Materials Research Express

PAPER « OPEN ACCESS

Developing printable thermoelectric materials based on graphene
nanoplatelet/ethyl cellulose nanocomposites

To cite this article: Saeed Mardi et al 2020 Mater. Res. Express 7 085101

View the article online for updates and enhancements.

This content was downloaded from IP address 37.162.122.157 on 17/08/2020 at 22:57


https://doi.org/10.1088/2053-1591/ababc0
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssNXGKZ0okDFap7gqkjAZ9bPuDTAtop9zgT2RFAYozMd0qCXpCt3joLgcyo3xE4R4-ZD0QEjy-vscSu88kRbfzs9LYRPyC8iHl774bogkj3qNTyyTd3IOXzFOuq45v5rmuCYO7nBm3L73FnrFOCyYHvpeOsqRqVL-3632FvFfLGSXRqGsqVK7eTIc9ikJPC1y1XFHtf4Sa8YRSD6ha4JDVPw87u12f2YAs8FhP7Ak0Z7aQbf4Rc&sig=Cg0ArKJSzN_8GaxcFxL0&adurl=http://iopscience.org/books

10P Publishing

® CrossMark

OPENACCESS

RECEIVED
10July 2020

REVISED
29 July 2020

ACCEPTED FOR PUBLICATION
3 August 2020

PUBLISHED
12 August 2020

Original content from this
work may be used under
the terms of the Creative
Commons Attribution 4.0
licence.

Any further distribution of
this work must maintain
attribution to the
author(s) and the title of
the work, journal citation
and DOL

Mater. Res. Express7 (2020) 085101 https://doi.org/10.1088,/2053-1591 /ababc0

Materials Research Express

PAPER

Developing printable thermoelectric materials based on graphene
nanoplatelet/ethyl cellulose nanocomposites

Saeed Mardi® , Marco Risi Ambrogioni and Andrea Reale

Department of Electronic Engineering, CHOSE—Centre for Hybrid and Organic Solar Energy, University of Rome Tor Vergata, via del
Politecnico 1,00133 Rome, Italy

E-mail: reale@uniroma2.it

Keywords: printable thermoelectric materials, Ethyl Cellulose, thick film, pellet

Abstract

Thermoelectric (TE) materials have drawn a lot of attention as a promising technology to harvest
waste heat and convert it into electrical energy. However, the toxicity and expense of inorganic TE
materials along with high-temperature fabrication processes have limited their application.
Additionally, the reduction of raw material resources, such as metals and petroleum is another
limiting factor. Hence, developing low-cost, stable, and easily-created TE materials from renewable
resources is attracting more and more interest for a wide range of applications including the internet
of things and self-powered sensors. Herein, an efficacious processing strategy to fabricate printable TE
materials has been developed with Ethyl cellulose (EC), a non-conducting polymer, as the polymer
matrix and with Graphene nanoplatelets (GNPs) as fillers. EC, one of the cellulose’s derivatives, has
been widely used as a binder in the printing pastes. The conductive pastes with different filler contents
have been fabricated. The weight ratio of GNPs and EC were ranged from 0.2 to 0.7. These conductive
pastes have been deposited by blade coating on glass substrates. The electrical conductivity of the
composites has increased polynomially as the filler content increased, whereas the Seebeck coefficient
did not change significantly with the increased electrical conductivity. The highest electrical
conductivity at room temperature (355.4 Sm™ ') was obtained for the ratio of 0.7. This ratio also had
the maximum power factor value. Moreover, a 3D structure form (cylindrical pellet) from the highest
conductive paste was also fabricated. The proposed technique demonstrates an industrially feasible
approach to fabricate different geometries and structures for organic TE modules. So, this approach
could provide a good reference for the production of high efficiency, low-temperature, lightweight,
low-cost, TE materials.

1. Introduction

In recent decades, thermoelectric (TE) materials have been found to be promising candidates for renewable and
green energy applications [1]. These materials are heat engines which convert a temperature difference directly
into electrical energy, without requiring any moving parts. This effect can be used to obtain energy from the
waste-heat in different sources such as factories and automobiles [2]. Conversely, the TE devices can also convert
electrical energy into thermal energy for cooling or heating through the Peltier effect [3]. However, the low
efficiency of current TE devices has limited its commercial applications. Therefore, the development of high-
performance TE materials becomes a necessary approach for waste-heat recovery. The performance of TE
materials are usually evaluated by a dimensionless figure of merit ZT,

S

ZT = —T 1
P ey

where ¢ is the electrical conductivity (Scm '), Sis the Seebeck coefficient (VK '), T is the absolute temperature
(K) and kis the thermal conductivity (Wm ™ 'K ™). The power factor (¢S%) is proportional to the output power of
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the TE device. Therefore, the ZT value can be enhanced by increasing the power factor, and/or decreasing the
thermal conductivity of the materials.

The most commonly used TE materials are based on inorganic materials, such as Bi, Te; (at near room
temperature) [4], PbTe (at medium temperature) [5], and SiGe (at high temperature) [6]. They have high ZT
values, however, they suffer from some drawbacks like paucity, toxicity, expensiveness, and complexities in
processing [7]. The organic materials have numerous applications in a variety of domains, including transistors,
supercapacitors, biosensors, actuators, and optoelectronic devices. Recently, they have attracted widespread
research attention for TE applications. Even though they can easily decompose at high temperatures, it should be
emphasized that most waste-heat energies are at temperatures below 150 °C [2]. These materials are considered
to be promising candidates for a new generation of near-room-temperature TE materials, due to unique
advantages such as light weight, low thermal conductivity, chemical stability, high flexibility, and easy
preparation. Furthermore, the organic materials are usually soluble in a variety of organic solvents, which make
them suitable for roll to roll mass production [8].

Unlike inorganic materials, the thermal conductivity of most organic materials is nearly independent of
electrical conductivity and it is in the range of 0.1-0.5 Wm 'K~ '. This behavior is because of the stronger
charge-lattice coupling which leads to poor phonon transport [9]. Furthermore, the phononic contribution to
thermal conduction is marginally large compared with the electron part, due to the high electrical resistivity of
most polymers [9, 10]. Therefore, thermal conductivity in polymers does not significantly change with the
electrical conductivity. So, the power factor would be a good approximation to evaluate the TE performance of
organic materials. Up until now, most research has been focused on conducting polymers, including P3HT [11],
PEDOT [10] and PANI [12]. However, in comparison with non-conducting polymers, they have some
drawbacks such as relatively high cost, poor processability, and low stability, which have hindered their
widespread application [13].

Another drawback, in addition to the aforementioned, is that when increasing the thickness of the
conducting polymer, aggregates and amorphous regions begin to form that might negatively affect the electrical
properties. This is particularly troublesome given that, from a practical standpoint, in order to achieve higher
levels of output power, the TE module must be thicker or bulkier. Even though there are some reports of thick
film conducting polymers being used for TE applications, it is still challenging to develop a thick or bulky high-
performance TE organic material [14, 15]. In contrast, the non-conducting polymers are usually more stable,
easily processable, economical, and thermally insulating. However, due to their low electrical conductivity, they
are not suitable for TE applications. The enhancement of electrical conductivity of non-conducting polymers by
the addition of fillers has been widely documented. The incorporation of fillers into insulator materials forms a
connecting path within the polymer matrices which facilitates electron transfer and promotes electrical
conductivity [16]. In addition, it is possible to develop 2D and 3D conductive matrix consisting of suitable fillers
for the TE applications. Unlike the electrical conductivity, the thermal conductivity of the composites usually
remains nearly constant relative to the polymer without fillers. It is due to the interfacial thermal resistance
[16—18]. The correlation between the thermal conductivity and the filler content has been widely discussed
either theoretically or experimentally. They have confirmed that unlike electrical conductivity, thermal
conductivity does not significantly change with filler contents [16, 19-21]. These properties show the potential
of filler/insulator polymers as TE materials. However, there are only a few studies on using non-conducting
polymers as TE materials, like PDMS/carbon nanotube nanocomposites [22] PVDF/MWCNT nanocomposites
[19] and Cellulose-carbon nanotube composite [23].

Cellulose, the most abundant natural polymer, is mainly used to produce paperboard and paper. Cellulose
resources are readily sustainable, accessible, and renewable. It is low cost, low density, stable, available,
biocompatible, and safe. Its properties can be matched with a variety of applications and for the creation of new
materials. Cellulose and its derivatives are used widely in the fiber, food packaging, plastic, pharmaceutical,
textile, membrane, and cosmetic industries [24, 25]. Ethyl cellulose (EC) is a linear polysaccharide, which has
been derived from cellulose. It has a similar structure with cellulose in which some of the cellulose’s hydroxyl
groups are substituted with ethyl groups [26]. It is soluble in a variety of organic solvents like ethanol, methanol,
toluene, chloroform, and ethyl acetate, which make it suitable for various desired applications. EC is a suitable
binder for preparing the printing pastes of different materials like Titania, Silica, and carbon [27, 28]. Thus, EC
could be used as a matrix material for conductor-insulator composites, which makes it applicable for printable
TE materials. Additionally, it has low thermal conductivity (0.2 Wm™ lel) [29]. However, to the best of our
knowledge, there are no reports about the TE applications of EC.

Graphene, which represents 2D carbon material, has attracted great research interest in the past decade due
to its extraordinary properties, including high electrical conductivity, transparency, chemical, and thermal
stability, large specific surface area (2630 m” g~ ), high electron mobility at room temperatures, and excellent
mechanical stability [30-32].
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In particular, the nanocomposite materials made of graphene with polymers represent a new class of
multifunctional materials having a combination of unique properties of each component enhanced with a
synergistic effect [33]. Among them, the combination of graphene with a non-conducting polymer for the
formation of conductive polymer composites has been widely investigated for numerous applications in many
technological fields such as supercapacitors [34], sensors [35], piezoelectric devices [36, 37], anti-corrosive
coatings [38], and electromagnetic interference shielding [39]. As a TE material, pure graphene has a low
Seebeck coefficient, however, the polymer composites with Graphene fillers have demonstrated high
thermoelectric performance in numerous studies [40, 41].

Here, graphene nanoplatelets (GNPs) were used as fillers to enhance the electrical conductivity of EC. GNPs
are an ideal candidate for conductive composites due to their excellent electrical properties, high specific surface
areas, and high thermal and chemical stability. GNPs pastes were prepared by using GNPs as fillersand ECas a
binder. Then the films were deposited on a glass slide via a blade coating machine. In order to optimize the TE
properties, several pastes with different GNPs content were prepared. The weight ratio of GNPs and EC
(Wgnps/Wec) ranging from 0.2 to 0.7, were investigated. The electrical conductivity has increased as the
amount of filler content has increased. The trend of electrical conductivity as a function of Wgnps/WEec
represents percolation behavior. However, the Seebeck coefficients of all of the samples were in the range of 15 to
20 uVK . The maximum TE power factor (~254.0 n\Wm ™' K~ %) was obtained for the ratio of 0.7 ata
temperature of 332 K. The pellet was also fabricated from the highest conductive paste, which resulted in the
output power of 16.1 nW and 40.3 nW, at a temperature difference of 20 K and 30 K, respectively. Finally, these
results show the applicability of EC for making conductive pellets and thick films for TE applications.
Additionally, this study emphasizes the use of EC as a green, renewable, and sustainable emerging material in
energy applications.

2. Materials and methods

2.1. Materials
Graphene nanoplatelets (GNPs), Ethyl cellulose (EC, 48.0%—49.5% (w/w) ethoxyl basis), de-ionized water,
acetic acid, terpineol, ethanol were all purchased and used as received by Sigma Aldrich.

2.2. Preparation of GNPs/EC nanocomposites

GNPs pastes were prepared as follows: 1 gr of GNP powder was dispersed in a mixture of 30 ml of ethanol, 1 ml
of aceticacid, and 5 ml of deionized water. Then 27 gr of terpineol was added to the mixture, followed by stirring
for one hour. A 10 wt% solution of EC in ethanol was prepared separately and added to the prepared dispersion.
Finally, the two prepared solutions were completely mixed by using an ultrasonicator for 30 min and then
heated at 60 °C to remove the residual solvents. In the next step, in order to reduce the agglomeration of GNPs
and enhance the homogeneity of the mixture, we ground it at 500 rpm for two hours with Pulverisette 7
planetary ball mills (Fritsch, Idar-Oberstein, Germany). The same procedure was repeated with higher amounts
of GNPs in order to make pastes with higher GNPs contents. Six pastes with Wnps/ Wgc 0£0.2,0.3,0.4, 0.5, 0.6
and 0.7 were prepared. The films were deposited by blade coating on glass substrates. Then, they were annealed
at 120 °C for 45 min which was followed by pressing them at a pressure of 2 Bar for one minute. The silver ink
electrodes were deposited on the surface using a shadow mask. The length, width, and distance between the
electrodes were 16 mm, 1 mm, and 6 mm, respectively. The thickness of all samples was measured with a
profilometer (DektakVeeco 150) in different spots, and then the average value was reported as the thickness. The
thicknesses of different samples were in the range of 8 to 12 yum. To prepare the pellets, the similar pastes
gradually dropped into the stainless-steel pellet maker at 120 °C to form the pellets. The prepared pellets were
annealed again to evaporate all the solvents. Then, the pellets were pressed at room temperature for a period of

1 min with a hydraulic press at a pressure of 5 tons. The height and cross-sectional area of the final device were
1.0 mm, and 0.78 cm?, respectively.

2.3. Samples characterization

The TE properties were measured using a home-made setup in which two Peltier cells were used to generate the
thermal gradient along the device. The thermal probes (Pt100 thermistors) were used to monitor the
temperature on the sample. A thermally conductive paste was used to facilitate heat exchange between the Peltier
cells and the sample. A Keithley 2420 source meter was used to measure current-voltage (I-V) and open-circuit
voltage (Vo) characteristics. The Seebeck coefficients were calculated through the normalizing the potential
difference of the device with the temperature difference (Voc/AT) when it was set to 5K.

3
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Scheme 1. Top: Schematic representation for the preparation of the GNP/EC pastes including the mixing of EC and GNPs solutions,
followed by the heating, and evaporating of the solvents to make it into a paste and then using planetary ball milling to mix it properly.
Middle: The processes for fabrication of a thick layer and a 3D form (pellet) from the paste. Bottom: the photograph of the final
samples (thick layer and 3D form (pellet)).

Tem

The electrical conductivity was calculated with the following equation (2),

I
T Rd: @
where R, 1, d, and tare the resistance, the distance between the two silver electrodes, the width of the silver
electrode, and the thickness of the sample, respectively. To obtain the temperature-dependent resistance, the I-V
measurements were performed at different temperatures and the resistance (R) was calculated from the inverse
slope of alinear fit of the I-V graph. Finally, the power output of the TE devices was extracted from I-V
measurements at different temperature differences.

The sample morphology was investigated with a field-emission scanning electron microscope (FE-SEM),
equipped with a Sigma 500 Gemini field emission gun operating at 10 kV. For the SEM characterizations, the
original films without any coating were used. The connection between the sample holder and the film was
accomplished by copper tape.

3. Results and discussion

Scheme 1 illustrates the schematic representation of the preparation process. As mentioned in the experimental
section, it includes three steps, first preparing the pastes, then grinding and blending in the planetary ball milling
machine, and finally the deposition of pastes as layers or dropping it to form pellets. The images of the final
fabricated samples in both layer and pellet form are shown at the bottom of Scheme 1. Figure 1 compares the low
and high-resolution scanning electron microscopy (SEM) images of the EC/GNP layers at different values of
Winps/ WEec. According to the SEM images, the distribution of the GNPs is uniform and homogenous in the
samples. The morphologies do not exhibit a clear trend when the ratio increased. In the samples with a low-filler
content (EC/GNP 0.2 and EC/GNP 0.3), the SEM images are blurry and only the GNPs’ edges are visible. This is
to be expected as the SEM creates an image using scattered electrons from the surface and the charges could not
scatter from the insulator regions. This leads to a reduction in SEM images quality at the EC/GNP 0.2 and EC/
GNP 0.3 samples, since they emit fewer scattered electrons from their surfaces. In other samples (EC/GNPs 0.4,
EC/GNPs 0.5, EC/GNPs 0.6, and EC/GNPs 0.7), which have the higher GNPs contents, the GNPs flakes are
more distinguishable.

These results highlight that at lower ratios (0.2 and 0.3) the fillers are not connected very well, then by
increasing the filler content, the network structure of the GNPs has begun to form. Further increasing the filler
content, the composite becomes denser and more connected. The dimension of the flakes is variable between a
few hundred nm to more than 20 30um. The GNPs flakes, as visible in figure 1, are smaller than the average size
according to the product specifications, which would have them at 25 micrometers. The difference between this
expected size and the current smaller size may be a result of bath sonication and/or grinding by the ball milling
machine since GNPs flakes could be broken apart during those processes.

The voltage-current characteristics at room temperature for the GNPs/EC composite samples with different
filler contents are shown in figure 2. For all of the samples, the relationship between voltage and current is linear,
which illustrates that the ohmic behavior of the nanocomposites within the applied potential window. The room
temperature electrical conductivity was calculated based on equation (2). The thicknesses of the samples were
reported in table 1. Usually, the electrical conductivity of conductor-insulator composites represents a critical
behavior if the filler content reaches the percolation threshold. This behavior typically follows a power-law

4
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Figure 1. Low- (a)—(f) and high-resolution (g)—(1) FE-SEM images of GNPs/EC composite films with different GNPs contents. GNP/
ECO0.2 (a)and (g); GNP/EC 0.3 (b) and (h); GNP/EC 0.4 (c) and (i); GNP/EC 0.5 (d) and (j); GNP/EC 0.6 (e) and (k) and GNP/EC 0.7
(fHand ().

relationship between filler content and electrical conductivity (equation (3)).
o= 0y(¢ — ) (3)

where o (S/m) is the electrical conductivity, o (S/m) is a constant value determined by a specific material’s
properties, ¢ (vol%) is the filler content, ¢, (vol%) shows the percolation threshold, and t is the exponent factor
which depends on the structure of the composite system. The volume fraction percentage (vol%) of fillers in the
different samples were calculated using the densities of EC and GNPs. The densities of EC and GNPs were
assumed to be 1.75 gcm > (according to the specification) and 2.2 g cm ™~ (a typical reported value for GNPs in
the literature like [42]), respectively. As shown in figure 3(a), the plot illustrates the electrical conductivities as a
function of vol% of GNPs. At the sample with the lowest filler content (9.4 vol.%), the electrical conductivity is
2.4Sm™ " and it improves by two orders of magnitude (355.4 Sm ") in the sample with the highest filler content
(26.6 vol%). As mentioned, the electrical conductivity of the composite has percolation behavior, followed by
equation (2). Considering the experimental data, equation (2) perfectly fits when o, ¢, and tare,

0.00889 + 0.00325,4.63697 + 0.49237,and 3.42917 £ 0.09137, respectively. The coefficient of determination

)
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Figure 2. The current voltage characteristic of GNPs/EC samples with different GNPs content.

Table 1. List of Thicknesses of Different Samples. The error values were calculated from the standard deviation of three repeated
measurements.

Sample GNPs/EC0.2 GNPs/EC0.3 GNPs/EC0.4 GNPs/EC0.5 GNPs/EC0.6 GNPs/EC0.7
Thicknesses (y4m) 8.6 £0.3 9.6 £0.5 10.1 + 0.4 12.1 £ 0.3 112 £ 0.4 9.5+ 0.5
a) 500 b) 1000
= Experimental data
T Fitted .
5 4004 curve :
- L
g 3004 100 4 e
5 o .
® 104
-g 1004 of
g .
w - L]
04 -
T T T T o T T T 1 v r T T
3 6 9 12 15 18 21 24 27 4 8 12 16 20 24
GNPs content (vol%) log (-4,

Below percolation threshold At percolation threshold Above percolation threshold

Figure 3. (a) the electrical conductivities of GNPs/EC nanocomposites (indicated by red squares) as a function of GNPs volume
percentage, the black solid line is the fit to the experimental data using the percolation model (equation (2)), (b) the log—log plot of &
versus ¢ — ¢, for all the nanocomposite samples. The data fit very well based on the power-law equation (c) the schematic illustration
of the percolation model for different filler contents. Error bars indicate the standard deviation of the three experimental replications.

(R?)is 0.99998 which indicates the data and model’s consistency. The plot of log(o) versus log(¢—ay) for the
electrical conductivity of all of the samples, as shown in the inset of figure 3(b), shows a linear behavior which
indicates the formation of a percolated network of GNPs in the EC matrix with the increase of GNP content. The
Schematic representation of the electrical percolation is illustrated in figure 3(c). It shows that, below the
percolation threshold, GNPs are separated from each other to form a conductive network, so electron transfers
fail to occur and the nanocomposite behaves like an insulator. At the percolation threshold, the electron
transport starts up, and adding more fillers leads to an increase in electrical conductivity. This schematic is
consistent with SEM characterization which shows that at the samples with a low-filler content, the connection
between GNPs flakes is poor. Figure 4(a) summarizes the electrical conductivity, Seebeck coefficient, and power

6
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Figure 4. (a) The TE properties of GNPs/EC nanocomposites as a function of GNPs content at room temperature. Green, red, and
blue symbols are electrical conductivity, Seebeck coefficient, and power factor. The temperature dependence of (b) electrical
conductivity, (c) Seebeck coefficient, and (d) power factor of GNPs/EC nanocomposites with different GNPs contents. Error bars
indicate the standard deviation of the three experimental replications.

factor at room temperature as a function of the filler content. There is not an apparent dependency between filler
content and the Seebeck coefficient. This is typical behavior in these kinds of composites [16, 23].

In the filler-insulator polymer, the effective Seebeck coefficient should be a function of fillers’ Seebeck. The
Seebeck coefficient of pure GNPs was reported less than 11 4V /K at room temperature [19, 43]. The Seebeck
coefficients of the nanocomposite films (typically between 15-20 1tV /K) are higher than the Seebeck coefficient
value of pure GNPs. This phenomenon could be explained by the arrangement of GNPs flakes within the
polymer matrix. In the composite films due to the polymer matrices and a large number of filler junctions, the
energy filtering effect could scatter the charge carriers with low energy[19, 40]. Hence, the contribution of low-
energy charge carriers in the thermovoltage decreases and the Seebeck coefficient would increase. Since the
Seebeck coefficient does not change with the filler content, the power factor is mainly dependent on electrical
conductivity. The power factor has a similar trend with the electrical conductivity, with a maximum value at the
ratio of 0.7. For further investigation of TE properties of composites, the electrical conductivity, Seebeck
coefficient, and power factor were measured at higher temperatures. As shown in figure 4(c), for all the samples,
the Seebeck coefficient increased along with the increase in temperature. On other hand, there are minor
decreases in electrical conductivity (figure 4(b)).

These trends for the Seebeck coefficient and electrical conductivity, when compared to temperature, are a
feature of metals. The positive Seebeck coefficient values for all composite samples indicate a p-type TE behavior
in which hole carriers play an important role in charge transport. The p-type nature of the nanocomposite could
be attributed to the absorption of water and oxygen molecules during exposure to the air [44]. Figure 4(d) shows
the temperature-dependent power factor of the different samples. The dependency of power factor and filler
content is similar to the electrical conductivity. The maximum TE power factor reaches to 254.0 n\Wm ™ 'K at
332 K for the sample with the highest filler loading. Given that the thermal conductivity does not significantly
change with filler loading [16, 19-21], the thermal conductivity of EC (0.2 Wm 'K [29])isa good
approximation for the thermal conductivity of the nanocomposite samples. Now, considering the maximum TE
power factor, the absolute temperature, and the thermal conductivity of EC, the order of magnitude of ZT can be
estimated for the sample with the highest electrical conductivity. According to equation (1), the ZT value is
0.00042. So, the order of magnitude of ZT should be 10~*. To investigate the power generation characteristics of
the GNPs/EC nanocomposites, the current-voltage measurements were conducted at a temperature difference
of 20 K. Then, the output power was obtained from the multiply of currents and voltages. Figures 5(a) and (b)
show the current-voltage and power-voltage characteristics of different composites at a temperature difference
of 20 K. The cold and hot sides were kept at temperatures of 292.15K and 312.15 K, respectively. From the
theoretical calculation for the maximum value of output power (P ,,,,) is

7
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Figure 5. (a) The current-voltage and (b) power-voltage characteristics of GNPs/EC nanocomposites film with different filler contents
at 20-degree temperature difference, (c) Temperature dependence of electrical conductivity, Seebeck coefficient, and power factors of
GNPs/EC pellets, (d) The current-voltage and power-voltage characteristics of GNPs/EC pellets at a temperature difference 0of 20.5 K
and 32.3K.

V2
Ppax = —= 4
max 4R1n ( )

where Ry, and V¢ are the internal resistance and the open-circuit voltage, respectively [ 14]. Hence, the P, of
the nanocomposites is proportional to the electrical conductivity, since the variation of the Seebeck coefficient is
negligible compared to the electrical conductivity. So, the highest conductive sample results in the highest P .,
value. The P, of the ratio 0f 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 at temperature difference of 20 K were 0.2, 13.4, 37.0,
101.1,219.8 and 258.7 pW, respectively. Finally, to demonstrate the feasibility of this approach for fabricating
3D structural materials, 3D forms of the devices (pellets) from the most highly conductive pastes were prepared.
As mentioned in the experimental section, the paste dropped little by little into a pellet maker, and after drying
the solvent at 393.15 K, it was cold-pressed. The electrical conductivity was calculated based on equation (2) at
room temperature which is 15.1 Sm . The electrical conductivity of the pellet is one order of magnitude less
than the thick film.

The different values of electrical conductivity in the vertical and lateral directions could be associated with
2D planar geometry graphene sheets. In the nanocomposites, the charge transfer easily occurs along the sheets,
however, the charge does not flow as well in the vertical direction as it does in the lateral direction because in
order to move in a vertical direction it needs to jump out of its original plane and into another plane. Since the
lateral and vertical electrical conductivities are dependent on different kinds of charge transfer, the former along
and across GNPs sheets and the latter between the sheets, their values are different. Notably, due the cross-
sectional area and height of pellet, its resistance is 0.85 €2 at room temperature which is much smaller than its
thick film counterpart (296.1 Q).

The thermoelectric properties of the pellet are shown in figure 5(c) at different temperatures. Due to the
significant reduction of electrical conductivity, the power factor at room temperatureis 1.17 nWm K2
which is two orders of magnitude less than its thick film counterpart (616.8 nWm ™' K ?). The current-voltage
characteristic and power generation of the pellet at temperature differences of 20.5 K and 32.3 K were shown in
figure 5(d). The corresponding maximum output power of these temperature differences are 16.2 nW and 40.1
nW, respectively. Although the electrical conductivity value of a pellet is much smaller than for a thick film of the
same material, the output power has increased two orders of magnitude. The last results highlight the
importance of the structural engineering of thermoelectric materials and emphasize the value of output power
along with thermoelectric properties.
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4. Conclusion

There is a contest to increase the ZT value of TE materials, however, beyond the ZT, itis important to find green,
low-cost, available, and easily-processable materials. Herein, Ethyl cellulose (EC), a green and biocompatible
material, together with Graphene nanopellets (GNPs) have been used as polymer matrices and fillers,
respectively. The nanocomposite with different filler contents were printed with a blade-coating machine. The
electrical conductivity values of different composites have increased based on the percolation model which
shows that GNPs within an EC matrix have created segregated networks. However, the Seebeck coefficient was
not dependent on the filler content. From a device performance point of view, the higher filler contentleads to a
higher TE performance. Additionally, a pellet from the highest conductive paste was fabricated, showing the
potential of the process for achieving higher output power. The proposed strategy is a facile, practical, scalable,
easily-processable, and effective approach to fabricate different types of TE devices (planar and vertical).
Moreover, it is guaranteed to improve the electrical conductivities, and the Seebeck coefficients of
nanocomposites. Overall, it emphasizes the applications of non-conducting polymers rather than using
conducting polymers with higher costs and lower processability. A promising direction to further improve the
TE properties is the investigation of different fillers, like, for example, adding Carbon nanotubes to improve the
electrical conduction in the vertical direction. Given the simplicity of our approach, a similar strategy seems
appropriate to fabricate high-performance TE modules.
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