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ABSTRACT: In this paper the fermentation process activated
by living microorganisms of the baker’s yeast is proposed as a
facile assembly method of hybrid nanoparticles at liquid
interface. Water dispersion of commercial baker’s yeast extract
used for bread production, graphene nanoplatelets (GNPs),
and carbon nanotubes (CNTs) were added to oil/water
interface; when the yeast is activated by adding sugar, the
byproduct carbon dioxide bubbles migrate from the water
phase to the oil/water interface generating a floating
nanostructured film at liquid interface where it is trapped.
Starting from this simple method, we propose a general
approach for the stabilization of intractable poly-
(etheretherketone) polymeric particles with GNPs and
CNTs at immiscible liquid interface. This process allowed the formation of sintered porous composites with improved
mechanical properties. The porous structure of the composites gave rise to a low thermal conductivity making them good
candidates for thermal insulating applications. Liquid absorption by these porous composites has been also reported. We believe
that this new approach may have applications in the large scale fabrication of nanomaterials and is particularly suited for the
preparation of nanocomposites starting from polymers that are intractable by solvent casting.
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1. INTRODUCTION

The excellent properties of nanostructures with controlled
geometry opened novel opportunities for designing materials
with new functionalities; thus in view of this added value for
different applications, the hierarchical assembly of nanostruc-
tures was deeply investigated.1−3 Liquid/liquid interfaces have
been considered for self-assembly of many materials and in
particular of graphene taking the key advantage, like in the case
of water/oil interface, of the high interfacial tension.4−8 Kim et
al.,4 for example, exploited the amphiphilic graphene oxide
characteristics to investigate its activity at air−water, liquid−
liquid, and liquid−solid interfaces. High quality graphene has
been prepared by solvothermal treatment. By introducing
cyclohexane and water, graphene was successfully separated and
a graphene film was formed by controlling the volume of
graphene/solvent solution.
It is also well-known that the partial wetting of the polymeric

particles by two immiscible liquids stabilizes particles at the
water−oil interface during emulsification, leading to stable

water-in-oil emulsions.9−11 The particle-stabilized emulsions
can be processed into highly porous solid polymer components
upon drying and sintering. Some polymers, such as poly-
(vinylidene difluoride) (PVDF), poly(tetrafluoroethylene)
(PTFE), and poly(etheretherketone) (PEEK), that are intract-
able by solvent casting due to their insolubility in most polar
solvents were successfully processed by emulsion method.9−11

The liquid−liquid interface mimics the self-assembly process
occurring in nature in biological systems (e.g., microbes, fungi,
plants etc.) where the metabolic activities of microorganisms
lead to the formation of hierarchical structures with unique
properties.12−14 For example we found that a solution of
graphene, baker’s yeast, and sugar can be mixed with water
providing added nutrients for microorganisms resulting in the
formation of hierarchical nanotemplate with novel outstanding
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properties.15 Moreover, it was demonstrated that fermentation
of microorganisms in the presence of gelling materials, create
hierarchical porous composites with unexpected potential
applications in the fields of bioscaffold, fuel cells, thermal
exchangers, and water filtration or oil absorption.16 Thus,
combining features of such bioinspired structures with artificial
materials can lead to design innovative fabrication method-
ologies of nanostructures.
Previous studies showed the ability of some bacteria to grow

at the water−oil interface taking nutrients from the water and
carbon sources from the oil phase.17 Yeast is a cellular factory
and is naturally capable of transforming simple molecules, taken
from its nutrition, such as sugars, and synthesizing new
elements at a mild temperature. Yeast cells are widely used in
industrial and biological processes.18,19 Saccharomyces cerevisiae
was used for centuries in fermentation processes in wine and
bread making. When sugar is added to water in the presence of
the yeast, the fermentation is activated and the CO2 bubbles are
produced as byproduct and expelled through the reaction
solution. In a previous work the flotation of graphene oxide was
induced in carbonated water and it was shown that graphene
sheets were first captured by the rising CO2 bubbles and then
transported to the water surface.4 Thus, nanomaterials which
are processable in aqueous media were expected to self-
assemble at the water/CO2 interface to form a new film that
retracts and self-assembles at the interface when the CO2 is
drained at liquid interface.
In this article we exploit the utilization of bread fermentation

to prepare bionic composites with intractable polymers,
presenting here the PEEK polymer as case study. Highly stable
emulsions of PEEK powder results in a controlled interaction
with different nanophases stabilized at oil−water interface by
bubbling produced by microorganism nutrition process (i.e.,
baker’s yeast fermentation). With this method, the micro-
structure and the mechanical properties of the nanocomposites
can be tailored by changing the composition of the stabilized
nanophase. Finally sintering of such hybrid emulsions enable
the preparation of polymeric foams from a variety of polymeric
particles including polymers intractable by solvent casting.
Porous nanocomposites with improved mechanical strength
and thermal insulating properties in the absence of any solvent
and chemical reaction were obtained.

2. EXPERIMENTAL DETAILS
Graphene nanoplatelets (GNPs) were kindly supplied by NANESA
(G3Nan average thickness of 9 nm ∼25 layers). Carbon nanotubes
(NC 7000) were supplied by Nanocyl and their structure was
confirmed by transmission electron microscopy having an average
diameter 9.5 nm and an average length 1.5 μm. Poly-
(etheretherketone) powder (PEEK, 200UFP10 VESTAKEEP) with
particle diameter of 20−50 μm, specific density of 1.3 g/cm3, and
melting temperature of 340 °C was supplied by Evonik. Commercial
grade Shell Helix Ultra oil was used for the experiment (density at 15
°C 840 kg/m3, kinematic viscosity at 40 °C 79.10 cSt ASTM D445).
The oil was added to water leading to an instantaneous liquid

separation interface (2 mL of water and 8 mL of oil, respectively). In
another beaker, 40 mg of GNPs(CNTs) were dispersed for 3 h at
room temperature in 40 mL of water using a sonication bath.
Separately, a concentrated PEEK powder water suspension (26% vol)
was prepared by vigorous stirring. Saccharomyces cerevisiae based
commercial baker’s yeast extract was used as the medium for
fermentation. The yeast solution (0.25 g/mL in water) was added
separately to the dispersions of GNPs, CNTs, and PEEK and stirred at
110 rpm at 30 °C for 1 h. To start the fermentation, sugar (i.e.,
sucrose, 0.2 g/mL) was added. The dispersions were then heated at 35

°C to allow the fermentation process. Once the fermentation was
started, the dispersions were added to the water−oil system. Contact
angles of the CO2 bubbles at oil−water interface were measured with
an optical contact angle meter. Once the fermentable sugar was
exhausted, PEEK based samples were extracted, shaped in aluminum
molds, and sintered at 370 °C for 30 min to obtain nanocomposites.
Field emission scanning microscopy (FESEM) was used to investigate
the film morphology. The mechanical properties were measured by a
universal testing machine with a 30kN cell at room temperature. The
sample dimensions were 20 mm long with a square section of 4 mm ×
15 mm. Calculation of the flexural stress20 was made by using the
following formula σ = 3FL/(2bd2) while for the flexural strain we
adopted the following relation, ε = 6Dd/L2, where F is the load, L is
the support span, b is the width of test beam, d is the thickness of
tested beam, and D is the maximum deflection of the center of the
beam. Five samples for each composition were tested. Thermal
conductivity measurements follow the “two thermometer-one heater”
method using a custom built stage. For the water absorption test, the
prepared samples were soaked in water at 23 °C for 24 h. Specimens
are then removed, patted dry with a lint free cloth, and weighed. Water
absorption is expressed as increase in weight percent as percent water
absorption (i.e., (wet weight − dry weight/dry weight) × 100). The
prepared oil−water interfaces were characterized by laser light
scattering, the images of such characterization as well as the FESEM
characterization of baker’s yeast cell and PEEK/CNTs sample are
supplied as Supporting Information.

3. RESULTS AND DISCUSSION

Figure 1a−e shows the starting oil−water liquid system that
was left for fermentation with neat yeast, yeast−sugar and
yeast−sugar−GNPs(CNTs) dispersions, respectively. From
Figure 1c it is evident that once the fermentation is activated
a film of yeast cells is forming at oil−water interface. From the
same figure it is clear that the ability of a large part of the yeast

Figure 1. Images of the prepared liquid systems: (a) oil−water, (b)
yeast solution in oil−water, (c) fermented yeast in oil−water, and (d)
GNPs and (e) CNTs assisted yeast fermentation in oil/water after 15
days. (f−h) GNPs assisted yeast fermentation in oil−water system at
different times from preparation (from left to right): as prepared, after
24 h and after 15 days, respectively. (i) Top view image of GNPs
assisted yeast fermentation at oil−water interface showing floating
GNP based film.
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cells is to aggregate at the bottom of the vessel. Previous
studies21−23 demonstrated the hydrophobicity of yeast cells
showing flocculent yeast cells with a high contact angle with
water. Figure 1f−h reports the experiment done with GNPs
and shows that during the yeast fermentation, part of the yeast
stabilizes at liquid interface trapping floating GNPs at the oil−
water interface that was found stable for several days while the
oil phase is no more transparent with the appearance of an
emulsion that was formed. The same effect was observed with
CNTs as reported in Figure 1e. Figure 1i shows that GNPs
form a self-assembled floating film on the water surface without
the need of surface functionalization or extra surfactant. From
this figure it is evident that the rising CO2 bubbles are the
byproduct of the fermentation process. These findings suggest
that GNPs and CNTs behave as surface active molecules; they
adhere to the rising CO2 bubbles and are trapped at the oil−
water interface to minimize the surface energy.
The interaction between flocculent yeast cells and oil was

investigated by light scattering measurements and light
microscopy (Figure S1a). After the yeast fermentation of the
oil phase is no more transparent because the light diffused
(Figures 1g and S1a,b). This finding suggests that the visible
light was scattered by diffused flocculent yeast cells. To support
this hypothesis, the optical microscopy analysis (Figure S1c)
reveals in the oil phase the aggregation of yeast cells around oil
droplets, suggesting the formation of an emulsion of the oil and
explaining the loss of the optical transparency.
Micrographs taken immediately after starting fermentation

are presented in Figure 2a. Analysis of microscopy images
revealed that the fermentation produces CO2 bubbles with
GNPs stabilized on their surface. The bubbles move toward
water−oil interface during fermentation and flocculate at the
liquid interface as reported in the right panel of Figure 2a.
Bubbles were found to be size sensitive to changes at liquid
interface (bottom panel of Figure 2a). Different stages of the
bubble migration from the fermentation bath to the oil−water
interface were illustrated in Figure 2b. Figure 2c shows the
contact angle and the bubble area variation during its contact
with the liquid interface. When the CO2 bubble was released by
the yeast fermentation, it was observed that it deforms once in
contact with the oil−water interface leaving a thin film at the
interface (Figure 2b). The images suggest that the bubble
draining in the oil phase is the origin of the film release. Then
the GNPs were released to the upper oil−water interface with
the CO2 bubbles that were drained into the bulk oil phase.
Wet assembly of GNPs(CNTs) at the liquid−liquid interface

is driven thermodynamically. Due to the high interfacial tension
of two immiscible liquid phases, entrapping the particles
increases the interfacial energy and minimizes the free energy of
the system. When the CO2 bubble is in equilibrium with its
surrounding, the internal pressure (p) is equal to its interfacial
tension (γ) divided by its radius (r)

γ=p r2 / (1)

giving

γ γ+ =dr r dp p d/ / / (2)

Assuming that in the bubble the mass gas and the temperature
are constant

=pr const3
(3)

differentiating eq 3 as dp/p + 3dr/r = 0 and substituting dp/p in
eq 2 we obtain

γ γ = −d dr r/ 2 / (4)

The interfacial tension of the bubble shell in water can be
estimated as γw + σGNPs(CNTs)tGNPs(CNTs) where γw is the water

Figure 2. (a) Microscopy images of CO2 bubbles in water phase (left
panel) and at oil−water interface (right panel). The bottom panel
shows the optical image of deformed bubble while the film is receding
at the interface. (b) Optical image of oil−water interface during
fermentation (left panel) and different stages of the draining process at
oil−water interface of CO2 bubble in a solution containing GNPs
(right panel). (c) Contact angle and area bubble variation as a function
of time for GNPs (blue triangles) and CNTs (green triangles). (d)
Schematic illustration of the assembly process of the GNPs (CNTs):
CO2 bubbles were released in the water phase as byproduct of the
fermentation process (first panel) and a protective GNP(CNTs)
coating was formed (second panel). CO2 bubbles diffuse to the oil−
water interface and penetrate the oil phase (third panel); the flexible
nature of the GNPs(CNTs) enabled them to orient parallel to the oil/
water interface and self-assemble (fourth panel).
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surface tension (71 mN/m at 25 °C),24 σGNPs(CNTs) is the film
stress, and tGNPs(CNTs) is the thickness of the retracting film once
the bubble comes in contact with water−oil interface (see
Figure 2b). When the bubble was drained in the bulk oil phase,
the interfacial tension can be assumed as that of uncoated CO2
bubble in oil (i.e., γoil ∼ 50 mN/m).24,25 Thus, the bubble
radius deformation can be considered directly proportional to
stress in the coating times its thickness (“interfacial tension”).
The interfacial tension may be calculated directly from an
analysis of the geometry in the deformed bubble. Assuming a
GNPs(CNTs) film thickness (tGNP or tCNT) of about 8 nm(9
nm) for the yeast based bionic composites,15,26 we found a
value for the GNPs(CNTs) film a stress value of about 30.31
MPa(26.94 MPa), respectively.
The overall schematic illustration of this process was shown

in Figure 2d. When the CO2 bubble was released in the water
phase, the GNPs(CNTs) tend to form a coating around the
CO2 bubble; once the CO2 bubble is in contact with the bulk
oil, it starts to merge into the bulk oil with the external
GNP(CNTs) coating that retracts and assembles at the liquid
interface.
Field emission scanning microscopy was used to investigate

the surface of the interface once extracted from the beaker
through liquid filtration. Figure 3a shows that yeasts reproduce

asexually through a process called “budding ”, in which a
“mother” cell grows a “daughter” cell that separates to become
a fully independent yeast. Figure 3a also shows that the film
consists of GNP sheets trapped in the yeast phase. In our
previous study15 the viability of the yeast cells after incubation
with GNPs was preliminary assessed. In particular we took
inspiration from yeast fermentation to couple graphene on cell
wall. In turn, this process led to the development of hierarchical
and self-healing materials that could sense damage and repair it.
In this regard, Kempaiah et al.19 reported that the coupling of

the high modulus graphene sheets with the cells increases their
stability to osmotic stresses showing a lag phase of few hours,
after which they proliferate rapidly.
Figure 3b shows the Raman spectrum of such film. The main

features in the Raman spectrum are the G and D bands. The G
band, standing at around 1580 cm−1, corresponds to in-plane
carbon-atom stretching vibrations.27 The position of the D
band is excitation-energy dependent and occurs at around 1329
cm−1. The D band is activated by the presence of defects.27

From our measurements we observe a high intensity of the D
peak, as compared to the G peak; such result is consistent with
a layered and defected structures.
The utilization of solid particles as stabilizing agents of

emulsions is a consolidated practice known as Pickering
emulsions.28−32 Starting from this point, we could adopt the
above strategy for fabrication of PEEK nanocomposites where
PEEK particles work as the surfactant. Adsorption of
hydrophobic particles at liquid−liquid interface is in fact
originated from reduction of free energy of the system
expressed as Δμ = A(γp/w − γp/o − γo/w), where A is the
surface area of the particles and γp/W and γp/O are the surface
tension of the particle−water and the particle−oil phase,
respectively. Therefore, the trapping of the polymeric particles
at the interface is energetically favorable when γo/w is higher
than the difference of γp/w and γp/o. Based on the available data
for the surface energy of PEEK, water and oil (γo/w = 14.26
mN/m, γp/w = 22 mN/m, and γp/o = 16.83 mN/m33,34), the
interfacial self-assembly of PEEK particles at the liquid−liquid
interface is favored. The high stability achieved by the presence
of nanoparticles allows their stabilization at the liquid interface
(Figure 4a) and spanning throughout the continuous phase
allowed for drying and sintering of the wet PEEK-based
interface directly into nanocomposites, as shown in Figure 4b−
d. Microstructures of neat PEEK and its nanocomposites from
stabilized particles are shown in Figure 5. Sintered GNPs/
PEEK structures showed pore sizes in the range from 2 to 5 μm
(Figure 5b). Regarding the possibility to control the number
and size of the pores, it is known that during microorganism
nutrition process the byproduct CO2 is produced from the
energy gained by the yeast cell during sugar conversion. Thus,
the pore density depends on the amount of nutrition (i.e.,
sugar) available for the cells and thus the CO2 expelled, while
the pore size is controlled by the variation of interface energy of
CO2 bubbles at oil−water interface as reported elsewhere.24

Sintering of PEEK containing CNTs shows a more compact
structure (Figure 5c). The morphology reported in Figure 5c is
ascribed to the high thermal conductivity of the carbon
nanotubes that facilitates at some extent the complete melting

Figure 3. (a) FESEM image of film extracted after yeast fermentation
showing GNPs trapped between yeast cells. (b) Raman spectrum of
the sample reported in the panel (a).

Figure 4. (a) Optical microscope image of oil−water interface prepared with PEEK particles and GNPs. Samples obtained by sintering of (b) PEEK,
(c) PEEK/GNPs, and (d) PEEK/CNTs stabilized oil−water interfaces. The scale bars indicate 2.5 cm.
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of PEEK particle. In order to investigate the effect of
microstructure to the heat transfer through the samples,
thermal conductivity of the prepared samples with different
microstructures was measured and reported in Figure 5d.
In a porous structure the contribution to the thermal

conduction comes from solid and gas components with the
thermal conductivity of the gas phase that is smaller than that of
the solid one. Thus, the heat transfer is related to the porosity
according to this simple model that rescales with the porosity as
K = (1 − (1+α)f)K0 where K is the effective thermal

conductivity, K0 is the thermal conductivity of the continuous
dense matrix, α is a correction factor that takes into account the
bulk and shear modulus of the dense matrix, and f is the sample
porosity (see Table 1).35 According to this relationship and
assuming for a PEEK sample without pores a thermal
conductivity value of 0.32W/mK, from the data of porosity
reported in Table 1 we should obtain for the thermal
conductivity of our porous PEEK a value of about 0.24W/
mK that is in good agreement with that reported in Figure 5d.

Figure 5. Microstructures of (a) PEEK, (b) PEEK/GNPs, and (c) PEEK/CNTs sintered nanocomposites. (d) Thermal conductivity, water
absorption, and (e) stress−strain curves of neat PEEK and PEEK based nanocomposites.

Table 1. Mechanical Properties of PEEK and its Compositesa

samples
density

103(kg/m3)
porosity
(%)

specific strength
kPa/(kg/m3)

Young modulus/density
kPa/(kg/m3)

toughness/density
kPa/(kg/m3)

deformation at break
(%)

PEEK 1.00 24 15.04 155 0.83 10.2
PEEK/
CNTs

1.04 20 26.92 100 5.79 31.7

PEEK/
GNPs

0.87 34 27.58 129 3.46 24.8

aThe deviation standard estimated for PEEK was 10% while for composites was 9%.
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Due to the ultrahigh thermal conductivity of graphene,
graphene-based materials are expected to be good thermal
conductors. However, recently extremely low values of the
thermal conductivity K of porous and light graphene and
graphene−carbon nanotube hybrid aerogels was found.36,37

The proposed mechanism of this low K value revealed that the
dominant interface thermal contact resistance of highly
disordered and amorphous structure of graphene contributed
to the low thermal conductivity.
Figure 5d confirms also that the larger porosity shown in

Figure 5b contributes to thermal resistance of the GNP-based
composite. In general, the obtained results indicate that the
thermal conductivity of the composites is quite low.
Considering that for layered WSe2 crystals and for carbon
foams values of 0.05 W/mK and 0.10−0.30 W/mK at room
temperature were obtained respectively,38,39 our findings pave
the way of the utilization of such nanocomposites as thermal
insulation materials.
Figure 5e shows the mechanical characteristics obtained by

three point bending test of neat PEEK and its nanocomposites.
Assuming for neat PEEK without pores a density of 1.3 ×
103kg/m3 with a flexural strength of 70 MPa,40 a flexural
strength normalized by the density (i.e., specific strength) of
about 53.80 kPa/(kg/m3) was obtained. This value, that is
about 3 times higher than that observed for our neat PEEK, was
expected due to the pore stress concentration. From this result
it is evident that the flexural strength strongly depends on the
pore density. The strength, toughness, and the deformation at
break values obtained for PEEK/CNTs sample are higher than
the respective data obtained for porous PEEK. The relatively
high strength and toughness observed for the PEEK/GNPs
sample with irregular pore size and disordered pore distribution
could be related to the high moduli of GNP particles, and to
the fact that the GNPs makes the pores stiffer by
interconnection as reported in Figure 5b. It should be noted
that the specific strength gap between our PEEK and the bulk
PEEK reduced from a factor of three to a factor of two when
GNPs(CNTs) were added indicating that the addition of such
nanophases mitigates the presence of the pores.

4. CONCLUSIONS
Inspired by the bubbling production, our study provides a
potential scalable route for the production of nanocomposites.
The main objective of this work was developing a simple and
versatile approach to produce porous nanocomposites of
various nanophase compositions. The variation of the tradi-
tional Pickering emulsion method has allowed tailoring of the
microstructure and properties of nanocomposites foams in a
single step process. In this regard, the fermentation process of
baker’s yeast was found to be a simple and versatile approach
for the formation of bubbles that once contacting with the oil−
water interface retract promoting the assembly of thin films of
graphene nanoplatelets or carbon nanotubes at the interface.
We extend this approach as a general route to assembe
intractable polymers; we presented as a case study the
adsorption of PEEK particles at this modified oil−water
interface, allowing their stabilization and further sintering into
nanocomposites with porous structures, thermal insulating
properties, and enhanced mechanical characteristics. These
results present a new method for the deposition control of
nanomaterials and fabrication of porous nanocomposites, that
may be used in many applications, as low-weight structural
components, shock absorbers, thermal insulating materials for

aerospace components, and robust scaffolds for tissue engineer-
ing.
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Figure S1. Images of laser light passing through the oil phase in (a) oil/water system and (b) 

oil/water system with GNPs assisted yeast fermentation. (c) Light microscopy of yeast cells 

around an oil droplet. FESEM images of (d) baker’s yeast cells and (e) PEEK/CNTs samples. 
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