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1. Introduction

A hierarchically modified fibre-reinforced polymer
composite laminate with graphene nanotube
coatings operating as an efficient thermoelectric
generatory

9 George Karalis,?
@ Leonidas N. Gergidis 2 ¢ and

Christos K. Mytafides, (2 *@ Lazaros Tzounis,*® Kyriaki Tsirka,
Marco Liebscher,” Eleftherios Lambrou,
Alkiviadis S. Paipetis (2 *?

In this study, a multifunctional, hierarchically modified glass fiber-reinforced polymer composite
laminate (GFRP) capable of harvesting thermoelectric energy is fabricated and demonstrated. The fibrous
reinforcements were hierarchically patterned with alternate n- and p-type graphene nanotube (single-
walled carbon nanotube — SWCNT) aqueous dispersions, which were printed via ink dispensing pro-
cesses. The optimal n- and p-type resin-impregnated printed films demonstrate high power factors of
82 and 96 pW m~t K72, respectively, and excellent stability in air. The manufactured GFRP-based
graphene thermoelectric generator (GTEG) has the capability to stably function up to 125 °C under
ambient conditions (1 atm, RH: 50 + 5% RH). Printed SWCNT-based thermoelectric (TE) modules were
successfully designed and fabricated onto a glass fiber fabric substrate with remarkable properties of n-
type and p-type TE thin films resulting in exceptionally high performance. The thermoelectrically
functionalized GFRP exhibits excellent stability during operation with obtained TE values of an open
circuit voltage Voc = 1.01V, short circuit current Isc = 850 pA, internal resistance Rtgg = 1188 Ohm, and
a generated power output Pmax = 215 pW at AT = 100 °C with T¢ = 25 °C. The novelty of this work is
that it demonstrates for the first time a multilayered hierarchically modified carbon-based energy-
harvesting structural composite, capable of powering electronic devices such as a LED light from the
power it generates when exposed to a temperature difference, and the overall results are among the
highest ever presented in the field of energy-harvesting structural composites and printed carbon-based
thermoelectrics. Both experimental measurements and simulations validated the TE performance. In
addition, GFRP-GTEG showed a bending strength of 310 MPa and a flexural modulus of 21.3 GPa under
room temperature (RT) and normal conditions (25 °C), retaining to a significant extent its mechanical
properties while simultaneously providing the energy-harvesting capability. The aforementioned
functional composite may be easily scaled-up, delivering potential for industrial-scale manufacturing of
high-performance TEG-enabled structural composites.

energy sources have great potential to provide sufficient energy
with reduced carbon footprint. The exploitation of waste heat

As the energy demands critically increase, it is vital to investi-
gate further alternatives to energy production in order to satisfy
our daily activities, while reducing CO, emissions. Renewable
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and thermal energy recovery are major challenges towards
sustainability for transport, energy and other industrial
sectors."™ The conversion of thermal energy into electricity
is a sustainable energy source that can be used to exploit
waste dissipated heat, utilizing the Seebeck effect of
thermoelectricity.* ® The magnitude of this effect is character-
ized by the thermoelectric power (or as it is also known as the
Seebeck coefficient), which is the result of the voltage differ-
ence per unit temperature difference between two points of a
material (S = AV/AT). Materials that demonstrate a significant
thermoelectric effect are known as thermoelectric (TE)
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materials. Some of the most used TE materials are tellurium,
bismuth, lead telluride, bismuth telluride, zinc antimonide,
silicon and germanium.” A TE material effectively converts
thermal energy into power when it exhibits a high Seebeck
coefficient, low thermal conductivity and low electrical resistivity.
The power factor (PF) is also used to determine the efficiency of
thermoelectric materials and is described as PF = ¢-S%, where o
corresponds to the electrical conductivity and S corresponds to
the Seebeck coefficient. A high electrical conductivity is needed for
a significant amount of current to pass through the TE material as
the material generates electricity. The need for low thermal
conductivity is to sustain a significant temperature gradient
within the material.” The dimensionless figure of merit (z7) of a
TE material is described by:
ST

zT = a (1)

where T is the temperature in Kelvin and x is the thermal
conductivity. To this end, various organic and inorganic materials
are being studied as candidate materials for thermoelectric
energy-harvesting devices.®™°

A thermoelectric generator (TEG) which typically consists of
several thermoelements can recover significant amounts of
thermal energy by directly converting this waste energy to
electricity when subjected to temperature differences.

Lightweight structural composites such as fiber-reinforced
polymers (FRPs) are being developed and adapted in multiple
applications related to the aerospace, aeronautics, automotive,
maritime, infrastructure and construction sectors. A glass-fiber
polymer (GFRP) composite laminate usually consists of multi-
ple glass-fiber fabric layers that are aligned in one or more
directions. Composite science and technology have extensively
dealt with the physical properties, the static and dynamic
mechanical behavior, the interfacial characteristics, the aging
(physical and environmental), and recycling of FRPs. Some
recent studies have been published regarding structural com-
posites with energy harvesting functionalities and more speci-
fically on their capacity to generate thermoelectric energy."' ™
Multifunctional self-powered materials that can provide both
structural and energy-harvesting functionalities are a very pro-
mising approach towards sustainability regarding the exploita-
tion of waste energy.

Self-powered multifunctional devices are attractive for appli-
cations where the use of local power sources cannot be easily
applied, places where wiring for power delivery is not desirable
and devices where emergency power supply may be needed.
Such innovative devices that are capable of being integrated
within self-powered structures are capable of power-up low
energy-consumption devices, e.g. Internet of Things (IoT) or
Structural Health Monitoring (SHM) systems.'® Autonomous-
SHM systems are important embedded technologies for
future-generation structural composites so as to predict struc-
tural damage and avoid failures during service time. Although
FRPs’ structural performance is well established, the multi-
functionality of these materials is a topic of particular research
interest."”
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The thermoelements that constitute a TEG device need to
maintain a significant temperature difference over time to
achieve high efficiency. In numerous studies, multiple methods
for increasing z7T have been investigated, with particular
attention to reducing both thermal conductivity and electrical
resistivity. These studies include the formation of state-of-the-art
alloy TE materials (e.g., PbTe-Ge,"® Pby ;5Sn,,sTe"’), nanocrys-
talline compounds (e.g., Bi,Te;*°), nanostructured alloys (e.g.,
Bi-Sb-Te*' and Si-Ge??), halide perovskites,> skutterudites,>*
composites® and copolymers.>®

Large-scale TEG devices can only be realized if thermo-
electric modules, consisting of efficient and cost-effective TE
materials are produced. Multiple studies related to the
enhancement of the generated thermopower refer to TE mate-
rials pointing out the following issues: high material and
processing cost and production scale-up difficulty, TE material
size limitation, insufficiently high zT values, implementation
difficulty and inadequate mechanical performance.

Carbon-based TE materials are of particular interest as
abundant non-toxic source materials are employed for their
production, and their low mass is promising for high specific
energy output. Carbon nanotubes (CNTs) have recently
attracted great attention as parent materials for the develop-
ment of printed Carbon Thermoelectric Generators (CTEGS) via
ink dispensing technologies. This is due to both their notable
phonon scattering properties and their extremely high electri-
cal and mechanical properties. Moreover, CNTs possess tun-
able semiconducting characteristics as their n- or p-type
behaviour may be tailored via specific doping strategies result-
ing in exceptional versatility in terms of TE properties."**” 2

Various materials have been used as fillers in order to enable
the thermoelectric functionality of structural laminated com-
posites, namely carbon black, tellurium and/or bismuth tell-
uride, achieving however quite low TE values.***

Kim et al. studied the thermoelectric characteristics of
CF-epoxy composite materials, which behaved as p-type semi-
conductors. In this study, the generation of thermovoltage at a
given temperature difference was shown. A CF-epoxy compo-
site with dimensions 70 x 70 x 14 mm showed a quite low
open-circuit voltage of 0.2 mV at AT = 60 °C.>°

Han et al. studied the through-thickness TE behavior of
carbon-fiber-reinforced polymer (CFRP) composites with vary-
ing filler incorporation using Te nanoparticles (~13% of the
composite), Bi-Te nanoparticles (1.6% of the composite) and
carbon black (2.0% of the composite) at 8:1 volume ratio of
tellurium to bismuth telluride. A CFRP with dimensions 100 x
76 x 25 mm showed a thermoelectric open-circuit voltage of
15 mV at AT = 100 °C. Apart from the fact that the generated
thermovoltage presented in this study is quite low, the effect of
the incorporated filler on the mechanical behaviour of the
composite was not considered.*?

Karalis et al. examined a TEG-enabled structural CFRP
incorporating interconnected carbon-fiber tows as thermoele-
ments at the bottom composite lamina. The TEG-enabled CFRP
device was able to generate a voltage output of 20 mV and a
maximum power output of 0.9 pW, at a temperature difference

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of 75 °C. However, there is a significant difficulty in this case for
large-scale manufacturing FRP-based TEG structures/devices."*

In a previous study, CNT-based TE glass fiber (GF) hierarch-
ical reinforcements were produced to evaluate the thermo-
electric response of the TE-functionalised GFs after the
hierarchical modification with CNTs by subjecting the material
to a temperature gradient. An open circuit thermovoltage Vo of
2 mV was achieved for a p-type thermoelement at AT =100 °C.*’
Following the previous study, the functional interphases of
model epoxy composites incorporating nanocoated modified
GFs with p- and n-type SWCNTs were evaluated for their
mechanical and thermoelectric behavior. The interfacial shear
strength (IFSS) was estimated by pull-out tests at low level for n-
type and p-type model composites. As shown, the existence of
the SDBS surfactant that was used as a dispersant of the
SWCNTs in DI-water deteriorated the IFSS, resulting in a
decrease in IFSS for each system compared to the reference
ones. The TE performance of the coated GF tows was negligibly
affected by the resin encapsulation.™® In a more recent study,
a 16-ply GFRP-TEG composite consisting of interconnected
TE-coated GF fabrics was able to achieve a P, of 2.2 pyW at
AT =100 °C."

In this study, aqueous, low-cost and resin-impregnated n-
and p-semiconducting printed TE coatings based on SWCNT
were developed. The manufactured TE films exhibited signifi-
cant PFs of ~82 and 96 pW m ' K > correspondingly with
excellent stability during lab-testing in an air-environment
@AT = 100 °C. Motivated by these results, a fully printed
GTEG-enabled GFRP device consisting of serially intercon-
nected printed SWCNT-based thermoelements has been suc-
cessfully designed and fabricated, demonstrating remarkable
TE stability, performance, and mechanical strength, capable to
generate power at temperature differences up to 100 °C and
Taot = 125 °C. The TEG-enabled GFRP structural composite
consisting of 232 p-/n-TE pairs could deliver an impressive
thermopower equal to 10108 pv K ' @AT = 100 °C (where
Thot = 125 °C and Tgoq = 25 °C). The fabricated energy-
harvesting structural composite has shown significant thermo-
electric performance, achieving Voc = 1.01 V, Isc = 850 UA,
internal resistance Rrgg = 1188 Ohm, and a generated power
output P = 215 pW at AT = 100 °C (T¢ = 25 °C), while it
retained its mechanical integrity.

2. Experimental section

2.1. Characterization

LabRAM Horiba (model HR800) was used to determine the
crystallinity and purity of SWCNT-based thermoelectric materi-
als (Horiba, Japan). Raman excitation was performed using an
Ar" laser at 514.5 nm with a power of 1.0 mW in the focal plane,
visualizing all spectra in the range of 80-3600 cm . Viscosity
measurements of the produced inks were performed using an
NDJ-8S rotary viscometer. Surface morphological micrographs
of the printed TE films on the GF fabrics were taken using a
FEI-NanoSem-200, operating at 1.0 to 3.0 kV accelerating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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voltage (FEI, Netherlands). In addition, the Bruker Innova
(Bruker, USA) Atomic Force Microscope (AFM) was utilized to
investigate the surface morphology of the graphene nanotube-
based films. The AFM was operating at 3.3 V and at tapping
mode in fy = 300 kHz with the RTESPA-300 Sb-doped
Silicon probe.

2.2. Thermoelectric properties and performance
measurements

In order to characterize the thermoelectric properties of the
manufactured GFRP-TEG device, the efficiency and the ther-
mal stability of the printed films were carried out. By main-
taining one block at room temperature (RT = T¢ = 25 °C) and
heating the other block to varied degrees of temperature,
thermopower was generated. The measurements were con-
ducted in a lab setting with a mean pressure of 1 atm and a
relative humidity of 55 £+ 5%. The T¢ and Ty (cold and hot
boundary temperature, respectively) blocks were continuously
controlled by K-type thermocouples and a Digital IR Thermo-
meter OS-VIR50 (OMEGA Engineering Ltd, United Kingdom)
for the accurate temperature difference (AT) monitoring.
GFRP-GTEG’s current and voltage generated under various
temperature differences, were measured using the 3440 1Agi-
lent DMM (Agilent Technologies, USA). An IR Imaging Camera
UWAAA PRO Seek Thermal was utilized to capture IR images of
the TE module. The efficiency and the performance of the
structural GFRP-GTEG were computer-controlled by purposely
made LabVIEW programs in order to deliver the V-I, P-I,
V=Ri0ad and P-R),.q CUIVES.

The electrical conductivities of the printed materials were
measured using the Ossila 4-point probe instrument (Ossila,
United Kingdom). The conductivities that are presented are the
averages of at least five measurements made on various sam-
ples. Using the STA 409 CD thermogravimetric analyser from
NETZSCH GmbH (Selb, Germany), the thermal behavior of the
generated materials was investigated, where the specimens
were placed in a ceramic crucible and heated up with 10 °C
min~" heating rate under a 60 ml min~" constant oxygen flow.

3. Materials and methods

3.1. Fabrication of n- and p-type graphene-based TE inks

The graphene nanotube powder (purity of carbon >80%) was
acquired from OCSiAl (TUBALL"™, Russia) with approximately a
length of 5 um and an outer diameter of 1.7 £ 0.5 nm. The
p-type TE ink was produced via a solution/mixing process,
adding the sodium dodecylbenzenesulfonate (SDBS) surfactant
and nanotubes in deionized H,O (DI H,0). 2 mg ml ™" of
SWCNTs and 2 mg ml~—" of SDBS were added in 100 ml of DI
water, and the mixture was primarily stirred for 20 minutes.
Subsequently, utilizing a pen-type sonicator UP400S (Hielscher,
Germany), the mixture was tip-sonicated for 40 minutes, stirred
again for 25 minutes, tip-sonicated for another 40 minutes and
in the end stirred for 2.40 hours. The tip-sonication and mixing
were carried out at 10 W and 1200 rpm, respectively. After

Mater. Adv,, 2024, 5, 3721-3734 | 3723
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completion of the SWCNT-dispersion process in DI-H,O,
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT: PSS) was added in 10:5 ratio. For high-grade printa-
ble inks with significant TE efficiency, it is essential to produce
dispersions with qualitative characteristics such as viscosity
which significantly contributes to the adhesion of the ink to the
substrate.*®?° This study demonstrated that the optimal print-
ing viscosity was ca. 340 to 400 cP, corresponding to the
selected dispersions.*®**° As observed, substantial amounts of
SDBS are required for good dispersion of SWCNTs. Lower SDBS
content leads to low-quality dispersions, which in turn create
discontinuities in low-conductivity printed films, making them
improper for industrial applications.

The n-type graphene nanotube-based ink was produced via a
facile and fast aqueous-based process, in which SDBS and
graphene nanotubes were added in deionized water, in a
manner like the p-type ink procedure as described above, using
polyethyleneimine (PEI) for the n-doping of the CNTs in a ratio
of 10:20. PEI was used as an air-stable, low-cost and easy to
process n-dopant. PEDOT:PSS, SDBS and PEI were supplied by
Sigma-Aldrich (Merck, Germany). The production process and
the dispersions of the SWCNT-based inks, as well as the mask-
assisted process of the printed TE thin films, are depicted in
Fig. S1 (ESIt).

3.2. Finite elements simulations: geometry, mesh generation
and boundary conditions for the GFRP-GTEG module

The TE module was simulated utilizing the finite element
analysis (FEA). The specific design of the fabricated structural
laminate GFRP-GTEG was recreated numerically. The device
hosted 232 p-/n-pairs of thermoelements and was simulated by
using 29 individual TEG units in series connection where each
GFRP-GTEG unit consists of 8 p-/n-pairs of thermoelements.
FEA was employed for the numerical computational solution
defining TE properties via coupled equations with the required
boundary conditions, as indicated by the experimental device.
The computational simulation generated electrical potentials
and thermal fields, which may be rendered to temperature
distributions, electrical potentials and voltage outputs for the
TEG-enabled structural module. A more detailed description of
the finite element analysis discretization is thoroughly
described in the ESIf of this study.

4. Results and discussion

4.1. Finite elements analysis of the TEG-enabled GFRP
module

An FEA describing the thermoelectric performance of the
CFRP-GTEG utilizing the coupled differential equations was
performed. This enabled a full simulation after modelling of
the manufactured module operational characteristics in var-
ious ATs. A discretized space of the 8 p-/n-pairs model approach
was used to monitor the electrical potential and temperature
variations. Fig. 1(a) depicts representative temperature profiles
of the GFRP-GTEG.
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The computationally determined temperature variations
showed a smooth distribution between the “hot” and the
“cold” plates. The heat transmission within the GFRP-GTEG
module was reflected by the smooth temperature decrease
through the laminae that acted as independent thermal resis-
tors. In Fig. 1(b), the calculated electrical potential distribution
throughout the GFRP-GTEG unit is shown. A voltage drop is
noticed when electrons pass through the serially intercon-
nected n- and p-type semiconducting thermoelements.

The voltage difference between the last and the first semi-
conductors of the GFRP-GTEG unit is linked to the output
voltage AV of the module and could be simulated for one (Fig.
S2 and S3, ESIt) or multiple interconnected GFRP-GTEG units
(Fig. 1(c) and (d)) at various temperature gradients, which
enables the modelling of various operational conditions. For
the numerical simulations, the temperature difference range of
AT = 25, 50, 75 100 °C was employed. The AV (voltage differ-
ence) scaled linearly with AT, as predicted. The simulation data
indicated a slope of 425 uV K™ ' and a correlation coefficient of
0.999, as can be seen in Fig. S4a (ESIt).

The power and voltage output for the GFRP-GTEG unit and
for multiple in linear fashion interconnected GFRP-GTEG units
(total of 232 p-/n-pairs of semiconductor thermoelements) as a
function of AT were calculated and shown in Fig. 1(c) and (d).
The maximum electric power production was estimated to be
Praxysim = 320 pW for the device hosting 29 GFRP-GTEG units/
232 p-/n-pairs of semiconductor thermoelements at AT =100 °C
and was the maximum anticipated value. The power losses
which were present during the experimental procedure reduced
the power output to Ppaxexp = 215 pW. Fig. 1(e) illustrates the
temperature distribution in the layered device consisting of 29
GFRP-GTEG units/layers presented for AT = 100 °C. A signifi-
cant temperature drop on the hot side of the device was
observed. In order to have a quantitative estimation of the
temperature drop for devices with different numbers of GFRP-
GTEG units/layers, the relative difference of the ‘hot’ region
side (measured on the edge point of the ‘hot’ side of the last
GFRP-GTEG unit/layer) with respect to the temperature of the
‘hot’ aluminum heat plate was computed and presented in
Fig. 1(f). For 20 layers, the relative temperature drop is about
10%, while for 30 layers, the temperature drop was close to
25%. It was obvious that the layered devices hosting the same
number of GFRP-GTEG units had poorer performance in terms
of output voltage compared to their planar, linearly intercon-
nected counterparts. For instance, the device with 29 GFRP-
GTEG units/layers could potentially provide an output voltage
of 1.11 V by adding the individual voltage output of each unit/
layer (cumulative voltage shown in Fig. 1(f)), while the 29
GFRP-GTEG units in linear configuration would give 1.23 V,
both at the same temperature difference AT = 100 °C.

4.2. Thermoelectric characterization, stability and properties

Aiming to produce optimal n- and p-type inks, multiple discrete
SWCNT: additive mass ratios were dispersed in DI water. Fig. 2
depicts the thermoelectric characterization and properties of
the manufactured TE materials. Initially, a SWCNT-based

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Simulation results for the 8 p-/n-pair model (total of 16 semiconductors) of the GFRP—GTEG unit using finite element analysis numerical
procedure at a temperature difference of AT = 100 °C: (a) electrical potential distribution (b) temperature distribution. (c) Demonstration of the output
voltage (AV) for different numbers of interconnected GFRP-GTEG units (up to the maximum of 29 GFRP-GTEG units hosting 232 p-/n-pairs of
semiconductor thermoelements) exposed to temperature differences of AT = 25, 50, 75, 100 °C, along with (d) the corresponding electric power
generation. (e) Temperature distribution on the layered device consisting of 29 GFRP-GTEG unit layers exposed at a temperature difference of AT =
100 °C and (f) relative temperature difference as a function of the number of GFRP—-GTEG unit/layers. At the bottom of the layered device in dark blue and
red are shown the cold and the hot plates, respectively. The temperature values shown in the color bar are in °C.

aqueous dispersion was optimized using the commonly used SWCNTs:SDBS 10:10 is the optimal dispersion regarding the
SDBS surfactant. It was demonstrated that the ratio of the TE properties of the printed film as shown in Fig. 2(c).
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Fig. 2 Thermoelectric characterization and properties of the materials. The measured Seebeck coefficients, electrical conductivities, and power factors
of (a) and (b) p- and n-type resin-impregnated nanotube-based TE films at various mass ratios of PEDOT:PSS and PEI, (c) initial SWCNTs:SDBS aqueous

dispersion, and (d) the viscosities of n- and p-type inks at RT.

After the optimal SWCNT-dispersion development process,
n- and p-type TE inks were produced by the addition of
PEDOT:PSS and PEI, respectively, at various mass ratios.
Fig. 2(a) and (b) depicts the obtained Seebeck coefficients,
electrical conductivities, and power factors of the p- and n-
type printed and resin-impregnated TE films at various PED-
OT:PSS and PEI mass ratios, respectively. As was described in
the relevant paragraph to produce the ink, very low quantities
of the SDBS surfactant result in a low-quality CNT dispersion,
leading to a reduced-quality TE ink, rendering it inappropriate
for making continuous films with acceptable conductive prop-
erties. The highest power factors of the produced TE materials
were observed for the 10:5 and 10:20 per mass ratios for
n- and p-type printed films, respectively with dimensions of
33 mm x 4 mm. All SWCNT-based printed films were produced
by drop casting 300 pl of the TE ink using a micropipette on the
GF fabric and dried at 85 °C for 35 min. When the
(SWCNTs:SDBS) : PEDOT:PSS mass ratio reached 10:5, a small
increase in the conductivity of the material was observed as the
conductive PEDOT:PSS molecules contributed as energy filter-
ing in-between SWCNTs.*> Above this ratio, it appeared that
adding more PEDOT:PSS molecules deteriorated the electrical
properties, without contributing significantly to the Seebeck
coefficient.

Regarding the n-type TE ink, increasing the (SWCNTs:
SDBS): PEI mass-ratio over 10:20 results in a reduction in
electrical conductivity due to the presence of more PEI dielec-
tric molecules intervening with the nanotubes, without how-
ever substantially affecting the Seebeck coefficient. Besides the
excellent dispersion and homogeneity of the produced inks,
they also exhibited very satisfactory viscosities of 350 and
400 cP for the n- and the p-type ink, respectively, as shown in
Fig. 2(d). Therefore, they may also be considered for industrial-

3726 | Mater. Adv, 2024, 5, 3721-3734

scale production processes, i.e. gravure, flexographic or slot-die
printing.**~*°

The stability of the printed p-type (SWCNTs:SDBS):PE-
DOT:PSS over-time as well as the n-type (SWCNTs:SDBS):PEI
printed films were evaluated. Measurements of the electrical
conductivity and the Seebeck coefficient of the resin-
impregnated n- and p-type SWCNT films over a period of
90 days were conducted as shown in Fig. S5 (ESIt). The tests
were performed at normal environmental conditions (~25 °C,
RH: 50 £ 5%, 1 atm). Minor changes in the Seebeck coefficient
and the electrical conductivity equal to 2.8% were detected over
the testing period, demonstrating that the produced n- and p-
type SWCNT printed and resin-impregnated films displayed
exceptional long-term stability in air. Simultaneously, efficient
doping took place due to electron transfer between the
nitrogen-induced atoms from the amine group of the PEI
molecules on the CNTs, resulting in both stable and efficient
n-type films.*®*” The p-type SWCNT positive Seebeck coeffi-
cient of the films is caused due to doping by oxygen in air
leading to hole carriers.*®*°

Since the primary goal of this study was to produce water-
based inks for industrial-scale and facile printing applications,
acidic treatment methods were not preferred for p-doping
enhancement as referred to in previous studies.’*>> Nonethe-
less, the obtained PFs of the resin-impregnated TE films were
82 UW m ™' K and 96 W m ™~ K~ for n- and p-type printed
films, respectively, which makes them among the highest
reported values for aqueous and printable carbon-based
materials.’>**"®® The significantly high power factors can be
related to the exceptional conductivities of 1043 S em™ " and
1514 S cm ™, along with the significant Seebeck coefficients of
—28 uv K ' and 25 uv K of n- and p-type printed TE films,
respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4.3. Raman spectra and thermogravimetric analysis of n- and
p-type films

Normalized Raman spectra of both p-type (SWCNTs:SDBS):PE-
DOT:PSS and n-type (SWCNTs:SDBS):PEI printed TE films as
well as the SWCNT powder are shown in Fig. 3(a). The main
graphitic G’ band at ca. 1590 cm ™' and the disorder induced or
D band were observed at ca. 1350 cm ™. The low intensity of the
D band, compared to the G band located at ca. 1580 cm ™' for
both SWCNT films, indicated a high crystal size and minimal
defects.®! In comparison to the n-type, the p-type TE printed
film had comparable intensities of both the G mode (at ca.
1580 cm™ ') and the 2D mode (at ca. 2600 cm™'). This ascer-
tained that no structural defects were induced via the doping
process. The additional mode located at ca. 1435 cm™ ' was due
to the addition of PEDOT:PSS to the p-type material. The
spectrum of PEDOT:PSS is shown in Fig. S6 (ESIT). Moreover,
the radial breathing mode (RBM), with a less than 500 cm ™"
resonance frequency, represented a bond-stretching phonon
mode out-of-plane where all the atoms of carbon move coop-
eratively in the radial direction. Likewise, the n-type film’s RBM
zone exhibited nearly the same intensity as the p-type film’s
as well as the pristine SWCNT powder, implying no major
barrier to carbon atom oscillations in the radial direction, also
manifested by the excellent electrical conductivity of the n- and
p-type TE films.

View Article Online
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Additionally, the thermal stability of both the p- and n-type
morphologies was assessed using thermogravimetric analysis
(TGA). This thermal study was performed to demonstrate the
operational temperature limit for both p- and n-type morphol-
ogies and up to AT =100 °C. Fig. 3(b) and (c) shows the thermal
degradation of the p- and n-type, PEDOT:PSS, PEI and pristine
SWCNTSs. Zone “I”” (0-200 °C) is believed to be due to adsorbed
water within the materials, zone “II” (200-480 °C) marked the
onset of burning of the polymers and small molecules (e.g
SDBS, PEI, PEDOT:PSS), and zone “III” (480-1000 °C) corre-
sponds to the combustion of the SWCNTs together with other
residual additives.

The approximately 14% remaining mass of both the CNT-
based samples was related to the metal impurities due to the
SWCNT production process, confirming the >80 carbon purity
indicated by the manufacturer. Concluding, the SWCNT-based
p- and n-type materials exhibited a stable TE behavior up to
100 °C, making them suitable for integrated TE applications
within structural FRP laminate composites.

4.4. SEM & AFM microscopical characterization

The solid-state morphology and the dispersion quality of the
printed n- and p-type TE films were investigated. Fig. 4 illus-
trates the SEM as well as the AFM images of the surface
morphology of the n- and the p-type printed films on GF. As
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(a) Raman spectroscopy of p- and n-type SWCNT films as well as (i)—
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(iv) their respective Raman bands in detail, (b) and (c) the thermogravimetric

analysis (TGA) and the derivative of TG (DTG) of p-type, n-type thermoelements, PEDOT:PSS, PEI and pristine SWCNTs.
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Fig. 4 SEM and AFM micrographs of the dominant p- and n-type carbon-based materials, (a)-(c): p-type material, and (d)-(f): n-type material.

previously stated, these dispersions were produced in DI-water,
drop casted using a micropipette onto a GF fabric and dried at
85 °C for 35 min. The SWCNT-based printed TE films exhibited
comparably densely packed network architectures that effec-
tively contribute to carrier transports, suggesting the produc-
tion of well-dispersed p- and n-type inks. The p-type printed
film network exhibited outstanding uniformity and continuity
(Fig. 4(a)-(c)). A good dispersion of CNTs was also observed in
the n-type printed film indicating that sufficient PEI molecules
were attached to the CNT’s surfaces (Fig. 4(d)—(f)), resulting in
effective n-doping owing to electron transfer from the nitrogen
anions (N7) derived from PEI to the nanotubes. The coating
and the dispersion quality of the n-type PEI-doped SWCNT
material are depicted in Fig. 4(d)-(f). In a previous work, the
dispersibility of SWCNTs with SDBS and PEI in DI-water is also
demonstrated.®”> AFM images illustrated the morphologies of
the representative samples. In Fig. 4(f), the increased concen-
tration of the PEI molecules at the (SWCNT:SDBS):PEI disper-
sion is clearly shown in comparison with the p-type
(SWCNT:SDBS):PEDOT:PSS film (Fig. 4(c)). In Fig. 4(b) and
(e), characteristic ribbons which were formed during the during
of the carbon nanotube inks can be traced.

These morphologies confer excellent conductive properties
to the dry film due to the formation of prolonged Y-shaped
intertube and interbundle junctions. The overall outcome of
this process is the yield of conductivities for the n- and p-type
printed films that reach 1043 S cm ' and 1514 S cm ',
respectively. Intertube junctions, as is well known, govern the
electrical conductivity of carbon nanotube films. As a conse-
quence, it may be hypothesised that the more conductive
molecules of PEDOT:PSS, as well as the lower ratio to the
SWCNT:SDBS dispersion, offered greater interconnections
between the nanotubes as compared to PEI, resulting in
distinctly enhanced electrical conductivity for the produced

3728 | Mater. Adv.,, 2024, 5, 3721-3734

printed TE film. To summarize, the thicker the molecule of
the insulating/dielectric dopant, the more the carrier transport
across the nanotubes is hindered resulting in a considerably
reduced electrical conductivity.®?

4.5. Fabrication of the GFRP-GTEG module

A structural GFRP-printed TEG module was manufactured via a
facile printing process. 232 p-/n-pairs (~0.26 mm thick) were
printed on a Glass Fabric substrate using the produced inks.
Fig. 5(a) illustrates the mask-assisted fabrication process of the
GFRP-GTEG module. The TEG-enabled GFRP device has the
dimensions of 32 ecm x 7.1 em x 2.1 mm. In the beginning,
p-type TE ink was deposited on the unidirectional GF fabric.
Afterwards, n-type TE ink was printed so that at the edge of the
p-type thermoelement, electrical continuity was secured for
successive p-/n-pairs. As indicated in Fig. 5(b), the element
was 3.3 cm x 0.4 cm in dimension.

After printing, the thermoelements/printed films of n- and
p-type materials were dried at 85 °C for 35 minutes. The
conductive nanotubes were used as electrodes to interconnect
the thermoelements, resulting in a graphene-based TEG to
avoid the use of metallic contacts. Four silver (Ag) foil electro-
des were used as external electrodes of the GFRP-TEG module.

In order to exploit as much as possible power output of the
module, the graphene-based printed TEG architecture was
applied to 4 glass-fiber fabrics. The TEG-laminae were alter-
nated with four insulating glass fabrics to make a [0/90]s
symmetrical and balanced cross-ply laminate, as shown in
Fig. 5(c). Fig. 5(d) depicts the thermoelectrically generated
carriers upon setting AT at the device boundaries as well as
the GFRP-GTEG’s module principle of operation and equiva-
lent circuit. Finally, all of the glass-fiber fabrics/plies were
impregnated using the commercial Araldite LY 5052 epoxy
resin (Huntsman, USA) and laminated by hand lay-up realizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Graphene-based fully printed TEG-enabled GFRP structural composite manufacturing process. (a) Mask assisted TEG module architecture onto a
glass fibre fabric substrate, (b) dimensions of thermoelements of the GTEG device, (c) GFRP-GTEG device architecture, (d) schematic illustration of the
thermoelectrically generated carriers by a given temperature difference (AT) as well as the GFRP-GTEG's module working principle and the GTEG's

equivalent circuit, (e) the carbon-based fully printed GFRP-GTEG.

an 8-ply GTEG-enabled structural composite as shown in
Fig. 5(e).

The GFRP-GTEG composite laminate was cured and post
cured in accordance with the datasheet provided by the resin
manufacturer. Typically, organic or inorganic TEGs are created
by a p—n type alternating laying of the elements using a printed
or evaporated metal deposition for the thermoelements
connectivity.””™®  Nevertheless, when highly conductive
SWCNTs are employed, the contact resistance of a metal/
SWCNTs interconnection surpasses the internal resistance of
the printed SWCNT-film itself, resulting in TEGs with dimin-
ished power output.** In this study, the facile manufacturing

© 2024 The Author(s). Published by the Royal Society of Chemistry

process of a structural laminate, carbon-based and fully printed
GFRP-TEG module is demonstrated.

The electrical conductivity of the used n- and p-type printed
materials is 1043 S cm™ " and 1514 S cm ™', correspondingly. As
an outcome of fabricating a metal-free TEG device, exclusively
based on graphene-printed TE materials, is the demonstration
of an efficient structural GFRP-GTEG module with remarkable
thermoelectric performance. Having the experimental results
as an indication of the efficiency of the manufactured GFRP-
GTEG device, it is demonstrated that the proposed architecture,
design and methodology employed in this work for the manu-
facturing of a structural laminate, a carbon-based and fully
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printed TEG, utilizes the maximum power throughput of the
module, indicating a significant future potential for structural
or even multifunctional power generation TEGs.

4.6. Performance and demonstration of the GFRP-GTEG device

The manufactured GFRP-GTEG module exhibited an excep-
tional TE output, because of the remarkable TE properties of
the n- and p-type printed thermoelements, created using the
SWCNT-based semiconducting inks. The GFRP-GTEG was sub-
sequently tested in the presence of a AT imposed from the
centre and symmetric sides of the device in a planar direction
and, due to the Seebeck effect, a substantial output voltage was
yielded. In Fig. 6, the performance of the module in terms of
thermoelectric voltage generation is shown for various ATs.
The experiment took place under ambient conditions (T¢ ~
25 °C, 1 atm, RH: 50 £ 5%). The novel design of the structural
GFRP-GTEG device with dimensions of 32 cm x 7.1 cm X
2.1 mm exhibited a total thermoelectric power generation of
10108 uV K * for a temperature difference set at AT = 100 °C. It
should be mentioned that the manufactured GFRP-GTEG module
demonstrated a remarkable TE efficiency without the use of
metallic interconnections between consecutive thermoelements.
The excellent conductivity of the TE films together with the small
distance between the interconnected thermoelements led to this
outcome. As previously noted, the contact resistance of a metallic
interconnection and a printed CNT film is greater than the
internal resistance of a metal or a printed CNT film alone, leading
to a lower power output.** This is not the case with our manu-
factured GFRP-GTEG, which utilizes just SWCNTs with excellent
electrical conductivity. During the GFRP-TEG performance study,
Voc = 1.01 V (open-circuit voltage) and Isc = 850 pA (short-circuit
current) were recorded at AT = 100 °C with an Rpgg = 1188 Ohm
(internal resistance of the TEG). This yielded a remarkable power
of 215 pW, as illustrated in Fig. 6 and 7 The GFRP-GTEG power
density could be calculated using the following equation:**

i
N-S-ATY? /4-N . ———
P 7Pmax7( S )/ o-w-d
ey TN N-w-d @)
S?.o
= CAT?
4

where N is the total number, A is the area, w is the width of each
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thermoelement, d is the thickness and [ is the length of
the thermoelements. Pgensiy Of GFRP-GTEG was calculated at
2.32 W m™ 2 and the specific power was calculated at 1.16 mW g~
both of which are amongst the highest values reported for TEG-
enabled FRP laminated structural composites.>>>%

Fig. 7 depicts the thermoelectric power measurement set-up as
well as the GFRP-GTEGs’ performance at AT = 100 °C. When the
GFRP-GTEG’s thermoelements were subjected to a temperature
gradient, a large thermoelectric voltage was rapidly observed. Even
at a temperature difference as low as AT = 25 °C, a power output of
19.5 uW was obtained. As a result, it is successfully exhibited that
the produced multifunctional structure can be efficient in harvest-
ing waste thermal energy in the ambient and converting it
efficiently to electrical energy, providing significant potential for
energy-harvesting structural parts. Hereafter, it will be shown that
the satisfactory mechanical properties of GFRP-GTEG also facil-
itate the realization of multiple multifunctional structural appli-
cations. A more thorough explanation of the TE GFRP-GTEG
performance may be found in Fig. S4 (ESIf). Following the
previous experimentation, the GFRP-GTEG was used to power
up an LED utilizing the commercial ALD-EH4295 step-up con-
verter (Advanced Linear Devices, USA). In order for the commer-
cial step-up converter to be capable of powering up the LED, it has
to raise its internal voltage from 1.6 V to 3.8 V. The input power
must be larger than the minimum value of 2 W in order to start
charging the ALD-EH4295. Even at T = 10 K, the GFRP-GTEG
could output 3.12 pW, which safely exceeded the minimal 2 yW
required by the EH4295 to begin charging. Fig. S7 (ESIt) shows
that under these settings, the manufactured GFRP-GTEG was
able to switch a green LED within a charging period of 2357 s
(~39 min). Fig. 8(a) illustrates the charging time needed for the
GFRP-GTEG to activate the EH4295 as a function of AT. Charging
durations for the switching of the LED were 201 s and 76 s at T =
50 K and = 100 K, respectively. The employed setup together with
the printed circuit board containing the ALD-EH4295 that was
utilized to power up a commercial LED is depicted in Fig. 8(b).
Fig. S8 (ESIt) illustrates a comparison between structural compo-
site thermoelectric generators.

4.7. Mechanical tests and performance of the GFRP-GTEG device

In order to evaluate the GFRP-GTEG device as a structural
component, mechanical performance tests were conducted for
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Fig. 6 The thermoelectric performance of the GFRP-GTEG as evaluated experimentally in various ATs. (a) The obtained curves of voltage—current (V-),
power—current (P-I) and (b) voltage—load resistance (V—-R\caq), power—load resistance (P—Roaq)-
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Fig. 7 GFRP-GTEG-device performance at AT: 100 °C: (a) the generated open-circuit voltage (Voc) and, (b) the short-circuit current (Isc). (c)
Thermoelectric power measurement set-up and (d) thermal image of the testing performance.

reference and GTEG-enabled GFRP specimens. The outcomes Fig. 9(e) shows the stress-strain curve where deterioration in
of the 3-point bending experiments are shown in Fig. 9(a)-(d). the mechanical behavior of the modified composite specimens
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Fig. 8 (a) Diagram of the time required to charge the ALD-EH4295 utilizing the energy generated by the GFRP-GTEG to power up an LED at various
ATs. (b) and (c) The electronic board and the experimental setup containing the ALD-EH4295 employed at AT = 100 °C to light up a green LED.
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Fig. 9 Pictures of representative specimens during testing of (a) and (b) reference and (c) and (d) TEG-enabled GFRP, with their respective microscope
images, (e) stress—strain curves and (f) bending strength and flexural modulus.

was observed. Nevertheless, it was found that the maximum load
of the TEG laminate specimens decreased by 31.2% and the
displacement relative to the reference laminate till failure
increased by 6%. The TEG-enabled laminate has a flexural
strength of —32.3% and a flexural modulus of —33.4% when
compared to reference GFRP laminate specimens. The lower
strength values are attributed to the internal interfaces created
by the printed SWCNT-based TE films onto the glass fiber
laminates, which act as defects. Furthermore, the higher strain
values are due to the interlaminar shear caused also by the
printed TE films. More specifically, because the bending resis-
tance is related to the specimen’s thickness squared, the devel-
oping stress is inversely proportional to this quantity. The
fracture images in Fig. 9(b) and (d) also show that the GFRP-
GTEG laminate samples showed a distinct form of failure than
the reference samples. In particular, the reference samples failed
mainly because of bending, while the TEG samples exhibited
multiple delaminations. The specimens’ greater thickness/span
ratio made them more vulnerable to shear failure. Additionally,
the SDBS surfactant may weaken the interlaminar strength of the
composite, causing the specimens to fail in interlaminar shear,
from both n- and p-type materials to the glass fabrics.

As a consequence, the observed knockdown effect in mechan-
ical characteristics was attributed to the integration of the
functional printed TE materials into the GTEG-enabled FRP.

5. Conclusions

The objective of this study is to design, manufacture and
demonstrate a high-performance integrated GTEG within a

3732 | Mater. Adv.,, 2024, 5, 3721-3734

multifunctional structural laminate composite. The fabricated
thermoelectrically enabled GFRP consisted of graphene
nanotube-based printed TEG laminae within an 8-ply structural
laminate composite. The graphene TE ink used for the printed
TEG architecture was based on aqueous SWCNT dispersions
and produced via facile methods and low-cost carbon materi-
als. The fully printed all-carbon prototype structural GFRP-
GTEG comprised serially interconnected n- and p-type thermo-
electric printed elements. The graphene-based printed materials
also served as interconnections for the electrical junction of the
p-/n-thermoelements, as they exhibited enhanced electrical con-
ductivity. The optimized n-type and p-type resin-impregnated
printed TE films on GF substrate exhibited the noteworthy PFs of
82 uWm 'K ?and 96 yW m ™' K *@AT = 100 K. The fabricated
CFRP-GTEG was measured to have Ry = 1188 Q. When
exposed to AT = 100 K, it exhibited Voc = 1.01 V and Isc =
850 pA corresponding to the remarkable power output of 215 uW.
In this work, for the first time, it is demonstrated an interlaminar
hierarchically modified carbon-based energy-harvesting structural
composite, capable of powering electronic devices such as LED
lights, and the overall results are among the highest ever pre-
sented in the field of energy-harvesting structural composites and
printed carbon-based thermoelectrics.>'"'***% n addition,
Finite Element simulations were performed to validate the experi-
mental findings. The manufactured structural GFRP-GTEG with
the capability of thermal energy-harvesting, is a significant step
towards sustainable and advanced zero-energy consumption
structures. It is also a promising realistic approach for a
wide application range, even in remote areas where powering
low-energy consuming electronics is essential to provide fully

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy-autonomous solutions. The reported significant TE perfor-
mance achieved via graphene-based printed TE films, provides
significant potential for large-scale printable and industrial
manufacturing of thermoelectrically enabled multifunctional
structural laminate composites, which could potentially have a
major impact on the renewable energy market.
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