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Abstract

The development of stretchable organic thermoelectric materials is prompted by fast evolving
application fields like flexible electronic devices, soft robotics, health monitoring and internet-
of-things. Stretchability in thermoelectric materials is usually obtained by using an insulating
elastomer, either as a substrate or as a matrix in a blend or composite, which, unfortunately,
leads to a compromise in thermoelectric performance. Herein, a potential solution is reported
exploiting the addition of graphene oxide as a secondary (nano)filler in a polyurethane/poly
nickel-ethenetetrathiolates film. Compared with traditional binary blends, our ternary
composite shows an increased electrical conductivity (4 times), air-stability (~20 times after 3
months), and stretchability (38% increase in strain at break). With a gauge factor (GF) of ~ 58,
this new composite film shows high sensitivity to tensile strain. Thanks to its Seebeck

coefficient of ~ -40 pV K, the composite film can generate a thermopower of ~0.25 pW when
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subjected to a small temperature difference (30 "C), which could be exploited by self-powered
strain sensors. Therefore, the ternary polyurethane/poly nickel-ethenetetrathiolates/graphene
oxide composite film can work as a stretchable strain sensor, providing a strategy to reconcile

the compromise between thermoelectric performance and stretchability.

1. Introduction

The thermoelectric (TE) effect, firstly discovered in the early 1800s, has been used extensively
for temperature sensing, energy generation and cooling [1-3]. Over the last few years, organic
thermoelectric (OTE) materials have attracted great interest as a replacement for traditional
inorganic materials, owing to their lower toxicity, abundance of constitutive elements and ease
in processing [4], with great potential in many fields, also in combination with solar cells [5,
6], supercapacitors [7] and gating transistors [8]. However, the relatively low thermoelectric
properties of the OTE materials are still a major limiting factor for their wider applications.
This is particularly true for n-type OTEs, which usually suffer also from poor environmental

stability [9].

Different strategies to boost TE properties have been studied, including chemically [10, 11] or
electrochemically [12] fine-tuning of the doping level, morphology optimisation [13, 14] or
addition of nanofillers [15-19]. Among different nanofillers, carbon nanoparticles have been
widely investigated [16-19], with two-dimensional graphene [20] and its derivatives attracting
the most attention thanks to their excellent charge transport, mechanical properties and

chemical stability [21]. Compared to the thermal conductivity of monolayer graphene (3000—



5000 WmKt [22]), the thermal conductivity of graphene oxide (GO) is expected to be 2-3
orders of magnitudes lower ([23, 24]), leading to a positive effect on the dimensionless
thermoelectric figure of merit, ZT (ZT = %“ZT,). Moreover, GO can be synthesised relatively
readily and in bulk by chemical oxidation, solvent-assisted exfoliation, or electrolytic oxidation

of graphite [25].

Poly sodium nickel-ethenetetrathiolate (Nax(Ni-ett),), an organometallic coordination polymer,
is considered as one of the best performing n-type OTE [26-28][29]. To overcome its limited
processability and toughness, our group has recently presented a highly stretchable n-type TE
composite film based on Nax(Ni-ett), dispersed into a polyurethane matrix [30]. However, the
presence of polyurethane as the continuous phase in the composite film limits the electrical

conductivity and, consequently, the figure of merit of the composite film.

In this study, GO was introduced into the polyurethane/Nax(Ni-ett), film. We will show that
the presence of GO could modify the film microstructure, which resulted in an increased
electrical conductivity without affecting the Seebeck coefficient. Additionally, the GO sheets
could protect the n-type Nax(Ni-ett), from degradation in air, enhancing the air-stability of the
fabricated composite films and, consecutively, preserving their electrical conductivity. The
mechanical properties and the sensitivity to strain of the films were also improved . Eventually,
we will show that these films are able to convert energy from small temperature differences
(~30 °C) thanks to their thermoelectric effect. The converted energy could be used by self-

powered sensors to detect strain stimuli.



2. Experimental
2.1. Materials

Graphite flakes (99.8%, ~325 mesh, 43209) were purchased from Alfa Aesar. Sulfuric acid
(>95%), sodium nitrate, potassium permanganate, hydrogen peroxide (35 wt.% in water),
hydrochloric acid (37%), hydrogen peroxide (5%), 1,3,4,6-tetrathiapentalene-2,5-dione (TPD,
4.8 mmol), sodium methoxide (22.2 mmol), nickel (I1) chloride (4.8 mmol) and dimethyl
sulfoxide (DMSO, 99.9%) were purchased from Sigma Aldrich and used as received.
Deionized water was used throughout all the experiments. Nax(Ni-ett), was synthesized
following a reported procedure [27, 30]. Briefly, TPD was reacted with excess of sodium
methoxide in refluxing methanol solution followed by adding nickel (11) chloride hexahydrate

prepared from nickel (11) chloride, and then exposed to air for 30 minutes.
2.2. Preparation and purification of graphene oxide

A modified Hummers’ method was used for synthesizing graphene oxide (GO) [31]. The
mixture of graphite (5 g) and sodium nitrate (5 g) was dispersed in 230 mL sulphuric acid
(>95%). Potassium permanganate (15 g) was added gradually while stirring in an ice-water

bath, keeping the temperature of the mixture under 20 °C. After maintaining the mixture at 35

+3 °C for 30 min, 460 mL deionized water were slowly added, and the temperature was

increased to 98 °C. After 15 min, 25 mL of hydrogen peroxide diluted in 350 mL deionized
water were added to the mixture. The final mixture was filtered and washed with 5%
hydrochloric acid solution until sulphate could no longer be detected with BaCl,. The resulting
solid residue was suspended in water by ultrasonication for half an hour, followed by
centrifugation at 4000 rpm for 10 min to remove aggregates. The graphite oxide was finally

obtained by drying the supernatant under vacuum.
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2.3. Preparation of Nax(Ni-ett),/PU/GO composite films

5 wt.% Nax(Ni-ett), and 1 wt.% polyurethane (PU, Lycra® Invista) were dispersed in anhydrous
DMSO (> 99.9 %, Sigma Aldrich), separately [30]. By mixing the two dispersions at a ratio of
1:5, the same solid content of Nax(Ni-ett), and PU was obtained in the mixture. 4 mg mL*
graphite oxide was dispersed in DMSO by ultrasonication for 2 hours and added to the mixture
in different amounts so that the content of GO in the final composite films was 0, 1, 2, 3and 4
wt.%. The films were prepared by drop casting approximately 0.6 mL of mixture on pre-
cleaned glass sides (pre-cut into 20 mm x 25 mm) and dried at 80 °C in a vacuum oven for 2
hours. According to the GO amount in the final composite films, the samples were named as
NL, NL1GO, NL2GO, NL3GO and NL4GO, respectively. Self-standing films were fabricated
by repeating the drop-casting procedure 6 times on a 40 mm x 25 mm glass slide until the
weight of solid was approximately 0.1 g. Approximately 50 um thickness was obtained after

drying at 80 °C in a vacuum oven and peeling off.
2.5. Characterisations

The morphology of the samples was examined by field-emission scanning electron microscopy
(FEI Inspect F) and transmission electron microscopy (TEM, JEOL JEM2010 200 kV).
Fourier-transform infrared spectroscopy (FTIR) spectra of solution blends were recorded using
a Bruker Tensor 27, with the DMSO signal eliminated from background in the range of 500—
4000 cm™. X-ray diffraction (XRD) characterisations were performed using a diffractometer

system XPERT-PRO employing the 1.54 A Cu K-alpha wavelength.

The electrical conductivity was measured at room temperature and ambient atmosphere by a
four-point probe setup (0.25 mm probe space) with an Agilent 6614 System DC power supply
and a Keithley 6485 picoammeter connected to the external probes for monitoring the current
through the samples. A high impedance Keithley 2000 Multimeter was used to record the
voltage generated between the two internal probes. Films were cooled down to room
temperature before electrical measurements (after about 10 min). Each film was measured five

times at different points. The thickness of the samples was measured using a profilometer
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(Bruker Dektak Vision 64) at ten different locations for each film and averaged for electrical
conductivity calculation. The electrical conductivity was averaged out of five films for each

GO content.

The Seebeck coefficient was measured by an MMR System (SB100 digital Seebeck controller
and K20 digital temperature controller) at 300 K under nitrogen atmosphere for at least ten

times on each film. The averaged result was calculated out of four films for each GO content.

Tensile strains on fabricated NLGO films (40 mm x 5 mm x 50 um cut by a D882-02 standard
die) and self-powered sensors were applied by a quasi-static tensile tester (Instron 5566) with
a strain rate of 100% min*. The resistance variation during stretching was measured by an
Agilent 34401A 6% digital multimeter synchronised with the tensile tester. For the self-
powered strain sensor demonstration, a heater pad (RS, 12 V dc, 7.5 W, item 245-556) was
attached to one end of the film and set to 55 °C. A picoammeter (Keithley 6485) was used for
measuring output currents while a multimeter (Keithley 2000) was used to measure

synchronously the output voltage, by connecting to two ends of the external load.

3. Results and discussion

The exfoliated GO was analysed by SEM and TEM (Figure S1&2 in the Supporting
Information), as well as by XRD (Figure S3). An interlayer spacing of 0.8 nm was calculated
using the Bragg’s law. The natural graphite flakes before oxidation presented an interlayer
spacing of 0.335 nm, meaning that, after the modified Hummers’ method, a large number of
oxygen-containing groups - like hydroxyl and epoxy groups on surfaces, carbonyl and carboxyl
groups on the edges [32] -were introduced, which increased the interlayer spacing. A series of
composite films based on PU, 50 wt.% a Nax(Ni-ett), and different amounts of GO ranging
from 1 to 4 wt.% were prepared by solution blending and casting as described in the
experimental section. The films were called NL, NL1GO, NL2GO, NL3GO and NL4GO
according to the amount of GO they contained. It was found by XRD tests (Figure S4) that the

(001) peak of GO appeared in the NLGO films, and its intensity increased with the amount of
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GO. No changes could be observed for other peaks, meaning that the crystalline structure was

not altered by the presence of GO.

The electrical conductivity (o) of the films (Figure 1a) was tested by a four-point probe setup.
The NL2GO films showed the highest conductivity, which is 5 times higher than that of the
NL films. We believe that this effect was mainly due to the presence of GO, which modified
the microstructural morphology of the films. Indeed, the SEM investigation (Figure 1b and
Figure S5) on the films revealed smaller and better dispersed Nax(Ni-ett), agglomerates within
the insulating polymer matrix, hence increasing the number of conductive pathways. The GO
can enhance the dispersion of Nax(Ni-ett), particles and reduce agglomeration in the polymer matrix
because of the large amount of functional groups on its edges and surface. These functional
groups promote physical interaction between Nax(Ni-ett), and GO sheet, thus helping to
disperse the particles and reduce their aggregation. Therefore, more robust conductive
networks can be built by these well dispersed Nax(Ni-ett), compared with aggregated Nax(Ni-
ett), in the NL film. However, an excessive amount of electrically insulating GO (higher than
3wt%) creates an obstacle to the electrically conductive network, thus reducing the film’s
electrical conductivity. The Seebeck coefficient (S) of the films is presented in Figure la.
Noticeably, the Seebeck coefficient was not affected by the addition of GO and remained
around - 40 nV K1, Therefore, the corresponding power factor (PF, calculated as PF=S%x¢) of
the NL2GO films is 7.35 nW m™ K2, which is 4.5 times higher than that of the NL films
without any GO (1.64 nW m™ K2). The decoupling of & and S, namely the invariance of the
Seebeck coefficient combined with an increase in electrical conductivity, is in agreement with

the assumption that a change in composite morphology is the dominant mechanism in our case.
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Figure 1 TE properties and morphologies of the NLGO composite films. (a) Electrical
conductivity, Seebeck coefficient and PF as a function of GO content. (b) SEM images of the
NLGO composite films, showing a clear morphological change from agglomerated clusters to

a more well-dispersed and connected network of Nax(Ni-ett), particles.

Apart from improving the TE performance, the two-dimensional nature of GO can also modify
the barrier and transport properties of the composites. It was observed that after 1 hour from
casting, the electrical conductivity of the NLGO films increased (Figure 2a). This is likely due
to a morphology effect during the formation of the films: it is reasonable to assume that the
presence of GO in our composites slowed down the solvent evaporation and solvent
evaporation time during film casting is a known parameter affecting film morphology [33] [34].
Moreover, although Nax(Ni-ett), is reported as a relatively air-stable n-type TE material [35],

the NLL films showed a degradation in electrical conductivity, which dropped from 0.01 S cm”

1to less than 3x10* S cm™ after being exposed to air at room temperature for 3 months (Figure

2a). This could be due to a degradation of the composite film as a result of gas diffusion within
the films. Contrarily, NLGO films showed a lower decrease in electrical conductivity over time.
The electrical conductivity of the NL1GO films only reduced to 0.0025 S cm™ after 3 months
exposure to air at room temperature, which is 8 times higher than that of the NL films. Higher
GO contents resulted in even greater effects. The improved air-stability of the NLGO films

could be caused by the gas barrier effect of GO. After 3 months, the Seebeck coefficient of the



NL films did not change, whereas the electrical conductivity of the NL4GO films, and thus the

PF, is 15 times higher than that of the NL films.

A more systematic study on the effect of degradation time and temperature was carried out on
the NL2GO films (Figure 2b-d). The NL2GO films can maintain their electrical conductivity
(0.025 S cm™) constant over 60 days, while the NL films reduced their conductivity from 0.015
to 0.001 S cm™. This trend was also verified under accelerated degradation conditions at high
temperatures. After 2 months at 80 °C or 120 °C, the electrical conductivity of the NL2GO was

one or two orders of magnitude higher than that of the NL films, respectively.
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Figure 2 The effect of GO content on the electrical conductivity of the films over time. (a)
Electrical conductivity of the NL films containing various amounts of GO after exposure to air
for different durations. Change of electrical conductivity of the NL (black) and NL2GO films

(red) after exposure to air (relative humidity ~ 70%) at (b) room temperature, (c) 80 °C and

(d) 120 °C over time.



The stress-strain curves in Figure 3a represent the mechanical response of the NL and NL2GO
films. The strain-at-break and elastic modulus increased from 400 = 17 % and 24 + 2 MPa for
the NL films to 550 £ 24% and 78 + 8 MPa for the NL2GO films, respectively. The increase
in Young’s modulus with the addition of GO is expected following the typical reinforcing
effect imparted by rigid fillers/particles to polymer composites [36] [37]. However, this is
usually followed by an embrittlement of the composite. In our case, the simultaneous increase
in Young’s modulus, strength, strain-at-break and toughness can be explained by the change in
composite morphology previously formulated. The presence of GO prevented the Nax(Ni-ett),

particles from agglomerating within the polymer matrix and allowed a better dispersion.

During the tensile tests, the electrical resistance was also synchronously measured to evaluate
the strain sensitivity of the composite films (Figure 3b). The resistance increased
monotonically and approximately linearly with the tensile deformation. The sensitivity of a
strain sensor is normally evaluated by the gauge factor (GF), defined as GF = (4R/Ro)/e, where
AR = R — Ry is the difference between the electrical resistance at a given extension (R) and the
initial resistance (Ro), and ¢ is the strain. The NL2GO films showed a nearly 6 times greater
strain sensitivity compared with NL films (GF ~58 vs. ~9.8). Notably, the same gauge factor
was maintained even for strains as high as 300%. This result is important as it overcomes the
typical compromise between high GF values (>50) and high strain ranges (>300%) [38-56].
The NL2GO films were further subjected to cyclic tensile strain tests (Figure 3c). In the strain
range of 5, 10, 30, 50, 80 100 and 150%, clear and reversible sensing strain signals were

obtained.

Because of their thermoelectric properties, the NL2GO films could generate a voltage that
could be used to power strain sensors. To demonstrate this concept, a constant temperature
difference (AT ~ 30 °C) was applied to the films by attaching a heat pad (~ 55 °C) to one end

of the films within one clamp of the tensile tester (Figure 3d). When the samples were

connected to a resistor (R ~30 kQ), a thermoelectric power (Pr.-~30 ko) = IR ~30 ko)X U(R. ~30 ko))

~0.25 pW was generated, and both the current and voltage output were recorded. Under various
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cyclic strains (5, 10, 30, and 50%), both current and voltage changed simultaneously (Figure

SXAT

3e). Thisis due to a decrease in the thermal current generated (I (&) = R ('R
L

) as the resistance

of the sample (Rs) increases with the strain (). Consequently, also the voltage (V) measured
across the load resistor decreased with the strain (V (&) = I(¢)R;). Therefore, either the current
output or the voltage output can be used to sense the deformation. For a self-powered sensor
integrated with a signal recording/transmitting system, based on the energy provided by the
thermoelectric effect of our films, higher power and voltage outputs would be necessary. This
could be achieved either by increasing the temperature gradient or by connecting n-type legs,
with suitable p-type counterparts, in series [30]. For applications such as wearable sensors, the
temperature gradient is normally smaller than 30 °C. Therefore, a series of p—n junctions is
more reasonable. This could be achieved by connecting the n-type NL2GO films to stretchable
p-type OTEs such as those based on PU/PEDOT:PSS films [56]. We estimate that three
thousand couples based on n-type NL2GO films (half the number by using NL film) and p-
type PU/PEDOT:PSS films [56] under a gradient AT ~30 °C would be able to generate a power
output of 10 uW (see Note S1), able to integrate a strain sensor in a self-powered mode. Based

on the size estimation (57 cm3) the device will be small enough to be transported and worn.
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Figure 3 Mechanical and strain sensing investigations of the NL2GO films. (a) Typical stress-
strain curves of the NL2GO and NL films, and (b) their resistance variation (AR/Ro) and
corresponding gauge factor as a function of the applied strain. (c) Resistance variation of the
NL2GO films under cyclic tensile strains. (d) Ilustration of the set-up and electrical circuit

used to measure the voltage and current outputs generated by the NL2GO films. (e)
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4. Conclusions

The effect of GO sheets on the thermoelectric properties of n-type PU/Nax(Ni-ett), composites
films was studied. GO was demonstrated to modify the morphology of the composites
enhancing the dispersion of Nax(Ni-ett), crystal particles with reduced agglomerates within the
polymer matrix. Consequently, a 4 folds increase in electrical conductivity was obtained
together with an increase in strain at break of 38% and an improvement of the Young’s modulus
of 200% when the films contained a GO concentration of 2 wt.%. Additionally, the good barrier
properties of GO improved the environmental stability of Nax(Ni-ett),, preserving its electrical
conductivity for a prolonged period. After exposure to air, at ambient conditions for 3 months,
the electrical conductivity of the NL2GO films were two orders of magnitudes higher than that

of pristine NL films.

PU composites films containing both Nax(Ni-ett), and 2 wt.% GO were also tested for their
strain sensing properties. An unusually high sensitivity to strain (GF ~58) over a strain range
as high as 550% was reported. Because of their thermoelectric properties (Seebeck coefficient
of ~ -40 uV K1), these films can generate energy that could be used to integrate a strain sensor

in a self-powered mode.
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