). At equilibrium conditions, Equation 1 is the Young’s
equation relating the contact angle to the interfacial free
energies at the solid-liquid (γSL), liquid-vapor (γLV), and solidvapor (γSV) interfaces [22]. Fig. 1 is an idealized liquid drop
resting on a flat surface forming a contact angle described by
the Young’s relationship.

cosθ =

γ SL − γ SV
γ LV

(1)

This relationship describes the contact angle θ created
from the interfacial interactions occurring between air/vapor

(V), liquid (L), and solid (S) substrate. Hydrophilic materials
are characterized by a liquid spreading on its surface and
forming an angle less than or equal to 90o. A material is
considered hydrophobic when its contact angle is between
90o and 180o. Low surface energy materials such as PTFE
produce highly hydrophobic surfaces with water contact
angles as high as 120°. Super hydrophobic materials have
contact angles greater than 150o that may be created from
highly rough or textured materials. Two distinct models that
successfully describe the affect of increasing hydrophobicity
on micro textured surfaces are the Wenzel and Cassie models.

Fig. 1. Contact angle of a liquid on a surface.

The Wenzel model [23] describes the apparent contact
angle θ* of a surface in terms of its roughness r and the
intrinsic (Young’s) contact angle θ (Equation 2). This model
describes surfaces with moderate hydrophobicity with an
intrinsic contact angle θ greater than 90° but less than the
critical contact angle θc. The model defines the surface
roughness r in terms of the ratio of the projected area A
divided by the area of the flat surface Ao (r = A/Ao). Overall,
the Wenzel model utilizes roughness to describe an increase
in the effective free energy of the solid/liquid interface
resulting in a more hydrophobic surface.

cos θ * = r cos θ

(2)

When air becomes trapped beneath the surface of a liquid
drop, it creates a solid-air interface. The Cassie model [24]
assumes an air fraction is trapped between the drop and the
rough surface cavities. Because this occurs, the apparent
contact angle is an average between its value in air and the
solid. This angle is proportional to the Young’s or intrinsic
contact angle through the total surface area fraction φs in
contact with the liquid based on the following relationship.
The transition between the Wenzel and Cassie regimes is
demarcated by a critical contact angle θc.

cosθ * = ϕs (1 + cosθ ) −1

(3)

Hydrophobicity of carbon-ionomer nanocomposite
systems is a function of surface topology and chemical
composition. The focus of this work is to probe these
material complexities in order to gain scientific insight
associated with the surface hydrophobicity of ionomer-based
fuel cell electrodes. Insight gained by this work may
contribute to the design of electrodes with controlled wetting
and improved mass transfer.
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2. Experimental

2.2. Experimental Method

2.1. Materials

A typical coating solution was based upon 20 mg Pt/C or
SWCNT mixed with 170 mg of ionomer, 140 mg of
deionized water, and 200 mg of isopropyl alcohol. The
ionomer used in this study was 5 wt% Nafion 1100 (1100 g
ionomer per mole of sulfonic acid group) in an alcohol
dispersion. All solutions were mixed with an ultra
homogenizer for 4 minutes to form highly uniform and
dispersed particle solutions as validated by the creation of
reproducible apparent contact angles. In previous
experiments, it was determined that solutions mixed with an
ultrasonic homogenizer for greater than 2 minutes resulted in
highly uniform solutions giving reproducible nanocomposite
coatings. Uniformly coated materials were created by
systematically brush coating a well-mixed composite solution
onto a 10 mm x 10 mm substrate surface. Solvent free
coatings were generated by evaporating the solvent at room
temperature in a vacuum oven to yield coatings based on
Nafion, Nafion/catalyst, or Nafion/SWCNT. Table 1 is a
summary of the composition of the films used in this study.

A series of samples were prepared using various mass
concentrations of Pt on Vulcan XC-72R (Pt/C) purchased from
E-TEK Division (USA) in a 5 wt% ionomer solution of Nafion
(DuPont) 1100 (1100 g per mole of sulfonic acid) as the matrix
for thin film coatings. The weight percent concentrations of
Pt/C studied were 20 wt%, 40 wt%, 60 wt%, 80 wt%, and 100
wt%. A Pt free series of samples were prepared using SWCNT
purchased from Sigma Aldrich. SWCNT were created using a
chemical vapor deposition process yielding 0.7-1.1 nm
diameter tubes of variable length. Ionomer nanocomposite
solutions were coated on three distinct substrates with varying
roughness. Substrates were based on a type N (100) 380 µm
SSP prime silicon wafers from University Wafers (1-10 ohmcm) and two types of 3M Brightness Enhancement Films P and
Y (BEFP and BEFY) with varying microstructure grove
distances (P-10 µm and Y-300 µm). Water used for the
measurement of contact angles was deionized to a level of 18.2
M-Ohms and filtered with a 0.5 µm filter.

Table 1. Mass and elemental composition of carbon-ionomer nanocomposites.
Nanocomposite
Non-Ionomer
wt%
75.3 (20% Pt/C)
79.1 (40% Pt/C)
82.9 (60% Pt/C)
85.3 (80% Pt/C)
92.5 (100% Pt/C)
72.7 (SWCNT)

Ionomer
wt%
24.7
20.9
17.1
14.7
7.5
27.3

Ionomer and Catalyst
C
O
wt %
wt %
76.5
2.62
63.7
2.37
47.4
1.87
29.4
1.70
4.6
1.03
84.7
3.27

2.3. Physical Measurements
2.3.1. Contact Angle
The apparent water contact angle θ* was measured with a
Kruss DSA (Drop Shape Analysis) 100 surface analyzer. A
water droplet volume of 7 µL was the optimal volume for
producing reproducible contact angle measurements with a
nominal error of +/- 2.1 degrees. All measurements were
performed at room temperature and repeated three times in
order to determine reproducibility.
2.3.2. AFM and SEM
A Nanoscope III (Veeco) AFM (atomic force microscopy)
system was used to evaluate surface roughness based on
changes in height and projected area for the composite
nanostructures. High-resolution Schottky Field Emission
SEM (scanning electron microscopy) images of the
nanostructures were obtained using a LEO (Zeiss) 1550
instrument at a 5 kV accelerating voltage in the conventional
high vacuum mode.
2.3.3. Composition
Quantitative analysis of the chemical elements within the
top few nanometers of surfaces was measured using XPS (x-

F
wt %
9.57
8.79
7.97
6.98
4.96
11.0

S
wt %
0.72
0.61
0.50
0.43
0.22
0.80

Pt
wt %
10.8
24.6
42.2
61.5
89.4
0.00

ray photoelectron spectroscopy) with a PHI Quantera SXM
Scanning Photoelectron Spectrometer Microprobe. The mass
and atomic compositions of the films were calculated using
an Oxford INCA Energy E2H X-ray Energy Dispersive
Spectrometer (EDS) system with a Silicon Drifted detector. A
Thermo Scientific Nicolet 670 FT-IR spectrometer was used
in the Attenuated Total Reflectance (ATR) with a HATR
ZnSe multi-bounce crystal to measure compositional changes
of a given nanocomposite surface.

3. Results and Discussion
Uncoated silicon wafer (SiW) and brightness enhancement
films (BEF) based on type Y (BEFY) and type P (BEFP) had
apparent water contact angles of 32.5°, 50.8°, and 91.2°. In
Fig. 2, coating surfaces with the ionomer solution resulted in
an increase in the apparent water contact angles from 32.5° to
76.9° (SiW), 50.8° to 78.4° (BEFY), and 91.2o to 101.5°
(BEFP) for these surfaces as shown in Fig. 2. Increases in the
contact angle are attributed to the more hydrophobic
properties of fluorinated Nafion and substrate roughness. Fig.
3 is a summary of the observed contact angle of the
composite films versus wt% ionomer based upon substrate.
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Fig. 2. Water contact angle on various surfaces coated with ionomer as a function of roughness and surface type.

Fig. 3. Contact angle versus wt% ionomer based on sample type.

In order to follow nanocomposite surface property
transitions, the observed contact angles were modeled with
the Wenzel and Cassie models. These models allow the
surface complexity to be studied with respect to roughness (r)
and surface area fraction φs. There are significant differences
in the surface topology of all nanocomposites based on the
type of substrate. Differences in the apparent contact angles
between these two films are attributed to smaller BEFP
surface features creating less intimate contact between the
water droplet and the nanocomposite surface. The Cassie
model describes this air-water interface. The underlying
substrate surface feature influences the nanocomposites
surface and observed contact angle [13, 26-28, 31-34]. As
observed with the Lotus leaf’s small papillae (height 10 to 20
µm and width 10 to 15 µm), liquid contact on the
nanocomposite surface is minimized due to feature size and
liquid vapor pressure that warrants further studies. Fig. 4 is a
SEM example of coated surfaces of SiW, BEFY, and BEFP
with a mixture of ionomer and 20 wt% Pt/C. It is apparent
from this low magnification SEM image the differences in
coated substrates and the persistence of feature size between
SiW, BEFP, and BEFY with a coating of ionomer and
catalyst or SWCNT.

(a) Si

(b) BEFY
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mean square RMS, Rq). RMS or Rq was evaluated by
measuring the height Zi of N points within a defined area in
order to calculate its geometric mean.

Rq =

(c) BEFP
Fig. 4. SEM images of Pt/C-ionomer nanocomposite on SiW (a) 20 wt%
Pt/C, (b) 100 wt% Pt/C, and, (c) SWCNT.

( Zi )

2

(4)

N

A typical AFM nanocomposite height image (Rq) is shown
in Fig.5a for a 20 wt% Pt/C on Si with a Rq = 13.68 nm and a
SWCNT on a Si with a Rq = 17.5 nm (Fig. 5b). The range of
Rq for all samples varied between 13.44 nm to 22.9 nm with a
surface roughness r ranging from 1.48 to 3.55, which is
summarized in Table 2.

Atomic force microscopy (AFM) was used to determine
the Si coated sample roughness (r) and height variation (root

(a) 20 wt% Pt/C on SiW

(b) SWCNT on SiW

Fig. 5. AFM images of nanocomposite ionomers on SiW (a) 20 wt% Pt/C (b) SWCNT.
Table 2. Water contact angles, roughness, and fraction of water in contact with ionomer nanocomposite surface (φ) on substrate SiW, BEFY, and BEFP.
Si substrate
Nanocomposites

BEFY substrate

BEFP substrate

Rq nm

r A/Ao

θ*

θ

θ*

φ

θ*

φ

Bare substrate

1.20

1.120

32.5

41.1

50.8

1.00

91.2

1.00

Substrate-ionomer

3.50

3.551

76.9

86.3

78.4

1.00

101.5

0.75

SWCNT-ionomer

22.9

2.205

90.3

90.1

93.8

0.94

105.0

0.74

20 wt% Pt/C

18.5

1.762

92.6

91.5

102.3

0.81

111.4

0.65

40 wt% Pt/C

17.5

1.642

97.3

94.4

116.8

0.60

120.7

0.53

60 wt% Pt/C

15.3

1.552

122.4

110.2

128.4

0.58

131.1

0.52

80 wt% Pt/C

13.7

1.499

133.6

117.4

131.7

0.62

135.8

0.52

100 wt% Pt/C

13.4

1.482

135.8

118.9

135.4

0.56

140.6

0.44

θ* - apparent contact angle

Apparent contact angles of all samples coated onto Si
substrates were adequately described by the Wenzel
relationship using an inverse dependence of roughness r.
This inverse relationship of surface roughness r and apparent
contact angle is counterintuitive. However, the decrease in

contact angle with increasing roughness is explained in terms
of the amount of ionomer in the catalyst layer. Fig. 6 is a plot
of r versus the observed contact angle and amount of
ionomer used to make the catalyst layer.
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Fig. 6. Roughness r versus observed cos θ* and wt% ionomer.

Based on this result, it is seen that decreases in contact
angle are directly related to the amount of hydrophilic
ionomer in the catalyst layer. This dominates the affect of
surface roughness until a lower concentration of ionomer is

(a)

(b)

reached. Increases in observed contact angle with substrate
type is due to surface feature size roughness. In this series,
SiW is relatively smooth, BEFP has the smallest feature size,
and BEFY has large-scale roughness. The apparent contact
angle of a water drop on BEFP was the largest of this series
and it is due to air trapped beneath surface features as
described by the Cassie model and the large features of the
BEFY surface followed the Wenzel model.
FTIR was done in order to measure the amount of ionomer
at the surface of catalyst layer. Fig. 7a is an overview of
change is surface composition based upon catalyst composite
with respect to Nafion. Fig. 7b shows an increase sulfonic
acid versus composition as followed by the sulfonic acid
group stretch at 997 cm-1 wave numbers. In Fig. 7c, an
increase in sulfonic acid is directly related to the sulfonic
acid group concentration at the surface of a film that
corresponds to the weight fraction of ionomer in the
composite.

(c)

Fig. 7. (a) FTIR ATR spectra of nanocomposite films, (b) change in sulfonic acid concentration (997 cm-1) versus nanocomposite, (c) relationship between
weight fraction of ionomer versus height of sulfonic acid peak (concentration).

The intrinsic contact angle θ for the nanocomposites
materials was determined based on the SiW sample
roughness r obtained from AFM and the Wenzel relationship.
Utilizing this relationship, the Wenzel relationship provides
an excellent fit of the apparent contact angle θ* versus the
intrinsic contact angle θ data on all coated SiW surfaces
shown in Figs 8a. Once the intrinsic contact angle was

(a)

determined for these composites, observed contact angles
transitioning between the Wenzel and Cassie regimes could
be determined based upon substrate type (SiW, BEFY, BEFP)
and composition of composite. Based on this result, BEFP
materials were identified as transition materials because their
apparent contact angles were best fit by both the Cassie and
Wenzel relationships (Fig. 8b).

(b)

Fig. 8. Observed contact angle cos θ* versus intrinsic contact angle cos θ for Cassie and Wenzel models for (a) SiW and (b) BEF films.
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This enhanced increase in contact angle for the BEFP
substrate is attributed to the smaller distance between micro
features. The smaller features of BEFP results in a decrease
in water drop contact with the surface as compared to BEFY
and Si surfaces. Consequently, more air pockets are formed
beneath the water drop resulting in a larger contact angle as
predicted by the Cassie relationship. While surface roughness
is an important factor in an apparent contact angle, the
amount of ionomer is a significant contributor to the surface
properties. Fig. 6 illustrated how increasing ionomer
concentration results in a decreasing apparent contact angle
and a more hydrophilic surface. However, the micro
roughness of a surface can significantly reduce this effect as
shown for BEFY and BEFP nano-composite films at 20 and
40 wt% Pt/C and ionomer. In general, the BEFP substrate
films resulted in the greatest change in contact angle as
compared to BEFY and Si coated surfaces. At ionomer
concentrations below 15 wt%, all substrates have apparent
contact angles greater than 120°. This result illustrates the
importance of ionomer concentration and roughness on the
hydrophobic and hydrophilic surface properties of an
electrode. This dependence may suggest that there is a range
of roughness, feature size, and ionomer surface content that
is necessary for achieving high contact angles as seen with
the Lotus leaf [26]. Consequently, observed changes in the
apparent contact angle are attributed to the composition of
the nanocomposites and its inherent roughness [29-30].
SEM (field emission scanning electron microscopy) was
done in order to observe a few representative surfaces as a
function of composition on SiW. Fig. 9 is a low
magnification image of a Nafion nanocomposite with 20 wt%
Pt/C, 100 wt% Pt/C, and a SWCNT coated on SiW. At a
magnification level of 500x (1 µm marker) reveals distinct
differences in surface topology based on ionomer
composition. The SWCNT is relatively smooth that is
attributed to a higher ionomer loading and 100 wt% Pt/C
appears micro-porous and rougher than the 20 wt% Pt/C and
SWCNT coating. These differences directly relate to larger
contact angles observed for the 100 wt% Pt/C coatings.

(a) 20 wt% Pt/C
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(b) 100 wt% Pt/C

(c) SWCNT
Fig. 9. SEM images of nanocomposites on SiW of (a) 20 wt% Pt/C, (b) 100
wt% Pt/C, and (c) SWCNT.

4. Conclusions
The relationships between the apparent contact angle of a
nanocomposite surface, its roughness, composition (ionomer,
catalyst, SWCNT), and substrate pattern were studied. It was
observed from this study that the underlying substrate has a
profound effect on the hydrophobicity of a nanocomposite.
This hydrophobicity is attributed to a decrease in the
adhesive forces due to a minimization of water interfacial
contact with a given surface. This property is associated with
the surface roughness and the distance between surface
features. Nafion ionomer content in a composite surface
greater than 17 wt% created hydrophilic surfaces. Ionomer
composites have heterogeneous surface roughness ranging
from micro to nanometers, which influences its surface
hydrophobicity. These small surface features increase
roughness resulting in large contact angles that are
characterized by Cassie and Wenzel models. The inherent
surface roughness of BEF films resulted in an increase in
contact angle with BEFP substrates having the greatest
increase attributed to its small feature size creating roughness.
The combined affects of composition and substrate leads to
the variation in the contact angle observed on these surfaces.
Utilizing BEF films as a model surface allowed this work to
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observe the importance and complexity of surface roughness
on contact angle with water. Due to the complex
heterogeneity and multiple ranges of roughness and surface
features, future work is warranted to elucidate these
interdependent properties.
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