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Abstract:

Thermoelectric materials based on cellulose/carbon nanotube (CNT) nanocomposites have
been developed by a facile approach and the effects of amount (2-10 wt%) and types of CNTs
(single-walled carbon nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTs))
on the morphology (films and aerogels) and the thermoelectric properties of the
nanocomposites have been investigated. Composite films based on SWCNTSs showed
significantly higher electrical conductivity (5 S/cm at 10 wt%) and Seebeck coefficient (47.2
pV/K at 10 wt%) compared to those based on MWCNTs (0.9 S/cm and 11 pV/K,
respectively). Lyophilization, leading to development of aerogels with sub-micron sized pores,
decreased the electrical conductivity for both types by one order of magnitude, but did not
affect the Seebeck coefficient of MWCNT based nanocomposites. For SWCNT containing
aerogels, higher Seebeck coefficients than for films were measured at 3 and 4 wt% but

significantly lower values at higher loadings. CNT addition increased the thermal




conductivity from 0.06 to 0.12 W/(m'K) in the films, whereas the lyophilization significantly
reduced it towards values between 0.01 and 0.09 W/(m-K) for the aerogels. The maximum
Seebeck coefficient, power factor, and ZT observed in this study are 49 pV/K for aerogels
with 3 wt% SWCNTs, 1.1 pW/(m-K?) for composite films with 10 wt% SWCNTSs, and 7.4 x

10~ for films with 8 wt% SWCNTSs, respectively.

1. Introduction

Thermoelectric (TE) materials have gained scientific and technological attention over the past
few years as a green source of energy by harvesting energy from waste heat. Thermoelectric
energy is safe, environment friendly, and produced without mechanical moving parts. The
efficiency of thermoelectric materials is designated by the figure of merit, ZT = S? 6 T/k,
where S is the Seebeck coefficient, o is the electrical conductivity, and k is the thermal
conductivity. The power factor (PF= S? 6) represents the conversion of heat into electricity
and is the product of squared Seebeck coefficient (S) and electrical conductivity (o). Typical
inorganic materials (tellurium, bismuth telluride, antimony telluride, etc.) show ZT values as
high as around 1 [1]. However, they are rare, toxic, and difficult to process. Hence,
conductive polymeric materials are an attractive alternative owing to their good processability
and flexibility, low intrinsic thermal conductivity, low cost, and upscaling possibility. Such
polymeric materials can be intrinsically conductive polymers, like PEDOT:PSS, PANI, and
P3HT, or conductively modified insulating polymers. Nevertheless, the ZT values for
polymer based materials are comparatively low, with the maximum reported to be 0.5 for
PEDOT:PSS doped with DMSO [2]. Among polymer based TE materials, conductive
polymer nanocomposites are studied since their thermoelectric properties can be tuned by the
selection of a variety of nano-inclusions [3-5]. Because of their high electrical conductivity
and high aspect ratio [6, 7], carbon nanotubes (CNTs) are suitable fillers to impart

conductivity to insulating polymer matrices at the low loadings [7] needed for thermoelectric
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application. Using a thermoplastic polymer matrix and melt mixing as a dispersion method for
multi-walled carbon nanotubes (MWCNTs), Liebscher et al. studied the influence of
MWCNT surface functionalization on thermoelectric properties of polycarbonate based
composites and could achieve Seebeck coefficients up to 11 pV/K and a maximum ZT of
around 1077 (at 2.5 wt% loading) [8]. Yu et al. fabricated poly(vinyl acetate) (PVAc)/CNT
segregated-network composites by mixing CNT in a PVAc emulsion using ultrasound [9]. XD
grade CNTs were used which consist of a mixture of metallic and semiconducting single-,
double-, and triple-walled CNTs. They achieved a maximum Seebeck coefficient of 50 pV/K
at the low CNT concentration of 0.5 wt% and a maximum ZT of 6 x 10-3 at 20 wt% CNT
loading. Luo et al. prepared polypropylene/single-walled CNT (SWCNT) composites by melt
mixing technique and attained a maximum Seebeck coefficient of 35.1 pV/K and a ZT value
of 3.79 x 10°° at 4 wt% loading [10].When adding in addition 5 wt% copper oxide (CuO), a
filler with an intrinsic high Seebeck coefficient, composites with 0.8 wt% SWCNTs reached S
values of 45 pV/K [10]. Tzounis et al. fabricated SWCNT containing nanocomposite with
amorphous and partially crystalline polyetherimides. They achieved a maximum Seebeck
coefficient of 55 uV/K at a loading of 4.4 wt% and a maximum power factor of 0.037
pW/(m-K?) [11]. Nakano et al. prepared fluorinated rubber/SWCNT composites by the
solution mixing method with the help of a probe sonicator and they reached a Seebeck
coefficient of ~80 pV/K at 2 wt% loading and a power factor of 15 pW/(m'K?) at 50 wt%
loading [12]. The preparation of composites of SWCNT bundles in polystyrene (50 wt%
CNTs) by ball milling resulted in a Seebeck coefficient of 55 pV/K and a very high power
factor of 413 uW/(m-K?), as reported by Suemori et al. [13]. Wang et al. fabricated polylactic
acid/Biy sSb; sTe;(BST)/MWCNT composite by extrusion. In this study, effects of silane
coupling agent and plasticizer on mechanical and thermoelectric properties were explored.
They achieved a maximum Seebeck coefficient of 200 uV/K at a BST loading of 78.9 wt%

without MWCNTs and a maximum ZT of 0.011 at a BST loading of 81.3 wt% and a



MWCNT loading of 4 wt% [14]. However, such thermoplastics have some disadvantages,
such as the TE values vary with oxidative degradation, UV degradation, etc. [15].

Cellulose is the most abundant natural polymer on earth [16]. Besides being renewable
and biodegradable, cellulose is insoluble in water and resistant to organic solvents. Cellulose
can be converted into green aerogels with extremely low density (0.04 g/cm?) and low thermal
conductivity (0.029-0.032 W/(m‘K)) [17] and very high surface area (up to 400 m?/g) [17],
which are described as promising candidates for thermal insulation applications. In addition,
cellulose exhibits good thermal stability and is resistant to thermal degradation up to 280 °C
in air [18]. Thus, cellulose has great potential to be used as a matrix material for electrically
conductive composites also applicable as thermoelectric materials. However, no reports about
thermoelectric applications of cellulose-based composites could be found.

Cellulose based films, in which conductivity is reached by percolation of conductive
fillers, are compact and the 3D filler network is more or less homogeneous. In contrast,
aerogels made from such composites have segregated network structures as the pores
containing air drive the filler in the walls around the pores. By this also different arrangement
of the filler, especially concerning their oriented alignment, can be assumed which may
change electrical properties slightly. However, the effect of both structure types on thermal
conductivity is expected to be tremendous. Cellulose aerogels containing pores filled with
insulating air were found to have very low thermal conductivity (~0.03 W/(m'K) at a density
of 0.04 g/cm? [19]), whereas cellulose films are reported to have values of about 0.06 W/(m-K)
[20]. Even if the addition of electrically conductive carbon based fillers was shown to increase
the thermal conductivity slightly [8, 9], one can take advantage of this lower thermal
conductivity of aerogels without degrading the electrical conductivity substantially. Thus, it is
expected that higher ZT values can be realized using cellulose aerogels as compared to films.

Due to its large proportion of intra- and intermolecular hydrogen bonds, cellulose is

difficult to process in solution or in the melt state. As reported, electrically conductive



cellulose/CNT nanocomposites can be prepared from mixed solutions of cellulose and CNTs
in an appropriate solvent such as lithium chloride/N,N-dimethylacetamide (LiClI/DMAc) and
N-methylmorpholine-N-oxide (NMMO) monohydrate [21-24].

Recently, a simple but efficient process was developed to prepare cellulose/ MWCNT
composites from aqueous NaOH/urea solution [25-27]. The obtained MWCNT/cellulose
composite films and aerogels exhibit good electrical conductivity and mechanical properties.
In this work, we fabricated both MWCNT and SWCNT-filled cellulose composites by using
an alkaline aqueous system. The thermoelectric properties of cellulose/CNT composite films

and aerogels (both from SWCNTs and MWCNTs) were investigated.

2. Experimental

2.1. Materials

Cellulose samples (cotton linters, DP 500) were supplied by Hubei Chemical Fiber Group Ltd.
(Xiangfan, China). Commercially available multi-walled carbon nanotubes (MWCNTs,
NC3150, Nanocyl S.A., Belgium) with an average diameter of 9.5 nm, a purity >95%, and an
average length of 1.5 pm [28]and TUBALL™ singled walled carbon nanotubes (SWCNTs,
OCSiAl Ltd., Russia) with an average diameter of 1.8 nm, length of 5 um, and a CNT

content >75% [29] were used. Polyvinyl alcohol (PVOH, M,,=9,000-10,000 g/mol, 80%
hydrolyzed, Sigma-Aldrich) was applied as a surfactant. Other reagents were of analytical

grade.

2.2. Preparation of cellulose/CNT composite films and aerogels

First, 100 ml of a 1 wt% CNT aqueous dispersion was prepared similar to our previous work
[30]. Differently to this report, CNTs were added to a polyvinyl alcohol solution instead of a
Brij76 solution to obtain 1 wt% CNT solution with a weight ratio PVOH/CNT of 1.5/1.

Relatively harsh mixing conditions applying a horn sonicator for 30 min at a constant output
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power of 140 W were needed in order to sufficiently homogenize the dispersions. At the
concentration of 1 wt% CNTs the dispersion becomes already rather viscous but it is still
possible to prepare homogeneous films with sufficient thickness. The PVOH/CNT =1.5/1
weight ratio was proven before for MWCNTs to result in good dispersion [26] and for
comparability the same ratio was used in case of SWCNT.

To prepare the cellulose based films with CNTs, an NaOH/urea/CNT aqueous system
was prepared by mixing 7 g NaOH, 12 g urea, 77 g distilled water, and 4 g of the 1 wt% CNT
aqueous dispersion. The resultant mixture was pre-cooled to —12.0 °C after stirring for 30
minutes. The desired amount of cellulose was added immediately into the mixture with
vigorous stirring for 5 min to obtain the cellulose/CNT dispersion. After degasification, the
resulting dispersion was cast on a glass plate to give a gel sheet with a thickness of ~400 um,
which was immersed into a coagulation bath of 5 wt% H,SO, for 5 min at room temperature
to coagulate and regenerate.

The resultant cellulose/CNT composite hydrogels were washed with excess deionized
water to remove residual chemical reagents. Finally, hydrogels were frozen by applying the
flash freezing method, in which the hydrogels were immersed in liquid nitrogen (=196 °C) for
about 1 min. Lyophilization of the frozen mixture was carried out at =52 °C under vacuum for
48 h to obtain the aerogel. In this way aerogels with 2, 3, 5, 8, and 10 wt% CNT loadings with
thicknesses between 0.1 mm and 0.7 mm were fabricated. Corresponding films with the same
composition were prepared by the same method but without the freeze drying step. Instead,
after regeneration and washing, the wet films were air-dried at ambient temperature for 1 day.

The film thicknesses varied between 40 and 100 pm.

2.3. Characterization of morphology and microstructure
Cryofractures of films and aerogel samples were prepared in liquid nitrogen and the cross-

sectioned samples were investigated using a NEON 40 (Carl Zeiss AG, Oberkochen,



Germany) scanning electron microscope (SEM) after coating with a ~3 nm thick platinum
layer. A secondary electron detector (SE2) was used for imaging to characterize the surface
morphology and an operating voltage of 3 kV with a working distance of 6 mm were used.
The density of films and aerogels was determined by different ways. The bulk density of the
films was calculated theoretically based on the densities of the components (pg meo, cellulose
1.50 g/cm?, MWCNT 1.75 g/cm3, SWCNT 2.10 g/cm?) and experimentally using the
buoyancy method (pr puoyancy) in toluene. The density of aerogels was determined using the
buoyancy method in toluene (P puoyancy) O calculated according to geometrical conditions and
weight (pa geo). The porosity was calculated from the measured geometrical density of the
aerogels (pa gco) and the theoretical density of the films (pr theo) by the formula:

P:a=100% * (1-(Pa,geo/PFtheo))
The given values of the buoyancy method are the mean of 3 measurements. Pieces of the
samples of app. 5-25 mg were weighted before and after immersion in toluene at 23°C with
an accuracy of +/- 0.1 mg using the Sartorius kit YDKO03 and Sartorius AC210S scales by
applying the instrument’s density software. Toluene was selected as it wets cellulose quite
good and does not swell it significantly [25].
The specific surface area (Sa,ger) 0of the composites was determined by the nitrogen
adsorption method as mentioned in our previous work [26] at 77 K using a Quantachrome
Quadrasorb apparatus up to a pressure of 1 bar, and the surface area calculations according to
the Brunauer—Emmett—Teller (BET) theory were performed with the Quantachrome software
ASiQwin 2.01 in the relative pressure range of 0.08—0.25. Prior to the adsorption

measurements samples were dried at 150 °C for 16 h under vacuum.

2.4. Characterization of physical properties



The electrical conductivity of the composite films and aerogels was measured at room
temperature by a two-probe method. Conductive silver paste was painted on the two ends of
the surface of the samples to ensure good contact with two electrodes of the instrument which
is connected with a Keithley Model 2001 Multimeter (Keithley Instruments Inc., Cleveland,
USA). Samples were of 4-5 mm in width, 15-20 mm in length and 0.05 to 0.3 mm in
thickness. The mean values of at least five measurements for every film and aerogel sample
were used.

The Seebeck coefficient was measured with a self-made set-up developed at the Leibniz
Institute of Polymer Research Dresden (IPF). Samples of above mentioned size were mounted
on two copper blocks and fastened with mounting clamps to ensure good contact. For all
measurements, one block was kept at a constant temperature (T¢) (~ 40 °C), while the other
one was heated up in a controlled manner in steps of 2 K from 35 °C up to 45 °C (Ty). The
distance between the two blocks was set to 12 mm. The generated electric potential (or
thermoelectric voltage (AV)) was measured by a Keithley Model 2001 Multimeter (Keithley
Instruments Inc., Cleveland, USA). The temperature of the two blocks was continuously
measured with K-type thermocouples to determine the temperature gradient, AT. The Seebeck
coefficient was derived from the slope of AV vs. AT curves by linear fitting. Fig. 1a presents
schematically the experimental set-up used for the Seebeck coefficient measurement, while

Fig. 1b is a photograph of the apparatus.
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Figure 1. (a) The schematic and (b) photograph of the experimental set-up for thermoelectric

measurements

The thermal conductivity of samples was measured using the Netzsch LFA 447 Nano Flash
(Netzsch-Gerdtebau GmbH, Selb, Germany) based on the laser flash principle. In this method,
the density, specific heat, and thermal diffusivity are used to calculate the thermal
conductivity of the samples in relation to the standard values of pyroceram. For the aerogels
the density pa geo Was used for calculation, whereas for the cellulose films the density
measured using the buoyancy method (pr puoyancy) Was applied. The thermal diffusivity of each
sample is measured and the specific heat is calculated by the instrument’s software. The
sample dimension was 13 mm x 13 mm with thickness between 0.04 and 0.1 mm for films

and between 0.1 and 0.7 mm for aerogels.

3. Results and discussion

3.1. Structure and morphology of cellulose/CNT nanocomposite films and aerogels

By regeneration and drying, well dispersed CNT-cellulose composite films could be obtained.
Freeze drying resulted in a homogeneous open-porous aerogel [25]. With the buoyancy
method aerogel densities between 1.24 and 1.49 g/cm?® were measured which are only slightly

lower than the theoretical densities and those of the films (Table 1). This proves that the



aerogels form open porous structures and nearly all pores can be filled with the solvent
toluene. Furthermore, almost no isolated CNTs were found in the coagulation bath and
washing water during the preparation process, indicating that the CNTs were almost
completely incorporated in the cellulose matrix. This good dispersion can be attributed to the
comparatively high energy employed during sonication. Fig. 2 shows photographs of
cellulose/SWCNT nanocomposite films and aerogels. Fig. 2a illustrates that the film is soft
and flexible and Fig. 2b that lyophilization does not hamper the flexibility of the composite.
The solid film is very smooth while the aerogel surface appears to be rough due to the open

cell structure of the aerogel, which scatters light on the surface.

a b

1cm

Figure 2. Photographs of flexible cellulose/SWCNT nanocomposites (5 wt% SWCNT): (a)

solid film; (b) aerogel.

Fig. 3 shows the SEM images of fractured cross-sections of cellulose/CNT composite films
and aerogels. Fig. 3a shows that the film has a layered morphology with the layers oriented in
longitudinal direction which appears as a consequence of the shaping process during casting.
The density determined by the buoyancy method is very near to the calculated one indicating

that the films are dense containing only minor air inclusions (Table 1).
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In the aerogels, the SWCNTs are well dispersed in the cellulose matrix, similar to the
MWCNT dispersion in the cellulose aerogels in our previous work [26]. The aerogels exhibit
a homogenous fine fibrillar and highly porous network morphology. The aerogels have a bulk
density (determined from geometry and weight) of 0.16-0.17 g/cm? (Table 1) which is about
40 times less than that of conventional thermoelectric material like tellurium (6.24 g/cm?) [31].
Using the theoretical density value of the bulk cellulose-CNT composites, the porosity of the
aerogels is in the range of 88 — 90 %. The porous properties of the resulting cellulose-CNT
composite aerogels are confirmed by nitrogen adsorption-desorption tests. Fig. 4 shows the
typical nitrogen adsorption isotherm of cellulose/CNT nanocomposite aerogels with 5 wt%
loading of CNTs. The specific surface areas of the resulting aerogels were determined from
BET theory to vary from 176 to 202 m?/g (Table 1). As the CNT loading increases, porosity

and surface area decrease slightly.

Figure 3. SEM images of fractured cross-sections of the cellulose/5 wt% SWCNT

nanocomposite: (a) and (c) solid film; (b) and (d) aerogel.
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As the hydrogel becomes frozen, the water in it expands as it transforms into ice. During this

process the whole composite also enlarges and becomes frozen in this dimension. Slowly the

ice sublimates at low pressure leaving a porous structure. In this process, the CNTs counteract

against the expansion of ice. Therefore, at a higher CNT loading less expansion results in

slightly lower porosity and surface area. The porous structure gives these cellulose/CNT

materials low thermal conductivities, which will be discussed later.

Table 1. Density data of films and aerogels: Theoretical (pg e, ) film density and density

determined by buoyancy method (P, buoyancy); aerogel densities determined by buoyancy

method (P4 puoyancy) and calculated from geometry (pa geo); aerogel porosity (P, »), and

surface area (Sa,geT)

Type of CNT CNT PF,theo PF, buoyancy | PA,buoyancy PA,geo Pra S AsBET
(Wt%) (g/em?) (g/em?) | (g/em?) (g/cm?) (%) (m?/g)
0 1.500 1.51 1.49 0.15 90 n.d.

MWCNT 3 1.508 1.51 1.36 0.15 90 198.3
MWCNT 5 1.513 1.41 1.28 0.16 90 193.5
MWCNT 8 1.520 1.46 1.33 0.17 89 185.6
MWCNT 10 1.525 1.51 n.d. 0.18 88 176.9
SWCNT 3 1.518 1.50 1.42 0.15 90 201.5
SWCNT 5 1.530 1.49 1.24 0.15 90 193.7
SWCNT 8 1.548 1.43 n. d. 0.15 89 188.5
SWCNT 10 1.560 1.48 n. d. 0.18 89 180.4

n.d. = not determined

3.2. Thermoelectric properties of the cellulose/CNT nanocomposite films and aerogels.

12




Fig. 5a shows the electrical conductivity of the cellulose-CNT composites as function of the
CNT content. As expected, the electrical volume conductivity increases with the CNT loading.
Comparing SWCNT and MWCNT based composites, the former have higher electrical
conductivity than the latter at all compositions. For both systems, the percolation threshold is
below 2 wt% CNT and is already achieved at the lowest concentration investigated (2 wt% for
films and 3 wt% for aerogels). At 10 wt% loading, the conductivity reached 5.0 S/cm for
SWCNT based composite films and 0.9 S/cm for MWCNT based ones. These values are
slightly higher than those observed for other polymer matrices using the same kind of
SWCNT. For melt mixed polypropylene composites a conductivity of 0.5 S/cm was
previously measured at 6 wt% loading [10], which compares to about 0.4 S/cm at 5 wt%
SWCNT loading achieved in the cellulose/SWCNT composite films. Otherwise, for
fluorinated rubber/50 wt% SWCNT composites 2 orders of magnitude higher conductivity
values than in this paper were reported [12]. The conductivity values of the cellulose films
with MWCNTs are in the same range like for melt mixed PC/MWCNT composites (Table 3)
[8], when comparing the values of 2 and 4 wt% in cellulose with those at 2.5 wt% loading in

PC.
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Figure 4. Typical nitrogen adsorption (®) and desorption (©) isotherms of cellulose/CNT
composite aerogels (5 wt%, MWCNT and SWCNT). The data of MWCNTs are shifted by

100 cm? g! along the vertical axis to avoid overlapping.

Lyophilization resulted generally in a slight decrease in the electrical conductivity when
comparing the composite films with the aerogels, as shown in Fig. 5b. Because the cellulose
matrix is insulating, the CNTs are the only electrically conducting component of the
composites. It was expected that the segregated CNT network structure in the cell walls of the
aerogels could lead to higher electrical conductivity at the same wt% loading what was not
found experimentally.

The Seebeck coefficients of all investigated cellulose/CNT composites are positive, that
means they exhibit p-type behavior. In fact, SWCNTs are reported to be n-type when having
no impurities and semiconducting tubes exhibit a larger magnitude of S than metallic ones
[32]. In contact with air the physisorption of oxygen leads to doping with p-type carriers

resulting in an alteration of their Fermi level so that buckypapers and SWCNTSs stored under
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ambient conditions as well as MWCNTSs show typically p-type behavior It is worth to

mention that also some polymers, i.e. polyethylene imine, polyvinyl pyrrolidone, polyvinyl

pyridine [33], and polyethylene glycol [34], have been found to push the Fermi level from the

conduction band to the valence band making SWCNTs n-type. Other polymers like

polystyrene, poly(methyl methacrylate), poly(vinylidene fluoride), poly(vinyl acetate), etc.

only slightly affect the Fermi level, which is evident from the only slight variation in the

Seebeck coefficient of those composites with SWCNTs [4].
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As Fig. 5 illustrates, the SWCNT based composites have higher Seebeck coefficients than
those with MWCNTs. The applied SWCNT material inherently shows a Seebeck coefficient
of 60 uV/K, while the MWCNT material has a Seebeck coefficient of 13 nV/K. These values
were measured after filtering the corresponding CNT dispersions in ethanol using a
polyamide 6 membrane, by such forming a buckypaper. In MWCNT based composites the S
values are with about 11 pV/K near the value of the buckypaper and rather independent of the
nanotube loading. The values are also in the range reported for melt-mixed composites based
on polycarbonate (Table 3) [8]. In the composite films with SWCNTs, S increases from 38.6
pV/K at 2 wt% loading to 47.2 pV/K at 10 wt% loading. SWCNTs contain both metallic and
semiconducting CNTs. Semiconducting tubes are responsible for the high Seebeck coefficient
of SWCNTs, whereas MWCNTs having shells of different chirality show predominantly
metallic behavior. The as-received SWCNT material is in the form of aligned bundles of
nanotubes which are closely packed in ribbon like structures [35]. This bundle-like structure
of SWCNTs remains partially also in the composites as seen in Figs. 3¢ and 3d.

The lyophilization step resulting in the aerogels did not affect the Seebeck coefficient for
MWCNT based composites. Also, the Seebeck coefficient is nearly independent of the CNT
content with S values of 13 uV/K (at 3 wt% loading) and 11 uV/K (at 10 wt% loading). In
contrast, in SWCNT based aerogels, the Seebeck coefficient decreases with CNT loading. At
3 wt% loading, the lowest concentration at which the Seebeck coefficient could be measured,
the S value of the aerogel is with 49 nV/K about 10 pV/K higher than in the film. Even at 5
wt% loading the aerogel shows higher values than the composite film. At higher SWCNT
loadings the values of the aerogels are significantly lower than those of the composite films.
This unexpected behavior can be attributed to the long process of freeze-drying which
involves holding the sample at vacuum (1076 torr). This process of low pressure may remove
oxygen impurities from the SWCNTs, thereby de-doping them and pushing them towards n-

type behavior, as explained above [36]. In our case the Seebeck coefficient does not reach
16



negative values but it is shifted to lower positive values. There could be two reasons for this
behavior: one is that after the process of vacuum treatment some of the oxygen impurities
present in air would have again doped the SWCNTs, the other one is that the de-doping is
incomplete: CNTs that were in contact with vacuum would have undergone de-doping and
those completely covered by cellulose would have evaded de-doping, resulting in a mixture of
doped and de-doped SWCNTs, which causes in in summary a lower positive Seebeck
coefficient. At 3 wt% and 5 wt% loading the SWCNTs are expected to be well encapsulated
by cellulose molecules and at 8 wt% and 10 wt% loading some fraction of SWCNTs located
at the interface between the cellulose and the pores may not be encapsulated so that they are
directly exposed to the vacuum condition. Hence, at higher loading a higher amount of de-
doped SWCNTs is expected leading to a lower positive Seebeck coefficient. The study of the
influence of different treatments on the doping/de-doping and the resulting thermoelectric
character of the SWCNTSs in composites remains a topic of future research.

A striking difference between cellulose based films and aerogels is observed when plotting
electrical conductivity and Seebeck coefficient as a function of CNT volume content (Fig. 6).
Due to the porous aerogel structure, the CNTs are found to be percolated in the aerogel
composites at significant lower volume concentration when compared with the corresponding
film composites. The desired electrical conductivity or Seebeck coefficient is achieved at a
much lower CNT volume fraction after the lyophilization.

The lyophilization generates a porous structure in the composites. With increasing CNT
content, the effective surface area of the composites decreases slightly (see Table 1). The
thermal conductivity of the pure cellulose film is 0.06 W/(m-'K) which is in agreement with
the value given in [20]. In case of films, as shown in Table 2, after the addition of CNTs a
slight increase in thermal conductivity was observed; the values vary between 0.07 and 0.11
W/(m-K). At loading of 8 and 10 wt% CNTs, some of the samples were fragile and collapsed

during the operating conditions of thermal conductivity measurements so that no values could
17



be obtained. Despite the high value of thermal conductivity reported for CNTs to be higher
than 2000 W/(m-K) [37], the thermal conductivity of the cellulose composite films did only
increase slightly as compared to pure cellulose. This behavior is likely a result of good filler
dispersion, creating a huge amount of CNT/polymer interphase, which increases the phonon
scattering and decreases phonon transport trough the composites, resulting in low thermal
conductivity. At the same time, the polymer interphase layers are thin enough to allow
tunneling and hopping of electrons for high electrical conductivity. The observed thermal
conductivity was lower than that of other nanocomposites, namely PP/2 wt% SWCNT/5 wt%
CuO [10] and PC/2.5 wt% MWCNT [8] (Table 3).

As expected, the aerogels show lower thermal conductivity than the corresponding films. The
values vary between 0.01 and 0.09 W/(m-K) and increase with the nanotube loading. Due to
desired reduced thermal conductivity but at the same time unwanted reduced electrical

conductivity, the power factor and ZT values are lower for the aerogels than for films.

Table 2. Thermal conductivity, Power factor (PF), and Figure of Merit (ZT) of

cellulose/CNT nanocomposite films and aerogels.

Type of CNTs in  Mass content Thermal Power factor ZT

the cellulose conductivity PF

composite wt(%) (W/(mK)) (LW/(m'K?))

MWCNT 3 0.11 6.0 x 104 1.57 x 10

MWCNT 5 0.08 1.5x 1073 6.02 x 10

MWCNT 8 --- 5.0x 1073 ---

MWCNT 10 --- 1.0 x 102 ---

SWCNT 3 0.09 1.0 x 102 3.82x 107

SWCNT 5 0.07 7.0 x 102 3.15x 10+
é SWCNT 8 0.11 2.6x 107! 7.40 x 10
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SWCNT 10 1.10
MWCNT 3 0.02 44x100  881x10%
MWCNT 5 0.03 42x105  4.66x 107
MWCNT 8 22x 104 -
MWCNT 10 50x10% -
SWCNT 3 0.01 47x10%  1.11x10%
SWCNT 5 0.04 29x10%  2.10x10%

= SWCNT 8 55x10% -

§ SWCNT 10 0.09 1.9x102  640x10°

Table 3. Overview of maximum values of electrical and thermoelectric properties of

Material Electrical Seebeck Power factor ZT
conductivity coefficient  (uWW/(m-K?))
(S/cm) (LV/K)
PVACc/20 wt% SWCNT [9] 48.00 40.0 7.70%* 6x 102
PP/2 wt% SWCNT/5 wt% 0.17 36.8 1.5x 105"
CuO [10]
PP/2 wt% SWCNT/5 wt% 0.24 -56.6 3.9x 10"
CuO/10 wt% PEG [10]
PP/4 wt% SWCNT [10] 0.53 35.1 3.8x 105"
PC/2.5 wt% MWCNT [8] 0.07 7.5 3.90x 10* 4.1x107
PC/2.5 wt% MWCNT-OH [8] 0.07 8.5 5.30x 10* 4.7x107
PMMA/SWCNT [4] 12.50 40.0 0.02" -—
PVA/SWCNT [4] 7.50 45.0 0.015* -—
Cellulose/8 wt% SWCNT film 1.25 45.6 0.26 7.4x 104

(this work)

composites consisting of insulating polymer and CNTs.
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Cellulose/10 wt% SWCNT 5.00 472 1.10
film (this work)

Cellulose/10 wt% SWCNT 0.22 293 0.019 6.4 x 107
aerogel (this work)

*calculated taking the values given in the reference

Table 3 summarizes thermoelectric properties of various nanocomposites based on insulating
polymer matrices with different CNTs as reported in literature and compares them with data
of this work. In some cases, within one measurement series the maximum Seebeck coefficient
was found at a different CNT loading than the maximal power factor or the maximum ZT;
here maximum power factors are referred. In this comparison, the values of thermoelectric
properties for the here reported cellulose/SWCNT composite films and aerogels are higher
than most of the composites. The highest power factor measured in this work was 1.1
pW/(m-K?) for the film with 10 wt% SWCNT, the highest ZT value 7.4 x 10 for the film
with 8 wt% SWCNT. These values are only outperformed by poly(vinyl acetate) (PVAc)
composites with a segregated structure containing 20 wt% SWCNTs [9]. As mentioned before,
thermal conductivity could not be measured for all films and aerogels, so that not all ZT could

be calculated.

4. Conclusion

Films and aerogels based on cellulose/SWCNT and cellulose/ MWCNT (2-10 wt%) were
successfully fabricated and their thermoelectric properties were measured. The
cellulose/SWCNT nanocomposite (film or aerogel) showed higher power factor and ZT
(about 2 orders of magnitude higher) than cellulose/MWCNT composites. The maximum
power factor achieved was 1.1 uW/(m-K?) for films based on SWCNTS at a concentration of
10 wt%, which showed a Seebeck coefficient of 47.2 nV/K. Lyophilization resulted in the

formation of stable aerogels with pores in sub-micron size, however there was no
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considerable change in thermal conductivity compared to that of the films. The electrical
conductivity decreased slightly. For MWCNT based composites, Seebeck coefficients were
nearly unaffected by the lyophilization. The highest Seebeck coefficient of this study (49
uV/K) was shown by an aerogel with 3 wt% SWCNT. With increasing SWCNT content
Seebeck values reduced which is assigned to the assumption that the vacuum process involved
in lyophilization induces de-doping of SWCNTs. In summary, cellulose/SWCNT composite
films have relatively high power factors when compared with other composites of insulating
polymers with CNTs. Thus, together with their flexibility and low price, they are promising

materials for thermoelectrical applications.
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