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ABSTRACT: Poly(styrene-co-divinylbenzene)/single-walled carbon nanotubes (SWCNTs) polymerized high-internal-phase emulsion
(polyHIPE) nanocomposite foams were successfully synthesized with various types of aqueous-phase surfactants. The effects of ani-
onic, cationic, nonionic, and mixed surfactants on the morphology and electrical conductivity of the resulting nanocomposite foams
were investigated. The use of an anionic surfactant, sodium dodecylbenzesulfonate (SDBS), did not completely result in the typical
polyHIPE nanocomposite foam microstructure because of the partial instability of the high-internal-phase emulsion. The nanocom-
posite foams synthesized by nonionic surfactants, that is, Pluronic F127 and Triton X-100, and the cationic/anionic mixture, cetyltri-
methylammonium bromide/SDBS, exhibited the proper morphology, but the resulting nanocomposite foams were electrically
insulators. Interestingly, the use of a Gemini-like surfactant, sodium dioctylsulfosuccinate (SDOSS), significantly improved both the
typical morphology and electrical properties of the resulting nanocomposite foams because of the probable stronger interactions of
SDOSS molecules with SWCNTs. The typical morphology of the nanocomposite foam synthesized with the SDOSS/F127 mixed sur-
factant was significantly improved, but the electrical conductivity decreased to some extent compared with the SDOSS-synthesized
nanocomposite foams. This behavior was attributed to an increase in the tunneling length of the electrons between adjacent SWCNTs.
© 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43883.
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to yield a typical porous interconnected open-cell foam with a
low polymer volume fraction.”® Because of the dispersion of
CNTs in an interconnected open-cellular microstructure, the
resulting polyHIPE nanocomposite foams with high specific
surface areas are good candidates for use in the manufacturing
of chemical sensors, absorbents, and electromagnetic interfer-
ence (EMI) shields.'*** In addition, conducting nanocomposite
foams as polymeric EMI shields have a very light weight com-

INTRODUCTION

Since their discovery by Ilijima in 1991, carbon nanotubes
(CNTs) have received much attention because of their extraordi-
nary mechanical, thermal, and electrical properties." The
incorporation of small amounts of CNTs with high aspect ratios
in polymeric matrices has brought about a new class of electri-
cally conducting composite materials in which CNT networks

form conducting paths.'”'* Recently, some researchers have
tried to disperse the relatively low contents of CNTs in high-
internal-phase emulsions (HIPEs) to synthesize polymerized
high-internal-phase emulsion (polyHIPE) nanocomposite foams
with the aim of improving their mechanical and electrical prop-
erties.”>™® As is well-known, HIPE is a specific water-in-oil (w/
o) or oil-in-water concentrated emulsion with an internal phase
volume ratio greater than 74%.'" The internal phase of a typical
w/o HIPE contains a water-soluble polymerization initiator, and
the continuous phase consists of monomers and an emulsifier.
The monomers in the continuous phase must be polymerized
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pared to metal ones.

The use of stabilized nanoparticles in organic templates may
also result in improved mechanical strength and electrical or
thermal conductivity. Hermant et al'> used a two-step process
to prepare polyHIPE/CNT nanocomposite foams. They used a
polyelectrolyte to disperse single-walled carbon nanotubes
(SWCNTs) into the aqueous phase of HIPEs, and then, the sta-
bilized SWCNTs were added to the organic phase. The resulting
composite foams were mainly closed-cell polyHIPEs with a lim-
of cell and low electrical

ited number interconnections
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conductivities close to 107> S/cm. As an alternative route,
Hermant et al.'® used sodium dodecyl sulfate (SDS) to disperse
SWCNTs into the aqueous phase of HIPEs. The use of SDS
[hydrophilic-lipophilic balance (HLB) = 40] for CNT dispersion
significantly destabilized the w/o HIPEs and produced polyHIPE
nanocomposite foams without a typical open-cell structure and
proper mechanical properties. Menner et al.'” prepared poly-
HIPE nanocomposite foams with oxidized CNTs dispersed in
the aqueous phase of the HIPEs. Their results show that the use
of 4 wt % oxidized CNTs could improve the mechanical proper-
ties of the resulting nanocomposite foams, although they were
electrically insulators. This behavior was connected to the good
dispersion of CNTs in the polymeric matrix and the formation
of grafted polymer layers on the surface of adjacent CNTs. The
dispersion of relatively high CNT concentrations (1.7 wt %) in
both the organic and aqueous phases of the HIPEs resulted in
closed-cell polyHIPE foams with very low electrical conductiv-
ities."” The use of oxidized CNTs to stabilize medium-internal-
phase emulsions led to polymerized medium-internal-phase
emulsion nanocomposite foams with a closed-cell structure and
very low electrical conductivities, despite the use of higher
amounts of CNTs.'® Although SWCNT dispersion can be
improved by chemical functionalization, it can cause defects
and reduces the electrical properties of nanotubes.”> Therefore,
CNTs are commonly dispersed by surfactants.

Although some investigations have been carried out to incorpo-
rate SWCNTs in the polyHIPE structure to obtain both the typ-
ical polyHIPE open-cell structure and high electrical
conductivity, the achievement of one of the properties demol-
ished the other property. Previous studies on polyHIPE/CNT
nanocomposite foams have indicated that the main challenge
has always been to achieve an interconnected open-cellular
microstructure with a reasonable electrical conductivity.">™* In
another words, strategies for obtaining such a microstructure
with both improved mechanical and electrical properties have
failed in most cases. Therefore, the achievement of the afore-
mentioned important goal may provide us with the capability
of using polyHIPE composite foams containing CNTs in devices
requiring foams with improved morphological and electrical
properties. In this research study, the effect of various surfac-
tants, including anionic, cationic, and cationic/anionic mixed
ones on the microstructure and electrical properties of poly(sty-
rene-co-divinylbenzene)/SWCNT  polyHIPE  nanocomposite
foams were investigated. For this purpose, SWCNTs were first
dispersed in the aqueous phase of HIPEs with various surfac-
tants. Thereafter, the SWCNT dispersions were added dropwise
to the organic phase, and subsequently, the resulting HIPEs
were polymerized to prepare solid nanocomposite foams. In
addition, the effects of the surfactant type and SWCNT concen-
tration on the electrical properties and microstructure of the
nanocomposite foams were investigated.

EXPERIMENTAL

Materials

All of the chemical reagents were purchased from Merck Co.
(Darmstadt, Germany) unless otherwise stated. Styrene and
divinylbenzene were distilled in vacuo to remove traces of
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Table I. Chemical Structures of the Dispersing Agents

Dispersing agent Structure

Pluronic F127 CHs
(x=100, y=65, 0,
z=100) /{,0 OH
(6] z
H X
¥
Triton X-100
SDOSS
SDBS o
-
o0—5—0
CTAB |
Span20

inhibitor and stored at 5°C before use. Sorbitan monooleate
(Span80), sorbitan monolaurate (Span20), and azobisisobutyro-
nitrile were used without any further purification. SWCNTs
(ArkNano, China) with an average length of 30 pm and an aver-
age diameter of 2nm were used as conducting nanofillers.
Sodium dodecylbenzesulfonate (SDBS), cetyltrimethylammo-
nium bromide (CTAB), sodium dioctylsulfosuccinate (SDOSS),
Triton X-100, and Pluronic F127 were used as dispersing agents.
The chemical structures of the agents used for SWCNT disper-
sion are listed in Table I. Deionized distilled water (DDI) was
prepared in our laboratory.

Preparation and Characterization of Colloidal SWCNT
Dispersions

The SWCNTs were dispersed well in the aqueous phase of
HIPEs with a horn sonicator (Bandelin, Germany). Aqueous
dispersions with various SWCNT contents were prepared with
certain amounts of various surfactants. The sonication power
was maintained at 30 W during the exfoliation for 1h, whereas
the dispersion was placed in an ice bath to reduce SWCNT
damage. After sonication, the dispersion was diluted 100 times
with DDI for ultraviolet—visible (UV-vis) spectroscopy. The
absorbance peaks of the samples were recorded on a UV-vis
spectrophotometer (PerkinElmer). Blank samples were prepared
with an appropriate amount of surfactants in DDI.
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Figure 1. SEM micrographs of the polyHIPE nanocomposite foam containing 0.3 wt % SWCNTs prepared with Triton X-100.

Preparation of the PolyHIPE Nanocomposite Foams

The aqueous phase of HIPE (85 vol %) containing various
amounts of SWCNTs (0-1 wt %) was added dropwise to the
organic continuous phase. The organic phase consisted of sty-
rene, divinylbenzene (styrene/divinylbenzene = 1/1v/v), 20 vol
% Span80, and 1 mol % azobisisobutyronitrile on the basis of
the total monomers. In the case where the cationic/anionic sur-
factant system was used to prepare nanocomposite foams, the
aqueous phase consisted of SWCNTs dispersed by 0.4 wt %
SDBS, whereas the organic phase consisted of 6.3 wt % Span20
and 0.3 wt % CTAB, all on the basis of the total monomers.
The emulsification process was carried out with a mechanical
overhead stirrer (Heidolph, Germany) at 700rpm and room
temperature. The concentrated emulsions, HIPEs, were then
transferred into glass molds and polymerized after they were
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sealed at 60°C in a circulating oven for 24h. The polymerized
emulsions were then dried at 70°C for a further 24 h. A similar
procedure was used to prepare neat polyHIPE solid foams with-
out any SWCNTs. In this case, for comparison purposes, the
aqueous phase consisted of DDI and dispersing agents in the
absence of SWCNTs.

Foam Characteristics

Morphology and SWCNT Dispersion. The morphology of pol-
yHIPE foams was studied by scanning electron microscopy
(SEM, WEGA/TESCAN, Czech Republic) and field emission
scanning electron microscopy (FESEM, Hitachi S-4160, Japan).
The polyHIPE foams were first fractured in liquid nitrogen.
Thereafter, the fracture surface was coated with a thin layer of
gold before SEM observation. The mean size of the cells and
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Figure 2. (a) SEM and (b,c) TEM micrographs of the polyHIPE nanocomposite foam containing 0.3 wt % SWCNTs prepared with F127.

windows was calculated approximately from the SEM micro-
graphs of 100 cells or windows with the following equations°:

— N;D;
Vi

. [Z-N,—D? e

(1

2

N ZiNiD?
where D, and D,, are the number-average and weight-average
cell sizes, respectively, and Nj is the number of cells or windows
with a diameter of D;. The polydispersity index (PDI) is a crite-
rion of the cell or window size distribution within the poly-

meric foam.?®

The dispersion state of the SWCNTs was investigated by trans-
mission electron microscopy (TEM; Philips, The Netherlands).
For this purpose, the porous nanocomposite foams were filled
by an epoxy resin, and after the resin was cured, the samples
were used to prepare suitable thin slices for microscopic obser-
vation. TEM micrographs were taken from ultrathin polyHIPE
slices prepared by an ultramicrotome device with a diamond
knife. The cut slices were put on 400-mesh copper grids and
dried for 2h at room temperature before microscopy.

Electrical  Conductivity =~ Measurement. A thin  slab
(1X1X0.4cm® was cut from the prepared nanocomposite
foams for electrical conductivity measurements. Two flat edges of
the slabs were painted with silver paste to adhere thin copper

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

43883 (4 of 12)

sheets to the edges. The copper sheets act as two electrodes for
subsequent two-point direct-current conductivity measurements.

RESULTS AND DISCUSSION

For conducting polyHIPE/CNTs foams, the microstructure of
final nanocomposite foams should be preserved by the addition
of CNTs to HIPEs. However, the use of water-soluble emulsi-
fiers to disperse CNTs in the aqueous phase often leads to an
unstable HIPE and, consequently, to polyHIPE nanocomposite
foams losing their typical microstructure and conductivity.'>'®
Accordingly, the goal of this study was to achieve polyHIPE/
SWCNT nanocomposite foams with an interconnected open-
cellular microstructure and reasonable electrical conductivity
with a suitable surfactant or surfactant mixture. In this study,
common anionic, cationic, and mixed surfactants were used to
disperse SWCNTs in the aqueous media of foam emulsions. To
select the proper surfactants, the HLB and chemical structure of
the surfactants were considered.

Nonionic Surfactants

To investigate the effect of nonionic surfactants on the micro-
structure and electrical conductivity of the polyHIPE nanocom-
posite foams, SWCNTs were exfoliated in the aqueous phase of
the HIPEs with Pluronic F127 (HLB for F127 = 22) and Triton
X-100 (HLB for Triton = 13.5). Figures 1(a) and 2(a) show the
SEM micrographs of the nanocomposite foams containing 0.3
wt % SWCNTs prepared by Triton X-100 and F127, respectively.
As shown, the typical open-cell polyHIPE structure was
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Table II. Mean Cell and Pore Sizes of PolyHIPE Foams Prepared with Different Surfactants

Cells Windows

SWCNTs D, D, PDI D, D, PDI
Surfactant (wt %) (nm) (nm) (nm) (nm) (nm) (nm)
F127 0 19.94 2291 1.15 3.32 454 1.36
F127 0.3 11.98 1514 1.26 2.91 4.48 1.54
Triton X-100 0.3 17.67 21.73 1.23 6.97 3.92 1.78
SDBS/CTAB/Span20 0.0 25.15 66.48 2.64 6.26 512 1.34

0.05 13.09 16.23 1.24 3.81 512 1.34

0.2 10.88 11.49 1.06 2.23 2.53 1.15

0.4 8.77 9.68 112 2.06 2.63 1.27
SDBS 0.3 7.32 7.93 1.08 1.97 2.15 1.09
SDOSS 0 12.01 12.95 1.08 3.58 415 1.16
SDOSS 0.3 8.95 9.89 11 2.85 3.19 111
SDOSS 1 5.38 5.63 1.05 1.41 1.52 1.08
SDOSS/F127 0.3 11.5 12.32 1.07 3.39 425 1.25
SDOSS/F127 1 10.43 10.91 1.05 2.99 4.23 1.41

observed for both nanocomposite foams because of the effective
role of the nonionic surfactants in dispersing SWCNTs in the
aqueous phase of the HIPEs. Because of the high HLB values of
the surfactants, we expected that the surfactants destabilized the
HIPEs, such as those prepared with the anionic one, that is,
SDBS (HLB for SDBS =11.8). Nonetheless, the emulsions
remained stable, and thereby, the composite foams showed the
typical interconnected open-cell polyHIPE microstructure. The
lack of spherical particles on the polyHIPE walls prepared with
F127 and Triton X-100 were attributed to the higher stability of
the HIPEs and the lack of formation of local oil-in-water emul-
sions in the aqueous phase.

We concluded that HLB was not the only crucial factor deter-
mining the type of suitable surfactant for both CNT dispersion
and HIPE stabilization, but the chemical structure of surfactant
was also of great importance. Pluronic F127 was a triblock
copolymer of ethylene oxide and propylene oxide with a molec-
ular weight of 12,800 g/mol, whereas Triton X-100 was a non-
ionic surfactant with a molecular weight of 625g/mol
synthesized through polymerization of octylphenyl with ethylene
oxide. In the case of F127, the poly(propylene oxide) (PPO)
blocks seemed to engulf the surface of SWCNTs, whereas the
poly(ethylene oxide) (PEO) blocks were oriented in the aqueous
phase to prevent SWCNT agglomeration through
repulsion.?’

steric

The poor coverage of the SWCNT surfaces may have led to
agglomeration because of the attractive van der Waals forces
between the bare surfaces of the SWCNTs through bridging
mechanism in which a polymeric chain could be attracted to
two or more nanotubes simultaneously. In addition, the copoly-
mer chains should be hung so they cannot be removed from
the SWCNT surfaces while randomly moving in the aqueous
phase. Therefore, F127 is suitable for this purpose because its
PEO blocks are more soluble in the aqueous phase, whereas the
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PPO blocks tend to be attracted to the surface of SWCNTs.” In
addition, the thickness of the adsorbed layer should be adequate
for the development of effective steric interactions between the
SWCNTs covered by the copolymer. The PEO blocks with a
molecular weight of 4400 g/mol and an approximate segment
length of 25nm seemed to be suitable for full stretching.

For the nanocomposite foam prepared with Triton X-100, an
interconnected open-cellular structure was observed [Figure
1(a)]. The voluminous phenyl group of Triton X-100 may have
improved the stability of HIPE through steric interactions. The
SEM micrograph of the nanocomposite foam indicated the for-
mation of a SWCNT network on the void walls of the foam [Fig-
ure 1(b)]. Some SWCNTs were pinned out of the fracture cross
section [Figure 1(c)]; this represented the diffusion of stabilized
SWCNTs from the aqueous phase into the organic phase during
polymerization due to the changes in their hydrophilicity. Despite
the contact of the adjacent SWCNTs on the foam surface, the
thickness of the insulating copolymer layer on the nanotubes
seemed to be greater than the electron tunneling length; this pre-
vented the electron transport between the adjacent nanotubes.”®

However, the nanocomposite foams prepared with F127 and
Triton X-100 were electrical insulators. The thickness of the
insulating layer formed by the polymeric matrix on the SWCNT
surface was greater than the tunneling length of the electrons.?®
TEM micrographs of the nanocomposite foam prepared by
F127 [Figure 2(b,c)] confirmed that the arrangement of the
SWCNTs in the organic phase near the void wall surface pre-
vented coalescence of the water droplets in the HIPE through
Ostwald ripening. In addition, the presence of bulky molecules
of the block copolymer around SWCNTs resulted in the larger
distance of SWCNTs and led to increased noncontact resistance
between the conducting nanofillers. Although the SWCNTs were
dispersed into the aqueous phase, the tubes were mainly
observed within the void wall rather than on its surface [Figure
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Figure 3. FESEM micrographs of polyHIPE nanocomposite foams prepared with a SDBS/CTAB/Span20 mixed surfactant containing various amounts of

SWCNTs.

2(b)]. Furthermore, polymer grafting may have occurred on the
surface of the SWCNTs to increase the hydrophobic nature of
the SWCNTs and lead to nanotube diffusion in the organic
phase. Partial separation of the surfactant molecules from the
SWCNT surface may have increased their probable migration to
the organic phase.

Table II shows the mean cell and window size of the nanocom-
posite foams. The incorporation of 0.3 wt % SWCNTs in the
neat polyHIPE foam decreased the mean size of voids and win-
dows by 40 and 12%, respectively. These changes were attrib-
uted to the role of CNTs as a barrier at the interface between
the phases; this suppressed the phenomena and led to HIPE
instability. In addition, the higher efficiency of the aforemen-
tioned nonionic surfactants reduced Ostwald ripening and coa-
lescence of the aqueous droplets.

Despite the good morphological characteristics of the nanocom-
posite foams prepared by the nonionic surfactants, the resulting
foams were electrical insulators. Accordingly, alternative
approaches were used to achieve foams with both an intercon-
nected open-cell structure and proper electrical conductivity
with high-efficiency surfactant mixtures.”® For this purpose, the
nanocomposite foams were prepared with mixtures of surfac-
tants to disperse SWCNTs in the HIPEs.

Cationic/Anionic Mixed Surfactant
To prepare nanocomposite foams, a mixture of anionic, SDBS,
cationic, CTAB, and the nonionic Span20 surfactants were used
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to disperse 0.05, 0.2, and 0.4 wt % SWCNTs in the HIPEs. Fig-
ure 3 shows the SEM micrographs of the resulting nanocompo-
site foams prepared with the mixed-surfactant system. As
shown, all of the foams resembled the open-cell microstructure
of the polyHIPE foams. In fact, a mixture of cationic or ionic
surfactant with an amphiphilic one increased the stability of the
concentrated emulsions. The interfacial film developed by the
mixture of surfactants resisted the pressure caused by droplet
contact and, consequently, prevented Ostwald ripening.*’

Table IT summarizes the mean cell and window diameters of the
nanocomposite foams. As seen, the mean cell and window size
decreased with increasing SWCNT content in the aqueous phase
of the HIPEs. It appeared that the presence of SWCNTs
increased the stability of emulsions and led to polyHIPE foams
with smaller cells.'” During the dispersion, the anionic and cati-
onic surfactants could be physically adsorbed on the surface of
the SWCNTs and could stabilize the nanotubes in the aqueous
phase. The SWCNTs stabilized by the SDBS/CTAB mixture cre-
ated a rigid barrier against the diffusion of dispersed droplets
with the help of the nonionic surfactant Span20. As a result,
droplet growth through coalescence and Ostwald ripening was
prevented.” Despite their good morphological properties, the
foams prepared with the surfactant mixture were electrical insu-
lators; this was presumably due to the good dispersion of
SWCNTs in the polymeric matrix and the formation of an insu-
lating polymeric layer around the nanotubes.'” The insulating
layer may have prevented the effective electrical contact of the
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Figure 4. SEM micrographs of polyHIPE nanocomposite foams prepared with different surfactants and SWCNT levels: (a) SDBS and 0 wt % SWCNTs,
(b) SDBS and 0.3 wt % SWCNTSs, (c) SDOSS and 0 wt % SWCNTs, and (d) SDOSS and 0.3 wt % SWCNTs.

SWCNTs to form conducting networks. The use of a surfactant
mixture containing an anionic surfactant with a suitable chemi-
cal structure and another one with a block copolymer structure
seemed to be effective in the stabilization of the SWCNT disper-
sions.>® In the next section, an anionic surfactant, that is,
SDOSS, and its mixture with Pluronic F127 were used to pre-
pare nanocomposite foams containing various amounts of
SWCNTs.

Effect of SDOSS on Nanocomposite Foam Properties

To synthesize nanocomposite foams, the aqueous phase of
HIPEs containing SWCNTs was prepared with a certain amount
of SDOSS with an ultrasound homogenizer. Figure 4 shows the
SEM micrographs of the neat polyHIPE foam and its composite
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with 0.3 wt % SWCNTs. SDBS was also used to prepare foams
with the same SWCNT loadings for comparison purposes. The
SEM micrographs indicate a significant improvement in the
foam microstructure with the SDOSS surfactant; this resulted in
a distinguishable typical polyHIPE morphology as compared
with that prepared with SDBS one.

This behavior was attributed to the chemical structure of the
surfactants used for the dispersal of SWCNTs in the aqueous
phase (Table I). For effective dispersion, the surfactant mole-
cules should form stable micellar structures around the CNTs to
overcome strong attractive forces induced by m bonds. In addi-
tion, the surfactant should contain a long and, preferentially, an
irregular tail to suspend long and rigid CNTs through the
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Figure 5. TEM micrographs of a polyHIPE nanocomposite foam containing 0.3 wt % SWCNTs dispersed by an SDOSS surfactant.

creation of a large solvation shell around CNTs. If the surfactant
tail is electrically charged, the columbic repulsion will prevent
CNTs from agglomerating.”’ Most studies have used SDS for
the dispersion of CNTs.>' However, the literature suggests that
the higher performance of SDBS compared to SDS to stabilize
and disperse CNTs in aqueous media is presumably due to the
special m—m interactions created between the CNTs and aromatic
ring of SDBS.*"*?

However, among the anionic surfactants, SDOSS, SDS, and
SDBS, the former outperformed SDS and SDBS in terms of the
dispersion of CNTs in the aqueous solutions.”’ This was con-
nected to the irregular branched tail of SDOSS compared with
the linear alkyl tails of SDS and SDBS and leads to a larger sol-
vation shell around SWCNTs. Thus, the nanocomposite foams
prepared with SDOSS showed a more regular polyHIPE micro-
structure because of the higher HIPE stability [Figure 4(c,d)].

Interestingly, the chemical structure of SDOSS was fairly similar
to those of Gemini surfactants with more than one hydrophobic
tail and a hydrophilic head (Table I). Gemini surfactants have a
much lower lower critical micelle concentration than common
surfactants. In addition, the properties of Gemini surfactants
are strongly dependent on the structure and length of the spacer
that separates the surfactant tails.>! Hence, the Gemini-like sur-
factants, such as SDOSS, were expected to have different inter-
actions with SWNCTs compared with common surfactants. The
higher performance of SDOSS in improving poly(styrene-co-
divinylbenzene)/SWCNT polyHIPE morphology (Figure 4) was
attributed to stronger adsorption and more compact arrange-
ment of the hydrophobic tail on the surface of SWCNTs.
SDOSS with two alkyl chains caused stronger hydrophobic
interactions with SWCNTs. Thus, few adsorbed SDOSS mole-
cules (HLB = 32) may have migrated to the aqueous phase dur-
ing the polymerization process. The higher stability of HIPEs in
the presence of SDOSS molecules led to an improved nanocom-
posite foam structure compared with those prepared in the
presence of SDBS.

TEM micrographs (Figure 5) of the SDOSS-synthesized foam
containing 0.3 wt % SWCNTs indicated the incorporation of
SWCNTs in the polymeric matrix. As the aqueous phase was
added to the organic phase, the water-soluble surfactant was
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adsorbed on the w/o interface stabilized by Span80. The compe-
tition between the water-soluble and oil-soluble surfactants to
migrate to the interface may have isolated some surfactant mol-
ecules from the surface of the SWCNTs. As a result, hydropho-
bic SWCNTs, especially those detached from the surfactant
molecules, tended to enter the organic phase. A comparison of
the TEM micrographs of SDOSS and F127-syntheized nano-
composite foams revealed that the F127-stabilized SWCNTs
were more likely to enter the organic phase compared with
those stabilized by SDOSS.

Interestingly, the SDOSS-synthesized nanocomposite foams with
an improved morphology were electrically conductive. Figure 6
shows the electrical conductivity of the nanocomposite foams
prepared with the SDOSS surfactant versus the SWCNT levels.
As shown, the electrical conductivities of the foams prepared
with both the anionic SDOSS and SDBS surfactants were almost
identical. The changes in the electrical conductivity of the nano-
composite foams could have been connected to the percolation
model; this indicated the formation of a conducting network
on/in the voids’ wall. However, the discrepancy with the theo-
retical value (o =2, a is a parameter determined by the special
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Figure 6. Electrical conductivities of the SDOSS- and SDBS-synthesized
polyHIPE nanocomposite foams versus SWCNT levels.
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Figure 7. FESEM micrographs of the SDOSS-synthesized nanocomposite foams containing various SWCNT levels: (a) 0.3, (b) 0.8, and (c) 1 wt %

arrangement of SWCNTs) may have indicated the formation of
a nongeometric conducting network and, consequently, the
introduction of tunneling between the adjacent nanotubes as
the dominant conductivity mechanism. At SWCNT contents
below 0.2 wt %, the distance between the nanotubes may have
been so large that the polymeric matrix controlled the transport
of electrical charges. In this case, the electrical resistance of the
composite foam was fairly close to that of the poly(styrene-co-
divinylbenzene) matrix. The conducting fillers and insulating
gaps between them could be considered capacitors. Therefore,
the insulating gaps were so large that the chance to transport
the electrical charges between the adjacent SWCNTs was very
low. Because the constrained charges of the polymeric matrix
belonged to the valence band, the whole composite foam acted
as an insulator (Figure 6).

As the SWCNT level increased above 0.2 wt %, the insulator
gap between the neighboring nanotubes decreased. When the
average distance of the nanotubes became less than 1.8 nm, the
tunneling length of electrons, hopping, and tunneling become
the main mechanisms for electron transport. In this case, a
strong electric field was likely to be induced within the narrow
insulating gaps between the conducting nanofillers. As a result,
the free electrons of the conducting SWCNTs gained sufficient
energy to tunnel over the insulating gaps.”® With the addition
of more conducting SWCNTs to the polymeric matrix, the
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nanotubes became much closer, and the first conducting path
was formed at the percolation threshold. Because of direct con-
tact of SWCNTs in the percolation region, the electrical charges

0.6 T T

P (S SDOSS/F127
—F127

Absorbance (a. u.)

1 1 1
250 350 450 550
Wavelength (nm)

Figure 8. UV-vis spectra of 0.05 wt % SWCNT aqueous dispersions pre-
pared with SDOSS, F127, and the SDOSS/F127 mixed surfactant.
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Figure 9. SEM micrographs of nanocomposite foams prepared with different surfactants and SWCNT levels: (a) SDOSS/F127 and 0.3 wt % SWCNTs,
(b) SDOSS and 0.3 wt % SWCNTs, (¢) SDOSS/F127 and 1 wt % SWCNTs, and (d) SDOSS and 1 wt % SWCNTs.

of the conducting filler played a major role in the electrical con-
ductivity of the nanocomposite foam. Because the free charges
belonged to the conduction band, the electrical conductivity of
the composite foam increased by several orders of magnitude in
the percolation region (Figure 6). With a further increase in the
SWCNT content above 0.8 wt %, the electrical conductivity
remained almost constant, despite the formation of a three-
dimensional network within the nanocomposite foam. This was
presumably due to a significant loss in the electric current at
contact points (contact resistance), and this led to a plateau in
the percolation region.'>'®

The FESEM micrographs (Figure 7) showed the dispersion state
and orientation of nanotubes in the polyHIPE nanocomposites
containing various SWCNT levels. It was likely that the growing
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polymeric layer grafted onto the surface of the SWCNTs and
engulfed them, especially at low SWCNT levels. In this case,
although the presence of SWCNTs as pins at the fractured cross
section was obvious [Figure 7(a)], the nanotubes were not
observed on the polyHIPE wall surface. As the SWCNT level
increased to 0.8 wt %, some SWCNTs migrated to the organic
phase and were located near the interface because of the
removal of surfactant molecules from the nanotube surface
[Figure 7(b)]. As shown, the nanotubes formed a network on
the surface of the polyHIPE foam containing 1 wt % SWCNTs
[Figure 7(c)]. With a further increase in the SWCNT concentra-
tion, the migration of nanotubes from the aqueous phase to the
organic phase was restricted because of the saturation of the
layer adjacent to the interface between the phases. Therefore, a
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Figure 10. Electrical conductivities of nanocomposite foams prepared
with SDOSS and the SDOSS/F127 mixed surfactant versus SWCNT levels.

large portion of the SWCNTs remained dispersed in the aque-
ous phase and precipitated onto the resulting polyHIPE wall
surface during the polymerization and drying processes.

The electrical conductivity of the nanocomposite foam arose
from the formation of conducting networks within the poly-
meric matrix or on the surface of the polyHIPE nanocomposite
foam. Furthermore, sulfate ions (S;) of the SDOSS molecules
may have acted as charge carriers and contributed to electron
transport between the adjacent SWCNTs. In other words, in the
case where the distance between the nanotubes in the nanocom-
posite foam was larger than the tunneling length of the
electrons, the Sy ions played a dominant role in charge trans-
port and conductivity improvement.

SDOSS/F127-Synthesized polyHIPE/SWCNT Foams

As previously mentioned, the nanocomposite foams prepared
with the block copolymer F127 preserved the conventional
microstructure of the polyHIPEs without showing any electrical
conductivity. With the individual roles of F127 and SDOSS in
the proper dispersion of the SWCNTs and the electrical conduc-
tivity of the nanocomposite foam, the SDOSS/F127 mixed-
surfactant system was used to disperse SWCNTs in the aqueous
phase of the HIPEs. Figure 8 shows the UV-vis spectra of 0.05
wt % SWCNTs aqueous dispersions prepared with SDOSS,
F127, and SDOSS/F127 mixed surfactant. The peaks appeared
in the spectra of SWCNT dispersions in various media can give
information on the structure of nanotubes with different diame-
ters. The peak appearing at 273 nm in all three cases was attrib-
uted to isolated nanotubes or small bundles because of the
surface excitation of electrons.’®”> The UV-vis absorption
intensity could be used as a criterion for the dispersion quality
of SWCNTs. As shown, the SDOSS/F127 mixed surfactant
showed a stronger absorption intensity, presumably because of
the more effective roles of F127 and SDOSS in the dispersion of
nanotubes in the aqueous phase to overcome attractive van der
Waals forces between the SWCNT bundles. According to the
spectra, the SDOSS/F127 surfactant mixture led to the more
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effective dispersion of the SWCNTs compared with those of the
SDOSS and F127 ones separately.

It seemed that the co-adsorption of long F127 and charged
SDOSS molecules on the surface of the SWCNTs played a more
effective role in the stability of HIPE. The F127 and SDOSS
molecules stabilized the SWCNTs in the aqueous phase, respec-
tively, through electrical repulsion and steric hindrance. Because
both surfactants were simultaneously added to the aqueous
phase, a number of SDOSS molecules were likely to form copol-
ymer chains with polyelectrolyte properties through van der
Waals interactions with the PPO blocks of F127 chains.

Figure 9 shows the SEM micrographs of polyHIPE nanocompo-
site foams containing 0.3 and 1 wt % SWCNTs prepared with
SDOSS and SDOSS/F127 mixed surfactants. As shown, the effec-
tive dispersion of the nanotubes with the mixed surfactant
improved the microstructure of the resulting nanocomposite
foams, especially for the nanocomposites with the higher
SWCNT level [Figure 9(c,d)]. In this case, the nanocomposite
foam prepared with SDOSS/F127 exhibited more clear open cells
and windows when compared with the nanocomposite foam pre-
pared with SDOSS. These microstructural changes could be
attributed to the effective role of long chains of the block copoly-
mer in the stabilization of SWCNTs in the aqueous phase. The
PEO blocks of F127 seemed to be expanded in the aqueous
phase to prevent SWCNTs from agglomeration through steric
interactions.”” In addition, negatively charged SDOSS molecules
adsorbed on the PPO blocks stabilized the nanotubes by electrical
repulsion. The surfactant mixture stabilized the SWCNTs in the
aqueous phase of the HIPEs through electrosteric repulsion.

Figure 10 shows the electrical conductivity variation of the
SDOSS/F127-synthesized nanocomposite foams versus the
SWCNT levels. The electrical conductivities of the SDOSS/F127-
synthesized foams were lower than those prepared with the ani-
onic surfactant, that is, SDOSS. More importantly, the SDOSS/
F127-synthesized foams showed reasonable conductivity values
as compared with the insulating F127-synthesized nanocompo-
site foams. The electrical conductivity of the foams prepared
with the mixed-surfactant system could be partly attributed to
the electrical charges of the anionic SDOSS surfactant. The neg-
ative charges of S; distributed between the nonionic F127
chains acted as charge carriers and facilitated the electrical cur-
rent between the adjacent SWCNTs. The lower electrical con-
ductivities of the SDOSS/F127-synthesized nanocomposite
foams compared with the SDOSS-synthesized ones was presum-
ably due to the lower density of S; and the higher thickness of
the insulating layer around the SWCNTs; this led to a lower
efficiency of electron tunneling between the adjacent SWCN'Ts.*®

CONCLUSIONS

PolyHIPE nanocomposite foams containing various SWCNT
contents were successfully prepared with different anionic, cati-
onic, and mixed surfactants to disperse the nanotubes in the
aqueous phase of HIPEs. The effects of the surfactant type on
the microstructure and electrical conductivity of the resulting
nanocomposite foams were investigated. The microstructure
and electrical conductivity of the SDBS-synthesized foams were
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improved compared with those of the nanocomposite foams
prepared with the anionic SDS surfactant. However, the result-
ing foams did not resemble the typical polyHIPE foam micro-
structure because of the migration of some SDBS molecules
from the surface of the SWCNTs to the interface of the two
phases and, consequently, the partial instability of the HIPEs.
Although the use of the F127 and CTAB/SDBS surfactant sys-
tems resulted in a reasonable open-cellular polyHIPE structure,
all of the nanocomposite foams were electrical insulators. This
behavior was connected to the grafting of insulating poly(sty-
rene-co-divinylbenzene) chains on the surface of the SWCNTs
and, therefore, the lack of an effective electrical contact between
the adjacent SWCNTs to conduct the electric current through
hopping and tunneling mechanisms. Surprisingly, the use of
SDOSS with a Gemini-like structure significantly improved both
the microstructural and electrical characteristics of the resulting
nanocomposite foams. This behavior was attributed to the
stronger interactions of SDOSS molecules with the SWCNTs
and, thereby, the lower migration rate of surfactant molecules
to the interface. The results show that HLB as one of the main
characteristics could not be the only criterion to select a suitable
aqueous-phase surfactant, whereas the chemical structure of the
surfactant and its interactions with SWCNTs exhibited a greatly
important role. Although SDS and SDOSS had high HLB val-
ues, the former destabilized the HIPE, whereas the latter
resulted in an interconnected open-cellular solid foam because
of its effective interactions with the SWCNTs. The use of the
SDOSS/F127 mixed surfactant caused a significant improvement
in the foam microstructure. However, the electrical conductivity
of the foams decreased to some extent compared to that of the
SDOSS-synthesized composite foams; this was presumably due
to an increase in the tunneling length of electrons between the
adjacent SWCN'Ts.
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