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Abstract:

To produce effective thermoelectric nanocomposite with carbon nanofibers (CNF) incorporated
polyurethane (PU) foams are prepared via in-situ polymerization method to create a synergy that
would produce a high thermopower. The formation mechanism of foams, the reaction kinetics, and
the physical properties such as density and water absorption are studied before and after CNF
incorporation. The microscopy images showed a uniform dispersion of CNF in the PU matrix of
the prepared foams. Spectroscopic studies such as X-ray photoelectron and laser Raman
spectroscopy suggested the existence of a tight intermolecular binding interaction between the
carbon nanofibers and the PU matrix in the prepared composite foams. It found that the
thermopower is directly dependent on the concentration of carbon nanofiber since, with rising
concentration of 1% to 3%, the coefficient increased from 1.2 uV/K to 11.9 uV/K respectively, a
value larger than that reported for PU foams. This unique nanocomposite offers a new opportunity
to recycle waste heat in portable/ wearable electronics and other applications which will broaden

the development of low weight, and mechanical flexibility.

Keywords:
Nanocomposites; Organic compounds; Chemical synthesis; Raman spectroscopy; Surface

properties; Thermopower.



1. Introduction

Polymer nanocomposites as a class of materials have attracted much attention in this
decade. Owing to their exceptional properties such as thermal stability, mechanical stability,
conductivity, gas barrier performance, applications in flexible electronic devices, etc.!* These
improved properties of polymer nanocomposites arise due to the presence of nanosize filler in the
organic polymer matrix.> Recently, a significant highly polymer electronic devices is one of the
most interesting industrial technology.® Hence, there is, now, an emphasis on continuous research
towards advanced polymeric materials with improved properties.’

Initially, the blending of different classes of polymers was used as a method to fabricate
new materials with unique properties.® However, blending led to only a marginal improvement in
the physical properties which were still inadequate for engineering applications.® Then, to improve
the strength and stiffness of the polymer materials, different kinds of organic and inorganic fillers
were used. To the dispersion of a few inorganic materials such as metal nanoparticles, metal oxides
(MgO, ZrO), carbon materials (carbon nanotubes (CNT), carbon nanofibres (CNF), graphene) and
clays into the polymer matrix. Significantly improve the performance of the polymer materials
due to the extraordinary properties they impart, which include electric, magnetic, mechanical,
thermal, optical, chemical, and other such stimulation.'* Moreover, they designed in almost any
conceivable shape, and their properties can be tailored to suit many diverse applications.

Recently, flexible/ portable electronics emerged as a new class of electronic device for
energy production (piezoelectric, thermoelectric) and energy storage (batteries and

supercapacitors) devices.’™® Polymers are an ideal choice for the fabrication of such high



performance flexible electronic devices.!’ In this regard, thermoelectric energy harvesting is the
most promising energy harvesting technique in which an electrical output achieved via a difference
in temperature.!® Several conducting polymers such as polyaniline, polypyrrole, poly(3,4-
ethylenedioxythiophene) have shown excellent thermoelectric properties.’®?* Polyurethane is a
polymer formed via the reaction between polyisocyanates with polyols and possess excellent
thermal insulation properties.??

The most common method of producing PU foams is via polymerization reaction of a
polyol with an isocyanate, resulting in a three-dimensional cross-linked polymeric structure.??
Depending on the proportions of the polyol blend with the isocyanate, the properties and
consequently, the nature of polymers differ.?* Lower amounts of polyol result in rigid polymers,
whereas increasing the polyol content makes the foams flexible. For the formation of foam with
well-defined cell structures, a blowing agent with a low boiling point is needed to cause the foam
to rise. The blowing agent gets trapped under the polymer structure as it evaporates due to the heat
of reaction.?® It has intrinsically low thermal conductivities with low density and weight, making
them prime candidates for competitive thermal barriers.?®

As an excellent alternative candidate to improve the properties of PU foam, several
researchers have attempted the dispersion of nanoscaled fillers such as titanium oxide, silica,
nanoclays, graphene, carbon nanotubes to induce changes in the polymer matrix by interface
interaction.?’?° It has spurred the interest in developing nanocomposite foams with an aim to
reduce the density while maintaining or improving their properties. Among the various fillers,
carbon nanofiber is attractive due to its fibre morphology which can result in high surface—interface
reaction with the polymer matrix, thereby resulting in improved thermopower properties and

decrease the thermal conductivity.®® The functionalized carbon nanofiber showed excellent



dispersion and stability in water without any dispersion agent. Reported here is a polyurethane
polymer foam dispersion with carbon nanofiber enhanced material properties such as compressive
strength, water absorption, density and a room temperature resultant thermoelectric properties.
2. Experimental
2.1 Materials

Polyether (glycol based polyol) of density 1.1 g/cc and viscosity 9000 cps obtained from
Sigma Aldrich. DABCO-TMR4 and DBTDL purchased from Air Products. Rubinate M, the
isocyanate is purchased from Huntsman Corporation, India. Applied Science Inc supplied vapour
grown Carbon nanofiber. TEGOSTAB B8408, chlorodifluoromethane (HCFC) and
polymethylene polyphenyl polyisocyanate (PMDI) obtained from Sigma Aldrich.

2.2 Preparation of polyurethane foam

The polyurethane foam prepared by the in-situ polymerization route as reported in the
literature.3! The polyurethane foam was synthesized by ratios mentioned in Table 1 but without
nanofiller. There are two different solutions that have been made, one is as mentioned table 1
without nanofiller and another one is PMDI solution. The table 1 solution taken as stoichiometric
ratio 1 and PMDI took as stoichiometric ratio 2. Both were mixed well using the ultra-sonication
method with different time intervals of 15 min, 30 min, 45 min, and 60 min. Then the blowing
agent HCFC is added in the range of 40 ml per 100 g of above solution and mixed thoroughly with
a mechanical stirrer. After 6 s of stirring, the mixture is removed and poured into a paper mould of
dimension 25 cm X 25 cm X 7 cm and left to rise by the free-rise process. The reaction kinetics
noted with the help of a stopwatch, and the foam is left to cure in a sealed room for 24 h before

being de-moulded.

2.3 Preparation of CNF/polyurethane foam



CNF was carefully dried at 60°C for 24 h in a vacuum oven to prevent any contamination.
The CNF, taken as 1% and 3 % concentrations and mixed with first part of the solution as
mentioned in table 1. Now the CNF would act as nanofillers and is dispersed in the polyol blend
matrix using ultrasonication with time intervals of 15 min, 30 min, 45 min and 60 min for both 1
% and 3 % of CNF concentrations. Once the sonication is done, the second solution (PMDI) added
to the polyol blend solution, but mechanical stirrer is not used to avoid CNF agglomerate. Figure
1 elaborates the steps involved in the polyol blend-CNF fabrication process.

Table 1: Formulation of polyol blend

Component Ratio (%)
Polyester 93.6
DABCO TMR4 2.246
DBTDL 0.22
KOSMOS 75 1.49
TEGO B8408 1.83
Water 0.6

(d)

Fig. 1 Preparation of CNF-incorporated polyurethane foams

2.4 Characterizations



XRD analysis was performed using an X-ray diffractometer system (X'pert PRO PANalytical
Instrument) at a scanning rate of 26 ranging from 10° to 70° using Cu Ka radiation of 0.02°/ s
step interval (A=0.154 nm). Raman spectra (JASCO NRS -7100, Japan) of the foam (bare and CNF)
were studied, with an operation at 11.8 mW laser power and an excitation wavelength of 532.1
nm with an argon-ion laser. The field emission scanning microscopy (FESEM; JEOL JSM 7001F)
revealed that the morphology of the as obtained bare foam and CNF foam. A small amount of
gold was sputter coated onto the surface of all the fabric specimens to get clear micrographs. To
determine the steady-state heat transfer properties, thermal conductivity, and thermal
resistance, Guarded Hot Plate Apparatus used. Flat slab specimens prepared by the International
standards of ISO 8302, and ASTM C-177. The Seebeck coefficient was measured by the same
method as that used in our previous studies.?? The thermoelectromotive force (TEMF) measured
by using two probes that were attached to the sample surface. Thus, the Seebeck coefficient was
determined using the equation, S = -AV/AT, where AV = Vg — Vi = TEMF and AT = Ty — Ti. Here,
Vi and V7 are the potentials at the high-temperature side Ty and the low-temperature side T;
respectively.

3. Results and discussions

3.1 Properties of CNF nanofiller

The CNF nanofillers used in this study obtained from Applied Science Inc. and their corresponding
FESEM, XPS, and Raman analysis provided in the Fig. 4. The FESEM micrograph (as shown in
Fig. 4(a)) shows the presence of fibre morphology in the obtained CNF with diameters of about
100-150 nm and length about 50 -100 um, respectively. The XPS deconvoluted spectrum (Fig.

4(b)) shows the presence of C-C components at 284.5 eV respectively, which is in close agreement



with the previous reports on the CNF.3 The Raman spectrum (Fig. 4(c)) of the CNF shows the
presence of G and D bands, located at 1575 and 1350 cm™, respectively.3* The observed results

are in close agreement with the previous work on the carbon nanofibers.
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Fig. 2. Scanning electron microscope (a), laser Raman spectrum (b), and X-ray photoelectron
spectrum (c) of carbon nanofibres.

3.2 Properties of CNF nanofiller in the polymer matrix

This CNF used as a conductive additive in the polyurethane foams and its physio-mechanical
properties shown in Fig. 4. The CNF impregnated polyurethane foams prepared by the in-situ
polymerization route (similar to the method of preparation of bare polyurethane foams) and the
reaction kinetics as well as the physical and mechanical properties of the prepared foam are
analyzed.® In general, the polymerization of polyurethane foam can be monitored by the specific
time markers such as cream time, rise time, and tack free time intervals, during the reaction
between polyol matrix and the curing agent. The observed cream time, rise time and tack free time,
for the bare polyurethane foams are measured to be 14, 56, and 59 minutes, respectively. There
are some significant changes observed in the reaction kinetics due to the impregnation of CNF in
the PU foams. As shown in Fig.3 the observed cream time, rise time and tack free times for the
CNF (1%) impregnated polyurethane foams are 13, 54, and 56, min respectively and these times

are about 13, 52, and 54 for the CNF (3%)-PU foams. It shows that the presence of CNF leads to



faster reaction kinetics, that is, a faster reaction mechanism compared to that of the bare PU. This
study substantiates that the addition of CNF provides more active sites in the PU matrix and hence,

catalysis the polymerization reaction.
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Fig. 3 a) PU foam, b) PU blend 1% CNF foam and c) PU blend 3% CNF foam
The density measurements noted by preparing cubic blocks of size 50 mm x 50 mm x 50 mm out
of the cured foam, measuring the weight under a conventional weight balance and calculating the
density as a function of mass over. It shows a clear correlation between the density and time of
mixing and the CNF cause an alternating effect on density with increasing sonication time. The
density of the bare PU foam, CNF (1%) PU-foam and CNF (3%)-PU foam calculated as 22.6,

24.01, and 25.68, kg/m?®, suggesting the role of CNF in the improved density of the PU foams as



shown in Fig. 4 (a). It shows a clear correlation between the density and time of mixing and the

CNF cause an alternating effect on density with increasing sonication time.
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Fig. 4 Physio-Mechanical properties of PU-CNF foam

The water absorption properties of the prepared foams were measured by completely immersing

the foam blocks in water for sets of 24 h, 48 h, and 72 h and then, measuring the initial and final

weights, before and after soaking. The difference in weight over the volume is taken as the volume

percent water absorption. The maximum permissible value is taken to be not above 3%. The study

suggested the presence of CNF results in improved water absorption on its surfaces. The water

10



absorption values of the bare PU foam, CNF (1%) PU-foam and CNF (3%)-PU foam are observed
to be about 1.82, 2.78, and 2.85 % respectively as shown in Fig. (b) and (c). The studies highlight
that the inclusion of CNF modified the properties of the PU foam. Since the foams are not much
use as peening load-bearing materials, but sometimes it required that they can handle minor loads
during the fabrication process and shear forces. The foam blocks noted in the direction of rising
and force is applied on each side with equal intensity until compressive yield obtained. The Fig. 4
(d) follow the same pattern as the density indicating the enhanced strut strength of the CNF-infused
foams. During 30 min sonication time sample achieved the highest strength of 1.12 kg/m? in the
3% foam.

3.3 Microstructure evolution

and (c) polyurethane —-CNF3 foams.

To enhance the significant of microstructures, we examined the SEM micrographs of the samples.
The SEM micrographs of bare PU and CNF (1% and 3%) incorporated foams shown in Fig 5. The
bare PU foam showed the porous and flexible morphology, CNF incorporated foams revealed the
presence of CNF in the PU foam. It evidenced that the CNF incorporated without any signs of
agglomeration in the PU matrix which can be due to the use of ultrasonication.With largely

interconnected CNF channels and the width of the CNF frame was around 121 um. Moreover, the
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CNF frame facilitated the electronic conductivity of the composite foams, and the junctions were
connected in a pentagon patterns.

3.4 Surface chemical elements

The XPS data (C 1s spectrum) of the bare PU foam and the CNF (3%)-PU foam shown in Fig
6 (a). The C1 spectrum of the bare PU foam was used to understand the chemical composition of
the base PU and a binding energy of 282 to 289 eV observed, suggesting the presence of C-H, C-

C- and C-N groups.®
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Fig. 6. PU/ PU CNF foams (a) X-ray photoelectron and (b) Raman Spectroscopy

The C1s spectrum of the CNF-PU foam showed a sharp band at 284.5 eV, which corresponds to
the C-C counterparts, which can be mainly attributed to the CNFs blended uniformly in the PU
matrix.3” Since both PU and CNF are carbon materials, it is difficult to differentiate the state of
elements via XPS analysis due to the limitation of the technique.

Hence, we used the Raman spectrum to understand the intermolecular bonding of the foams, as
shown in Fig 6 (b). Raman spectroscopy is one of the most reliable techniques for understanding
the crystallinity and the defect states in carbon materials, polymers and nanocomposite systems.

The Raman spectrum of the PU bare foam showed the presence of the signature bands for amide
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(111), isocyanate symmetric stretching, amide (I1), amide (1) at 1325, 1450, 1545, and 1750 cm™
respectively. The observed Raman bands of the bare PU foam is in close agreement with previous
reports of the Raman spectrum of polyurethane.®® Furthermore, the Raman spectrum of the CNF-
incorporated PU foams showed the presence of G and D bands observed in carbon materials. The
G bands of CNF (1%) and CNF (3%) incorporated was observed at 1575 and 1579 cm™
respectively. Similarly, both the CNF-PU foams showed the presence of D band at 1350 cm™ that
correspond to the presence of defect states in the CNF.*>*! No bands were observed due to the bare
PU in the CNF-PU foams. This is due to the lower vibration of organic stretching states in the PU
as compared to that of the higher levels in CNFs.

3.5 Thermoelectric Properties

Thermopower is the thermoelectric voltage induced by the Seebeck effect in response to a
temperature difference across the material. A high thermopower is one of the significant factors

for the dynamic behavior of thermoelectric generators.
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It is well known that polyurethane is an insulator so we cannot measure the Seebeck coefficient.
Fig. 7 (b) shows the relation of the thermoelectromotive force of the CNF (1%) PU-foam and the
CNF (3%) PU-foam, corresponding to the temperature difference. It can be seen that the Seebeck
coefficient increases gradually from 1.2 pV/K to 11.9 uV/K as the CNF blend content increased
from 1 % to 3 %. The high Seebeck coefficient is the average value calculated from the gradient
in the relationship between the measured TEMF and the temperature difference. From this
analysis, it is observed that a new novel foam material has been fabricated by incorporating carbon

nanofibers in polyurethane with an enhanced Seebeck coefficient.

Conclusion:

In this study, we investigated the effects of carbon nanofiber composites on the physical,
structural and thermoelectric properties of Polyurethane foam materials. The carbon nanofiber
provided good conductive pathways for the carriers in the composites, which resulted in a
relatively high Seebeck coefficient. The Seebeck coefficient increased with increasing carbon
nanofiber content, CNF (1%) PU-foam and CNF (3%)-PU foam is observed to have values of 1.2
MV/K and 11.9 pV/K, respectively.
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Highlights
o A regeneration for waste heat recovery systems is proposed.
o Low cost, reliable, Multi application purpose.
o Vertical Measuring method is used to optimize thermal system.
o Power output and conversion efficiency increased by increasing CNF with
PU FOAM.
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