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Electrically conductive and self-cleaning superhydrophobic films (water contact angles >160�, droplet
roll off angles <5�) were fabricated by simply solution casting sub-micron polytetrafluoroethylene

(Teflon) particle dispersed alcohol-based colloidal graphite solutions. The process is very suitable for

forming conductive superhydrophobic coatings on glasses, metals, ceramics and high performance

polymers such as polyimide (Kapton�). The solutions were deposited on microscope glass slides and

Kapton� films by drop casting. After solvent evaporation under ambient conditions, the coatings were

annealed to melt Teflon. Upon melting, Teflon particles fused into one another forming a hydrophobic

polymer matrix. The degree of superhydrophobicity and the surface morphology of the coatings

together with their electrical conductivity were studied in detail by varying Teflon-to-graphite weight

fractions. A number of applications can be envisioned for these coatings such as electrode materials for

energy conversion devices, high performance electromagnetic shielding materials, flexible electronic

components and heat exchanger surfaces, to name a few.
Introduction

The term colloidal graphite is very commonly used in the elec-

tronics industry and refers to high concentration (20 wt%) solid

suspensions of submicron graphite particles in a carrier liquid,

generally water or alcohol.1 Colloidal graphite is often used for

making conductive electrical connections or electrodes for energy

conversion devices2–5 and also for lubricating surfaces.6 In

nuclear power plants, for instance, conductive colloidal graphite

is used in large quantities as an anti-seize compound, thread

lubricant and for lubricating moving parts and rubbing surfaces.

It has also been tested as an electromagnetic shielding admixture

into cement.7 A very recent study successfully demonstrated the

use of colloidal graphite as a conducting and catalytic counter-

electrode for dye synthesized solar cells.8 Colloidal graphite has

also been utilized for the efficient detection of lipids, proteins and

peptides with laser desorption/ionization mass spectrometry.9

Commercially available water suspensions of graphite are

usually stabilized with small amounts of tannic acid or ammonia

and alcohol suspensions usually contain less than 5 wt% cellulose

acetate,6 which enables continuous conductive film formation. In

general, conducting dry films obtained from commercial
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colloidal graphite solutions, containing approximately 20 wt%

solids, display 40 U mm�1 sheet resistance.10

Fabrication of superhydrophobic materials with additional

functionality such as electrical conductivity, magnetism, light

emission, antimicrobial activity, etc. has been gaining rapid

academic and industrial interest, as an increasing number of

simple, inexpensive, and durable superhydrophobic materials

have been demonstrated.11–16 Recently, a series of conducting

superhydrophobic films have been reported by dispersing

nanostructured conductive fillers in hydrophobic polymer

matrices.17,18 Such electrically conductive superhydrophobic

films can be used as non-wetting electromagnetic interference

(EMI) shielding materials,19 as smart textiles,15,20,21 in ‘‘lab on

a chip’’ applications, and in printing electronics.22 Detailed

electrical characterization of superhydrophobic systems is

important in order to identify the type of conductivity such as

ohmic or diode-like as well as breakdown voltages if super-

hydrophobic materials are to be integrated into various devices.

In general, most studies report sheet resistance in terms of U sq�1

or conductivity in terms of S m�1.18,23–27 Resistance of conducting

superhydrophobic materials against peel off, mechanical abra-

sion, solvent etching and elevated temperatures is also of great

importance and needs to be improved.28

In this study, we demonstrate a simple and inexpensive

procedure to fabricate highly conductive superhydrophobic films

from alcohol-based colloidal graphite, by blending colloidal

graphite with submicron polytetrafluoroethylene (Teflon)

dispersed isopropyl alcohol solutions. Teflon–graphite

composite films can be made by simply drop casting from

blended solutions. In particular, the technique is very suitable to
J. Mater. Chem., 2012, 22, 2057–2062 | 2057
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form conducting superhydrophobic films on glass, ceramic,

metal, and high temperature resistant polymers such as poly-

imide (Kapton�) films. Wetting of the composites as a function

of Teflon-to-graphite weight fraction was characterized by

measuring static water contact angles and droplet roll off angles

(the tilt angle of the substrate at which water droplets freely roll

off the surfaces). The electrical conductivity of the films was

characterized by measuring current–voltage curves (biased

between �20 V and +20 V) using a semiconductor parameter

analyzer. Surface topology of the films was studied with an

atomic force microscope (AFM) in non-contact mode.
Experimental

Isopropanol based colloidal graphite was purchased from TAAB

Laboratories, UK. Its overall solids content is made up of 20 wt

% graphite particles (400–900 nm in size) and of less than 5 wt%

cellulose acetate as a film forming agent. Sub-micron Teflon

powder was purchased from Sigma-Aldrich. The average Teflon

particle size is approximately 200 nm.13 Various concentrations

of Teflon powder were dispersed in reagent grade isopropanol

using a standard ultrasonic processor for 10 to 15 minutes. No

dispersant or surfactants were used. It was found that the

maximum amount of Teflon that can be suspended in iso-

propanol was 10 wt% above which significant gelation of the

suspension occurred. The concentration of the as received

colloidal graphite was reduced by dilution with isopropanol

so that stock solutions of colloidal graphite from 1 wt% up to

15 wt% can be prepared.

Diluted colloidal graphite solutions were sonicated for an

additional 1/2 hour. Following this, Teflon solutions were

blended into the graphite solutions during continuous sonication

from which different composite films containing varying Teflon-

to-graphite weight fractions were cast. The blends were drop cast

on hydrophilic microscope glass slides and Kapton� films and

were allowed to dry overnight under ambient conditions. Typical

film thickness was of the order of 20 mm. The substrates were

then transferred onto a hotplate maintained at 350 �C and

annealed for 1/2 min to allow melting of Teflon particles. Note

that the melting temperature of Teflon is 325 �C. Annealed films

were cooled to room temperature gradually. In order to test the

high temperature resistance of the fabricated films, some samples

were kept on a hotplate maintained at 500 �C continuously for

4 h and after cooling to room temperature additional contact

angle measurements were taken.

Surface morphology and roughness of the composite films

were analyzed by an atomic force microscope (AFM), Park

Systems XE-100, in non-contact mode using a silicon cantilever.

An adaptive scan rate set between 0.15 Hz and 0.25 Hz was

utilized for all samples. Electrical characteristics of the

composites were measured using an Agilent 4155B Semi-

conductor Analyzer interfaced with a Karl Suss RA150 Probe

Station. Samples were biased from �20 V to +20 V and current–

voltage (I–V) data were recorded at 0.1 V intervals. Conductive

silver paste electrodes were painted on sample surfaces in order

to minimize the contact resistance. The gap between the painted

silver electrodes was 1 mm. Minimum five I–V measurements

were taken from each sample at different time intervals in order
2058 | J. Mater. Chem., 2012, 22, 2057–2062
to assess the electrical stability and repeatability of the

measurements.

Wetting characteristics of the films were measured by distilled

water droplets using a contact angle goniometer manufactured

by Kruss, Germany. Droplet roll off angles were determined on

a homemade tilt stage which could be mounted to the contact

angle goniometer setup. Various ethanol–water mixtures were

prepared in order to construct Zisman plots to estimate the

surface energy of the superhydrophobic films. In particular, six

different ethanol–water mixtures were prepared: 5%, 10%, 25%,

40%, 50% and 80% by weight with corresponding surface

tensions of 56.4, 48.1, 36.1, 30.7, 28.5 and 24.3 mN m�1. The

surface tension values of ethanol–water mixtures were obtained

from ref. 29. Three to five contact angle measurements were

taken from each liquid within �3� uncertainty.
Results and discussions

Before blending Teflon suspensions with colloidal graphite, the

morphological and wetting characteristics of Teflon films

obtained by drop casting from their isopropanol suspensions

were investigated. Fig. 1(a) shows the topographical AFM image

of a film obtained by drop casting from a 3 wt% Teflon

suspension in isopropanol. The film is formed by densely packed

sub-micron Teflon particles. In Fig. 1(b) the shape of the Teflon

particles is shown in more detail. Their shape in general appears

to be of an elongated sphere form. Surprisingly, when this film

was annealed (melted) at 350 �C, the morphology transforms

into a fibrillar network as shown in Fig. 1(c).

When the submicron particles melt, they appear to fuse into

one another forming elongated fibrillar networks, which

randomly organize into larger domains as shown in Fig. 1(c).

Fig. 2 shows the 3D topology of the films shown in Fig. 1(a) and

(c) and the corresponding static water contact angle and droplet

roll off angle measurements conducted on both films. Here, we

present measurements taken from 20 different drop-cast films

prepared from the same isopropanol suspension in order to

analyze the reproducibility of the wetting characteristics. Static

water contact angles on the films before annealing reached 157�

on average and droplet roll off angles were below 10� as seen in

Fig. 2. Static water contact angles on the annealed films however

declined to 140� on average, while droplet roll off angles

increased to 45�. This can possibly be attributed to the disap-

pearance of the surface roughness due to closely packed Teflon

particles upon melting. Indeed, in general, static water contact

angles measured on smooth Teflon surfaces range from 120� to

140� depending on the roughness and history of the Teflon

surface.30

Similarly, morphology and wetting characteristics of graphite

films were analyzed by AFM and contact angle measurements.

Fig. 3(a) shows the AFM non-contact mode topographical image

of a graphite film obtained by drop casting as-received colloidal

graphite on a glass slide after sonication for 15 minutes. The

image indicates that the colloidal graphite is made up of graphite

particles of various sizes and shapes ranging from sub-micron to

micron. The apparent morphology seen in Fig. 3(a) is typical of

graphitic solid lubricant films composed of layered planar

structures which can easily shear to provide low friction.6 The

arrows in Fig. 3(a) show the exposed edges of some graphene
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (a) AFM topography acquired in non-contact mode of a Teflon film obtained by drop casting 3 wt% Teflon suspensions in isopropanol. (b) A

smaller area scan of the film shown in (a), showing the geometrical shape of the sub-micron Teflon particles. (c) AFM topography of the film in (a), after

thermal annealing at 350 �C for 30 s. Annealing-induced morphological change into a fibrillar network is clearly seen.

Fig. 3 (a) An AFM topographical image of an as received colloidal

graphite film drop cast on a glass slide. Arrows indicate exposed edges of

graphene planes. (b) A scanning electron microscope image of a fractured

surface of the film after partially washing away trace amounts of cellulose

acetate originating from colloidal graphite by acetone.

D
ow

nl
oa

de
d 

by
 D

uk
e 

U
ni

ve
rs

ity
 o

n 
17

 J
un

e 
20

12
Pu

bl
is

he
d 

on
 1

2 
D

ec
em

be
r 

20
11

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1J
M

14
81

3C

View Online
platelets forming the planar layered structures. Fig. 3(b) shows

the scanning electron microscope (SEM) image of a fractured

surface of the same film after partially washing away cellulose

acetate, preexisting in the colloidal graphite solution, with

acetone. This was done by immersing the film in acetone for some

time to dissolve the cellulose acetate partially. Morphological

details of graphite particles with various sizes and shapes are

more evident in this image. Drop cast films from as received

colloidal graphite were of hydrophilic nature with an average

water static contact angle of 63�. No droplets could roll off the

surfaces even if substrate tilt angles exceeded 90�.
Superhydrophobic films could be formed only when certain

Teflon to graphite mass fractions were maintained in the

composite films. The most promising composites displaying self-

cleaning superhydrophobicity were observed in dry films having

1.2 to 2.2 Teflon-to-graphite weight fractions as a result of

thermal annealing. After solvent evaporation, dry films, before

annealing at 350 �C to melt Teflon, showed a mixed degree of

hydrophobicity with high contact angle hysteresis depending on

the Teflon-to-graphite weight fraction. In addition, before
Fig. 2 (a) Top: static water contact angle and water droplet roll off angl

topography (bottom). (b) Top: static water contact angle and water droplet

mentioned films after thermal annealing (bottom). In the top graphs, blue b

hysteresis.

This journal is ª The Royal Society of Chemistry 2012
annealing, the films had very poor substrate adhesion for both

glass and Kapton� and could be easily removed from the

substrates by gentle rubbing. Therefore, annealing to melt Teflon
e measurements taken from 20 different films, and their indicative 3D

roll off angle measurements and a 3D topography image of the above-

ars denote static contact angle data and red bars denote contact angle

J. Mater. Chem., 2012, 22, 2057–2062 | 2059
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Fig. 5 (a) AFM topographical image of a superhydrophobic film drop

cast on a microscope glass slide and annealed with a Teflon-to-graphite

weight fraction of 2.2. (b) A 3D scan of the same film showing surface

roughness features due to graphite rearrangement during polymermelting.
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served two purposes: (a) melting induced generation of self-

cleaning superhydrophobicity and (b) formation of a good

degree of substrate adhesion. Fig. 4(a) shows a photograph of

a microscope glass slide coated with a superhydrophobic film

having a Teflon-to-graphite mass fraction of 2.2 after annealing

for 1/2 min. The sessile water droplet contact angle on this surface

was 167�. In Fig. 4(b) the photograph of the same film deposited

on a piece of Kapton� film is shown.

Fig. 5(a) shows the AFM topography of the same composite

film shown in Fig. 4(a) and in Fig. 5(b) a 3D surface roughness

topology is presented. The roughness appears to be made up of

sharp randomly oriented pyramid-like features with an average

roughness value of approximately 600 nm. Comparison of Fig. 3

(a) and 5(a) indicates that when Teflon melts in the presence of

graphite, the graphite particles get reoriented and their edges

appear to be protruding from the surface in a random way. Such

polymer melting-induced surface structuring is considered to be

responsible for the occurrence of self-cleaning super-

hydrophobicity by enhancing the surface roughness. Polymer

melting-induced surface morphology changes can be observed

more clearly in the phase contrast AFM images of the composites

before and after Teflon melting which will be discussed in rela-

tion to Fig. 8.

The wetting of the annealed films was analyzed by measuring

sessile water droplet contact angles and droplet roll off angles as

a function of Teflon-to-graphite weight fraction. In addition, by

using various ethanol–water mixtures as probe liquids within

a surface tension range of 22 mN m�1 to 72 mN m�1 the surface

energy of the superhydrophobic composites was estimated by

constructing Zisman plots.31,32 The surface tension of ethanol–

water mixtures was obtained from Vazquez et al.29 Zisman plots

are constructed by measuring contact angles of various liquids

having a wide range of surface tensions and plotting the cosine of

the measured contact angle (cos q) versus liquid surface tension

for each liquid used provided that the selected liquids would not

chemically interact with the surface. The data should cluster

around a linear trend and can be fitted with a line. Interpolating

the fitted line to cos q ¼ 1 yields an estimated surface energy for

the surface under question.32,33 Fig. 6(a) shows a plot of the

sessile water droplet contact angle versus Teflon-to-graphite

weight fraction as well as water droplet roll off angles measured

on all annealed films. As seen in the graph, films with a Teflon-to-

graphite weight fraction of 1.2 and above are all super-

hydrophobic. However, for the films with Teflon-to-graphite
Fig. 4 (a) Photograph of a microscope glass slide coated with a con-

ducting superhydrophobic film with a Teflon-to-graphite weight fraction

of 2.2. Sessile water droplet contact angle on this film is 167�. (b)

Photograph of a Kapton� film coated with the same conductive super-

hydrophobic composite. Both films were annealed at 350 �C for 1/2 min.

2060 | J. Mater. Chem., 2012, 22, 2057–2062
weight fractions of 1 and 1.2, droplet roll off angles are some-

what greater than 10�. Fig. 6(b) shows Zisman plots for three

different films with the corresponding Teflon-to-graphite weight

fraction of 1.2, 1.5 and 2.2, respectively. From the data in this

figure it is seen that the surface energy of all the films is practi-

cally the same even though the Teflon-to-graphite weight frac-

tion was almost doubled from 1.2 to 2.2.

All the films studied did not display any low surface tension

liquid (solvent) repellency against liquids such as alcohols, and

hydrocarbon liquids like hexane, which have liquid surface

tensions below 30 mN m�1. This is attributed to the fact that

polytetrafluoroethylene (Teflon, a linear fluoro-resin) has no

higher perfluoro side chains compared to perfluoroacrylic

copolymers for instance34 and hence Teflon is an oleo- and

solvent-philic polymer. Finally, all the five superhydrophobic

annealed films shown in Fig. 6 were kept at 500 �C for four hours

continuously and no degradation in superhydrophobicity was

measured. This is expected since both Teflon and Kapton� films

do not thermally degrade before 600 �C.35

Next, we investigated electrical conductivity of the composite

films deposited on microscope glass slides before annealing, as

a function of Teflon-to-graphite weight fraction. Five different

films were biased from �20 V to +20 V at 0.1 V intervals. Linear

(ohmic) I–V curves were obtained (Fig. 7) for all the composites

having 1, 1.2, 1.5, 1.8 and 2.2 Teflon-to-graphite weight fractions.

Each I–V curve shown inFig. 7 is the average of fivemeasurements

taken at different times from each film. The inset table in Fig. 7

shows the calculated conductivity of each film as a function of

Teflon-to-graphite weight fraction. Electrical conductivity of the

films is of the order of 103 Sm�1, which is two orders ofmagnitude

less than the conductivity of pure graphite, but an order of

magnitude higher than recently reported conducting super-

hydrophobic surfaces containing carbon nanofibers, which were

designed for terahertz frequency shielding applications.19 The

electrical conductivity values of these composites are among the

fewhighest reported so far in the literature.23,26,36 It is important to

note that composites with higher conductivity than the ones

reported inFig. 7were also fabricated bydecreasing theTeflon-to-

graphite weight fraction but at the expense of reduced static water

contact angles (<150�) and highly increased contact angle

hysteresis. Therefore, such datawere not reported herein since the

composites were not of self-cleaning superhydrophobic nature.

However, compared to other conductive superhydrophobic

polymer nanocomposites,23 the present composites display very

high self-cleaning water contact angles when the polymer to filler
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 (a) Sessile water contact angle and droplet roll off angle as a function of the Teflon-to-graphite ratio. (b) Zisman plots for three different films

with Teflon-to-graphite weight fractions of 1.2 (diamonds), 1.5 (squares) and 2.2 (triangles). Estimated surface energies corresponding to each weight

fraction are 21 mJ m�2, 24 mJ m�2 and 27 mJ m�2, respectively. The uncertainty in surface energy estimation is within 5 mJ m�2.

Fig. 7 I–V plots for five different conducting superhydrophobic films

deposited on microscope glass slides with Teflon-to-graphite weight frac-

tions of 1, 1.2, 1.5, 1.8 and 2.2 corresponding to labels (a), (b), (c) and (d),

respectively. The inset table shows the electrical conductivity of the

superhydrophobicfilmsasa functionofTeflon-to-graphiteweight fraction.

Fig. 8 (a) Color enhanced AFM phase contrast image of a conducting

composite film before annealing to melt Teflon and (b) AFM phase

contrast image of the conducting superhydrophobic film obtained after

annealing the film in (a), at 350 �C for 1/2 min. The film has a Teflon-to-

graphite weight fraction of 2.2.
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ratio reaches 1 whereas for superhydrophobicity in some carbon

nanotube–polymer (Nafion) composites this ratiowas reported to

be 0.1.23 This means that less functional filler is required to obtain

similar electrical conductivity while maintaining extreme water

repellency.

Electrical conductivity of the films before and after annealing to

melt Teflon was on average the same; hence the process of con-

verting the films into the superhydrophobic state by melting

Teflondidnot cause anydegradation in electrical conductivity. To

this end, we have collected several phase contrast images using

AFM from these films before and after annealing to qualitatively

assess this observation. Fig. 8(a) shows a phase contrast image of

a film corresponding to aTeflon-to-graphite weight fraction of 2.2

before annealing to melt Teflon. Phase contrast image data

collected from nanostructured polymer composites are in general

quite difficult to interpret. In particular, for polymeric materials

the phase signal is sensitive to the degree of crystallinity, visco-

elastic properties and adhesion forces.31 This is because the phase

is really ameasure of the energy dissipation involved in the contact

between the tip and the sample, which depends on a number of

factors, including such features as viscoelasticity, adhesion and

also contact area. As contact area is dependent on the slope of the

sample, the phase image also contains topographic contributions.

Therefore, in these cases, understanding the contribution of the
This journal is ª The Royal Society of Chemistry 2012
individual factors to the phase shift is not simple. Despite the

complications involved in interpretation, phase contrast is one of

the most commonly used techniques for phase continuity and

composition characterization of such sample surfaces. Dark blue

regions or spots which are seen in Fig. 8(a) correspond to indi-

vidual Teflon particles which are somewhat dispersed throughout

the surface of the film. The white regions represent exposed

graphite particles on the surface whereas light blue regions could

be due to surface structures corresponding to highly aggregated

Teflon particles. The yellowish thin regions, on the other hand,

correspond to the exposed edges of the graphite platelets. When

Teflon melts as a result of annealing (Fig. 8(b)) it appears to be

distributed throughout the surfaces as a polymermatrix indicated

by further expansion of the blue regions over the surface. The

white regions are probably the exposed graphite particles on the

surface. A noticeable difference (increase) in the distribution and

intensity of the yellowish thin regions has appeared in this image

which can be due to the polymer melt induced orientation of

graphite platelets in such a way that more graphite platelet edges

protrude from the surface.

These protruding edges in Fig. 8(b) are well connected and

form an interpenetrating structure within the Teflon matrix

compared to the structure shown in Fig. 8(a). As mentioned

earlier, the electrical conductivity of the composite thin films

before and after annealing was practically the same; however

melting Teflon enabled the films to adhere to the substrates and

prevented them from dissolving in liquids when dipped.
J. Mater. Chem., 2012, 22, 2057–2062 | 2061
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Considering a number of potential applications of these thin film

composites such as electrode materials for energy conversion

devices or heat exchanger surfaces where liquid condensation

takes place, structural and electrical stability of these films in

electrolytic media becomes crucial. Therefore the process of

annealing improves substrate adhesion (both glass and Kap-

ton�) at the same time maintaining their conductive properties.

Although the data in Fig. 6(b) revealed that the surface energy of

all the annealed superhydrophobic composite films, for the

Teflon-to-graphite weight fraction ranging from 1.2 to 2.2, is

practically the same, their conductivity changes significantly

when the Teflon-to-graphite weight fraction is doubled, as seen in

Fig. 7. This might enable one to design superhydrophobic

composite films with tunable electrical conductivity without

sacrificing self-cleaning superhydrophobicity.

Conclusions

A simple and inexpensive technique was described to fabricate

electrically conductive and high temperature resistant super-

hydrophobic films from submicron Teflon dispersed commercial

alcohol-based colloidal graphite. The films were obtained simply

by drop casting on microscope glass slides and Kapton� films.

The films were annealed at 350 �C for 1/2 minute so that Teflon

particles weremelted forming a continuous polymericmatrix. The

surface topology of the films was inspected with non-contact

AFM measurements. The films displayed very stable ohmic

behavior when biased between �20 V and +20 V. The wetting

characteristics of the films were analyzed by measuring sessile

water droplet contact angles and droplet roll off angles as

a function of Teflon-to-graphite weight fraction. The surface

energy of the superhydrophobic films was also estimated using

contact angle measurements from various ethanol–water

mixtures. It was found that the surface energy of all the super-

hydrophobic films was practically the same even though the

Teflon-to-graphite weight fraction was almost doubled from 1.2

to 2.2. However, the conductivity of the superhydrophobic

surfaces decreased significantly when the Teflon-to-graphite

weight fraction was doubled. These composite coatings can find

various applications such as electrodematerials for batteries, high

performance electromagnetic shielding materials, flexible elec-

tronic components and heat exchanger surfaces, to name a few.
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