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ABSTRACT: The wettability of carbon fiber substrate plays an important role in a
vast number of electrochemical energy production and storage technologies. Here,
we report an alternative approach to evaluate the relative wettability for three
substrates with the solid−liquid (S−L) interfacial area as the wettability parameter.
We applied electrochemical techniques to quantify the S−L interfacial area and
obtained the relative wettability on for three substrates with varying fiber
morphology. This work proposes and validates a methodology to experimentally
measure the substrate wettability and elucidates important aspects of the relevant
wetting phenomena. Our results indicate that the wettability of carbon fiber
substrate is affected by the liquid intrusion resulting from the instability of the
Cassie−Baxter wetting state and that the contact angle is not dependent on the S−
L interfacial area under the droplet. The present technique can be used to
characterize the surface wettability of a wide range of conductive surfaces with
irregular and multiscale surface roughness features.
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1. INTRODUCTION

Due to their high thermal and electrical conductivity, porous
carbon fiber substrates find application in a vast number of
energy conversion and storage technologies including lithium-
ion batteries,1,2 lithium−air batteries,3 redox-flow batteries,4

fuel cells,5 supercapacitors,6,7 and so on. The surface wettability
is one of the most important material properties for these
applications because it can limit the overall device performance.
A few illustrative examples are summarized in the following
sections.
Carbon fiber substrates are widely used as gas diffusion layer

(GDL) in hydrogen fuel cells. In this case, an increase in the
substrate hydrophobicity enhances the fuel cell performance by
facilitating water transport, especially during high current
density operation.8−13 In contrast to the hydrogen fuel cell,
reduced anode hydrophobicity is desirable for direct methanol
fuel cells in order to enhance the delivery and removal of the
reactant and product, both of which are in aqueous phase.14

Carbon fiber substrates are also widely used as the backing layer
for supercapacitors, whose effective capacitance is a function of
the ion accessible solid−liquid (S−L) interfacial area. One of
the major objectives of the supercapacitor research is to
increase the surface area of the substrate to enhance the
capacitance. However, the translation of the available surface
area to effective S−L interfacial area is dependent on the
substrate hydrophobicity.15−17 A higher capacitance can be
obtained for hydrophilic substrates as compared to that of
hydrophobic substrates featuring similar available surface area.
Carbon fiber substrates are also used as the cathode material for

the Li−air batteries, where higher wettability is desired to
facilitate the ionic transfer during the charge and discharge
processes.3

When a fixed volume of liquid is placed on the solid surface,
the droplet attains a characteristic shape depending on the
substrate wettability. Conventional evaluation of surface
wettability utilizes one aspect of the droplet shape, which is
the contact angle (CA) at the three-phase contact line.
However, the limitations of the CA evaluation for rough
surfaces (e.g., noncircularity of the three phase contact line, CA
hysteresis, and lack of symmetry in the droplet shape18−20) are
exacerbated for carbon fiber substrates, which has large
roughness scales and anisotropic fiber distribution. The CA
hysteresis provides a range of the possible CA values and shows
significant overlap for carbon fiber substrates. The presence of
the overlapping CA hysteresis ranges of different substrates
complicates the evaluation of the relative wettability, and results
in significant variation of the static CA.21−25 The CA depends
on the area near the three phase contact line which limits its
ability to provide an accurate wettability information for rough
surfaces.26−28

The limitations of the CA as the wettability parameter
motivated our search for additional quantifiable parameters
which are dependent on the substrate wettability. We selected
the solid−liquid (S−L) interfacial area to quantify the relative
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wettability. Our rationale for using the S−L interfacial area as a
wetting parameter is that the wettability of any solid surface for
a given liquid depends on the affinity of the liquid to form the
S−L interface (which proceeds via minimization of the Gibbs
free energy).26 Hence, for a fixed droplet volume, the surface
with higher hydrophobicity should have a lower S−L interfacial
area. In this work, the wettability due to the S−L interfacial area
was quantified by exploiting the ability of the carbon to support
a stable double layer capacitor, which can be measured
electrochemically. We have designed a methodology to evaluate
the relative wettability of three commercially available carbon
fiber substrates with similar order of CA values but varying
(three-dimensional) fiber distributions. The differences in the
wettability were found to depend on the intrusion of liquid into
the fiber bulk arising from the instability of the Cassie−Baxter
wetting state. The latter was evaluated using independent
breakthrough pressure measurements.
The present method offers an alternative to the optical

wettability measurement techniques, where the applicability of
the CA evaluation process is limited. Our results establish the
viability of the electrochemical method to evaluate wettability
based on the S−L interfacial area under the droplet bulk, which
is otherwise inaccessible using conventional visualization
techniques.

2. EXPERIMENTAL SECTION
2.1. Materials. We studied three different commercially available

carbon fiber materials: 10AA, 25AA (Ion-Power), Toray Paper/TGP-
30 (fuel cell store). The liquid phase used in the wettability studies is
an aqueous 0.1 M sodium sulfate (Fisher Scientific) solution, prepared
in deionized water. All the measurements were conducted at room
temperature (20 ± 2 °C) and 40−60% relative humidity.
2.2. Optical and Electrochemical Measurement Setup. Figure

1a shows a schematic diagram of the experimental setup used for
optical and electrochemical analysis. The substrate was clamped on a

sample holder consisting of segmented copper contact pads (Figure
1b). The segmentation of the contact pad enables separate current
forcing and sensing electrodes, which removes the contact resistance
between the contact pad and the sample. The bulk resistance of carbon
fiber substrates are low (<15 mΩcm2) ensuring negligible contribution
of the substrate resistance in the evaluated values.29 We used platinum
microelectrodes (Fisher Scientific) with a thickness of 25 μm as
counter and pseudoreference electrodes. The microelectrodes ensure
minimum perturbation of the droplet shape, and the overall system
can be identified as a miniaturized three-electrode electrochemical cell
in which the liquid droplet acts as the electrolyte medium and the
carbon fiber substrate as the working electrode. The experimental
procedure involves gently placing the liquid droplet on the sample
using a precision micropipette (Scilogex), followed by lowering the
platinum wire assembly into the droplet bulk.

The distance between the platinum wires and the carbon fiber
substrate was kept constant for all measurements and was monitored
using a displacement sensor (Mitutoyo Corp.). The assembly was
connected to an electrochemical analysis system (Solartron 1470E Cell
Test System and a Solartron SI 1260 Impedance/Gain-Phase
Analyzer) to facilitate the electrochemical measurement. The setup
was coupled with a camera (Cannon EOS 1000D), lights and a diffuser
ring to capture side view images of the droplet. The measurement of
an apparent CA was done by analyzing the side view image (using
open access software ImageJ) of a 10 μL droplet (0.1 M Na2SO4
solution in deionized water), placed on the substrate.

Electrochemical measurements were done using a droplet volume of
100 μL. The droplet placement was carried out by repeated feeding of
the liquid to form a 100 μL droplet. The effect of the electrolyte
(Na2SO4) concentration on the capacitance was evaluated in a range of
0.05−0.5 M, as shown in Supporting Information (Figure S1). The
results show that the capacitances evaluated for different electrolyte
concentrations are comparable within the error range. Further studies
were carried out using 0.1 M Na2SO4 aqueous electrolyte solution.
The added electrolyte imparts the necessary conductivity, and the high
droplet volume ensures averaging of a larger surface area for consistent
results. The CA evaluation was done using the electrolyte solution to
maintain consistency with the electrochemical measurements.

Figure 1. (a) Schematic diagram of the experimental setup used for the electrochemical and optical measurement of the substrate wettability. (b)
Segmented contact pad on which the sample is placed. (c) Schematic diagram of the experimental setup for the breakthrough pressure
measurements.
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However, we also conducted the CA measurements using deionized
water without any added electrolyte, and the contact angle values were
found to be of similar order for both the cases.
2.3. Breakthrough Pressure Measurement Setup. Break-

through pressure measurements were carried out by employing a
bottom injection method.21,30 Figure 1c shows the schematic diagram
of the experimental setup. The experimental procedure involves
placing a circular (5 mm) carbon fiber substrate on the injection stage
made from polycarbonate sheet. The injection port diameter for the
setup was 3.5 mm, which corresponds to the active area through which
the intrusion occurs. The substrate was kept in place using a 3M
double sided tape. The liquid is forced using a syringe pump (Harvard
Apparatus, 11plus series syringe pump) while the pressure is measured
using an Omega PX309 series pressure transducer at a sampling rate of
100 Hz.

3. RESULTS AND DISCUSSIONS
3.1. Contact Angle Evaluation. Figure 2a shows the SEM

images of the carbon fiber substrates used in the present study

at two different magnifications. The image shows the presence
of three-dimensional fiber distributions and the roughness
features on individual fibers. Statistical averages of the CA
obtained for five samples of each material are shown in the
Figure 2b along with the standard deviations in the form of
error bars. The carbon fiber substrates showed pronounced
hydrophobic behavior with CA values close to 130°, and the
overall interaction can be classified as Cassie−Baxter wetting
(CBW).22 Similar orders of the static CA values have been
reported in the literature for carbon fiber substrates,11,21,31 and
the high CA values are attributed to the heterogeneity of the
interface under the droplet (Figure 2c). When a liquid droplet
is placed on a solid surface, the droplet spreads until it attains
the Gibbs free energy minimum, resulting in a unique droplet

shape for a given surface wettability. For rough surfaces,
multiple local Gibbs free energy minima exist, and hence, the
droplet shape and the CA are dependent on the energy barrier
separating these local energy minima.26

As the static CA values for the three samples are comparable
within the error range, an estimation of relative wettability is
difficult with the use of the optical measurement technique
(Figure 2b). We address this limitation of the CA-based
wettability evaluation with an electrochemical technique in the
following section.

3.2. Electrochemical Assessment of the Substrate
Wettability. We have utilized the ability of the carbon surface
to support a stable double layer capacitor to quantify the
wettability in terms of the S−L interfacial area. The double
layer capacitance arising at the S−L interface is proportional to
the S−L interfacial area32,33 and the quantification can be
carried out electrochemically (cyclic voltammetry, impedance
spectroscopy, etc.). Recent efforts have been made to visualize
the S−L interfacial area under the droplet for surfaces with
patterned roughness features using environmental scanning
electron microscopy,34 X-rays,35 confocal microscopy,36 and so
on. However, the applicability of the visualization techniques
for the carbon fiber substrates is restricted by the limited optical
accessibility and the irregular roughness features arising from
the anisotropic fiber distribution.
In this work, electrochemical measurements (cyclic voltam-

metry and impedance spectroscopy) were conducted using the
setup described in the Experimental Section with a droplet
volume of 100 μL. The first step toward the evaluation process
is to verify the presence of double layer capacitance. The
validation was done by modeling the impedance spectra using a
simplified equivalent circuit used for supercapacitor materials as
shown in Figure 3a (inset).37 The impedance spectra for all the
materials were obtained in a frequency range of 100 kHz to 1
Hz with AC amplitude of 10 mV. To account for the nonideal
capacitive properties of the double layer, we used a constant
phase element (CPE) in lieu of an ideal capacitor in the
equivalent circuit fitting, represented by equation38
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Y

j
1
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o
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In the above relation, the CPE shows power law frequency
dependence, where −Zimag corresponds to the imaginary
component of the impedance, Yo is the admittance and ω is
the angular frequency. Depending on the value of n, the CPE
can behave as a resistor (n = 0), inductor (n = −1), or a
capacitor (n = 1).
For all the samples, the value of n was found to be ∼0.98,

along with high leakage resistance (RL approximately 106−107
Ω), which supports the presence of stable double layer
capacitance.
The cyclic voltammetry curves for all the samples showed a

shape typically observed for the double layer capacitance. The
quantification of the double layer capacitance is done by CV
measurements, where the capacitance is evaluated using the
relation

∫υ
=

−
C

V V
I V dV

1
2 ( )

( )
V

V

f 0

f

0 (2)

In the above equation, the integral term is evaluated as the area
enclosed by the CV curve, υ represents the scan rate and (Vf −
V0) represents the potential window. For the present analysis, a

Figure 2. (a) SEM images of three carbon fiber substrates used in the
present study. (b) Evaluated contact angle values for the three
materials used in the present study. (c) An image of droplet on carbon
fiber substrate (35AA) at a glancing angle, showing the droplet resting
on the fractal structure from the carbon fibers.
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potential window of 0.2 V (−0.1 to 0.1 V w.r.t. platinum
pseudo reference electrode) was chosen and the evaluation was
done for scan rates varying from 50 to 300 mV·s−1. Figure 3b
shows the cyclic voltammetry curves obtained for three
materials. The capacitance values for these three materials are
shown in Figure 3c. The capacitance was found to decrease (3−
10%) with increase in the scan rate from 50 to 300 mV s−1,
which is attributed to the increasing diffusional resistance. The
statistical average of the measured values is reported for five
samples at each scan rate along with the standard deviation as
the error bars. The error range was found to be small compared
to the measured values. The capacitance was found to be
distinct for all carbon fiber substrates within the error range
(Figure 3c) and the order of capacitance is obtained as 35AA >
10AA > TGP-30. Because the capacitance is proportional to the
S−L interfacial area, the surface with the lowest capacitance is
the most hydrophobic, which, for the present case, is TGP-30.

From the experimental results, the capacitance (and hence the
S−L interfacial area) shows variation, while the CA values are
of similar order for three substrates used in the present study.
Understanding the phenomenon governing the wettability of

the carbon fiber substrate is fundamental toward tailoring the
substrate property for specific applications. For a rough surface
with multiscale roughness features, the overall wettability arises
from the combined effect of the microscale roughness (fiber
surface) and the macro-scale roughness (fiber distribution).
Because the individual fibers have similar surface structures and
diameters (7−14 μm), it can be concluded that the observed
difference in the relative wettability is from the fiber
distribution in three dimensions.
The projected diameter and the CA values (measured from

the side-view image of the droplet) for a 100 μL droplet is of
similar order (∼5 mm and ∼130°) for 35AA and TGP-30,
while the capacitance of the 35AA (∼0.65 μF) was found to be

Figure 3. (a) Impedance spectra represented in the form of the Nyquist plot and (inset) the equivalent circuit used for fitting the impedance spectra.
(b) Cyclic voltammetry curve for three different carbon fiber substrates at a scan rate of 300 mV/s and (inset) the side-view image of the droplet. (c)
Capacitance of three different carbon fiber substrates with varying scan rates (50−300 mV/s).

Figure 4. (a) Evolution of breakthrough pressure for different carbon fiber materials showing a linear increase in pressure with time for all the
samples. (b) Plot of breakthrough pressure and capacitance for different samples. Values represent the average of five samples, and the error bars
represent the standard deviation. (c) A simplified cross-sectional representation of the intrusion of the liquid meniscus between two cylindrical fibers.
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twice as compared to the TGP-30 (∼0.3 μF). We hypothesize
that the variation in the measured capacitance (and hence the
wettability) is affected by the degree of liquid intrusion into the
fiber structure, which has been investigated experimentally in
the following sections.
3.3. Breakthrough Pressure and Liquid Intrusion. To

support our hypothesis, we measured the pressure required to
force the liquid into the fiber matrix as potential metric to
estimate of relative dominance of intrusion and the robustness
of the Cassie−Baxter wetting state for the substrate.39

The pressure drop increased linearly with time with a sudden
drop once the droplet emerged on the opposite side of the
layer, which corresponds to the breakthrough pressure (Figure
4a). The flow rate used in the present study was 0.0017 mLs−1.
The highest breakthrough pressure was obtained for TGP-30
(∼3500 Pa), while the lowest breakthrough pressure was
obtained for 35AA (∼2000 Pa). The order of the breakthrough
pressure values for the three material was obtained as TGP-30
> 10AA > 35AA. The measurement was carried out for five
samples of each material, and the average values are reported
along with the error bars (standard deviation for five
measurements) in order to obtain a statistical average and
incorporate the variation in the material property. A
comparison of the capacitance and the breakthrough pressure
(Figure 4b) indicates an inverse relationship and the substrate
with the highest breakthrough pressure demonstrates the
lowest capacitance. From the data, we conclude that the
enhanced wettability of the 35AA arises from the higher degree
of intrusion resulting in the higher S−L interfacial area as
compared to TGP-30 and 10AA. The pressure measurement
serves as an independent verification for the proposed
hypothesis and suggests that the intrusion of liquid affects the
observed wettability of carbon fiber substrates.
With reference to wetting states, the intrusion of liquid into a

roughness feature is a transitional intermediate between the
Cassie−Baxter state and the Wenzel wetting state (complete
intrusion). When a droplet is placed on the substrate, the
transition can occur via two mechanisms: contact line sliding
along the solid surface or the sagging of liquid meniscus while
the three phase contact line stays pinned.39−41 A simplified
representation in two dimensions for the bending of the liquid
meniscus between two fibers is shown in Figure 4c. The total
intrusion depth (htotal) can be represented as the sum of the
intrusion from sliding mechanism (hθ) and from the sagging
mechanism (hH). The total intrusion depth can be evaluated
based on the geometric constraints, as reported by Tuteja et
al.:39

θ= + = +θh h h
RD

R
D
R

sin
2total H

int

2

int (3)

In the above equation, D represents the separation between the
fibers, R is the radius of the fiber, and θ represents the
equilibrium contact angle. For a fixed droplet volume, Rint is
constant and represents the radius of curvature for the liquid
meniscus trapped within the fiber arising from the balance of
the body forces (gravity) to that of the Laplace pressure. For
the liquid meniscus to come in contact with the next fiber layer,
the necessary condition is that the total intrusion depth (htotal)
should be higher than the fiber diameter (2R). The separation
between the fibers (2D) on the top surface of the substrate is
significantly higher than the fiber diameter (2R). Hence, the
sagging mechanism (hH) dominates the intrusion process as the

contribution of hθ is low (for D ≫ R→ hH ≫ hθ). On the basis
of the above discussion, for the same droplet volume, the total
intrusion height (htotal) should be higher for the substrate with
higher separation between the fibers (2D). From the SEM
images (Figure 2a), the 35AA has lower surface fiber density as
compared to the Toray paper (TGP-30) which explains the
higher breakthrough pressure and the lower capacitance of the
TGP-30 sample. With each intrusion step, the Laplace pressure
resisting the intrusion increases and the process continues until
it becomes equal to the pressure arising from the droplet
weight. For a three-dimensional fiber structure, the length of
the individual fiber is significantly higher than the fiber
separation and there exists variation in the relative distance
between the fibers along the fiber length. The fiber distribution
affects the overall liquid meniscus shape as it can be seen in the
glancing angle image of the droplet resting on the fiber
structure (Figure 2c).
Our work illustrates that the CA values are not dependent on

the S−L interfacial area, and this deduction is supported by
previous works.27,28 Hence, care should be taken while
reporting the CA as a wettability parameter for carbon fiber
substrates. On the basis of the present work, the wettability of a
rough substrate should be treated in a three-dimensional
domain, and the extent of intrusion should be incorporated into
the overall wetting features. Moreover, the robust technique
presented here can be adapted to the characterization and
quality control of carbon fiber substrates during manufacturing
processes. The technique provides a single parameter
(capacitance) that encompasses several interlinked surface
properties of the substrate, which includes the fiber structure,
fiber distribution, surface wettability, and the degree of liquid
intrusion.

4. CONCLUSIONS
In this work, we have demonstrated S−L interfacial area
dependent wettability determination, where the quantification
has been carried out using an electrochemical technique for
carbon fiber substrates. It was found that the wettability of
carbon fiber substrates is dependent on the degree of intrusion
into the fiber matrix while the CA values were found to be
independent of the S−L interfacial area. This work can be
extended to study and characterize a wide range of rough
conductive surfaces irrespective of the regularity of the
roughness features and can augment our understanding of the
wetting phenomenon on rough surfaces.
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