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For the first time, the thermoelectric properties of cement/single-walled carbon nanotube (SWCNT)
nanocomposites with over 3, 7, 14 and 28 days of hydration are reported, while a thermoelectric
generator device (TEG) is fabricated utilising the material with the highest achieved power factor (PF).
SWCNTs with inherent p-type semiconductor characteristics were introduced into the cementitious
matrix at a water to cement (w/c) ratio of 0.5, while the Seebeck coefficient (S), electrical conductivity
(o) and PF for different SWCNT loadings were determined at different ages. The 28 day cement/SWCNT
sample with 0.5 wt% loading exhibited the highest performance in terms of ¢ (159 x 10° S m™),
S (+1348.8 uV K1) and PF (2.89 x 10° pW m~! K~2), with the PF being the highest among other carbon
nanoadditive-based cement thermoelectric nanocomposites to date. The cement/SWCNT(0.5) was used
for the fabrication of a thermoelectric generator (TEG) device exhibiting a maximum power output
(Pmax) Of 5.02 pW and a power density of 5.02 mW m™2, upon being exposed to a temperature
difference (AT) of 50 K. Finite element (FE) simulations validated the TEG thermoelectric performance
corroborating the experimental findings. The highly efficient cement/SWCNT thermoelectric nanocomposites,
as well as the cement-based structural TEG device, demonstrated herein could open new avenues towards

Received 27th July 2021,
Accepted 16th September 2021

DOI: 10.1039/d1tc03495b

rsc.li/materials-c future energy efficient buildings and green construction.

Thermoelectric materials conform to the common thermo-
electric or Seebeck effect illustrated by the Seebeck coefficient

1. Introduction

Over the last few decades, expanding demand for alternative
energy resources has emerged due to the finite amount of fossil
fuels and the anthropogenic global climate change. To that
end, it is worth mentioning that more than 60% of the global
energy production is dissipated as waste heat and as a result, it
is impractical to be fruitfully utilized." In terms of sustainable
construction technologies, thermoelectric materials have
become one of the potential candidates for thermal energy
harvesting due to their ability to convert waste heat energy into
electricity.”

“ Department of Materials Science & Engineering, University of Ioannina, GR-45110
Ioannina, Greece. E-mail: latzounis@uoi.gr

b Mechanical Engineering Department, Hellenic Mediterranean University,
Estavromenos, 71004 Heraklion, Greece. E-mail: tzounis@hmu.gr

¢ Department of Civil Engineering, Democritus University of Thrace, GR-67100,
Xanthi, Greece

4 Technische Universitit Dresden, Institute of Construction Materials, DE-01062
Dresden, Germany

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/d1tc03495b

This journal is © The Royal Society of Chemistry 2021

(S), or thermoelectric power (TEP), which is the direct solid
state conversion of thermal energy to electrical energy.’ The
Seebeck coefficient (in units of uV K ') is the open circuit
potential (Voc) or the generated thermovoltage per unit temperature
difference (AT) between a hot and cold point, expressed by the
following equation (eqn (1)):

AV

S_E )

The Seebeck coefficient is employed for the calculation of
the power factor (PF = S?¢), a commonly used entity for the
comparison of thermoelectric materials’ efficiency. Till now,
mainly inorganic low band-gap semiconductors such as Bi,Te;*
and SnSe’ have been used for thermoelectric generator (TEG)
devices, while it could be easily realised that their wide-spread
application is hindered by their relatively high cost, consisting
of rare and toxic elements, etc.® It is worth noting that a recent
review could be found where inorganic, organic and inorganic/
organic hybrid fiber-based thermoelectrics and TEG devices

J. Mater. Chem. C, 2021, 9, 14421-14438 | 14421


http://orcid.org/0000-0003-3790-695X
http://orcid.org/0000-0003-0567-3020
http://orcid.org/0000-0001-8792-2726
http://orcid.org/0000-0002-7532-9025
http://orcid.org/0000-0002-4490-594X
http://crossmark.crossref.org/dialog/?doi=10.1039/d1tc03495b&domain=pdf&date_stamp=2021-10-05
http://rsc.li/materials-c
https://doi.org/10.1039/d1tc03495b
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC009040

Published on 16 September 2021. Downloaded by Fail Open on 7/23/2025 8:45:29 AM.

Paper

have been thoroughly summarised focusing on the synthesis,
characterization, fundamentals, property evaluation, and ela-
borating possible practical applications i.e. for solid, portable,
and wearable electronics.” In a more focused review article,
fiber based thermoelectrics have been comprehensively summarized
elucidating the state-of-the-art of fiber-based thermoelectric
materials and TEG devices made thereof, while considering
their important aspects; namely, (i) novel chemical protocols
and chemical engineering, (ii) achievement of outstanding
thermoelectric material properties based on specific energy level
mechanisms, (iii) advanced TEG device fabrication methods
and unique designs of wearable TEGs, (iv) device flexibility,
stability and performance, and (v) their potential practical
applications.®

Concrete and other cement-based composites are the most
commonly used materials for construction and buildings with
almost 2.5 tons of concrete consumed per person annually.’
Advanced energy efficiency in buildings is a crucial feature
determining human-induced emissions worldwide, while state-
of-the-art materials for advancing large-scale ambient thermal
energy harvesting have been the spotlight in applied energy
research.”® The thermoelectric effect in buildings and other
civil engineering structures has been reported in the form of
thermoelectric heat generation, as well as thermoelectric
cooling."" The thermoelectric effect for cement-based materials
permits a fascinating potential application in ambient energy
harvesting, which could capture inaccessible ambient heat
energy found in various locations, for example, buildings,
urban area and roads, industrial environments, etc., and con-
vert it into usable electrical energy. Moreover, thermoelectric
cement-based structural materials can capture waste heat in
urban areas, highways, railway infrastructure and buildings
currently contributing to the Urban Heat Island (UHI). Additionally,
thermoelectric cement-based structural materials set the ground
towards exploiting huge wasted amounts of heat found in concrete
structures.'” Such structures are exposed to temperature and light,
generating heat that is currently lost via waste heat in the
environment. A fraction of that heat can be captured and reused
for electricity generation.™

The thermoelectric effect in cement-based materials was
first introduced by Sun et al. in 1998 in cement paste with short
carbon fibers."* The thermoelectric performance of carbon and
steel fiber reinforced cement composites with Seebeck coefficients
of about +5.5 and +68.0 uV K ' for carbon and steel fiber
reinforced cement composites was reported by Wen and Chang
respectively with a fiber content of 1.0% by mass of composite.'>*®
More recently, they went deeply in the discussion about the origin
of the thermoelectric behaviour in cement pastes reinforced with
steel and carbon fibers."” In another study, an enhanced Seebeck
coefficient from +5.5 to +21.2 uV K ' was reported after the
intercalation of bromine-carbon fibers instead of ordinary poly-
acrylonitrile fibers as reinforcement in hardened cement paste.'®

The addition of 0.5 wt% multi-walled carbon nanotubes
(MWCNTs) in carbon fiber/cement composites increased
further the Seebeck coefficient reaching the highest value of
+23.5 uv K ~.'° Furthermore, an absolute Seebeck coefficient
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reaching +127 uV K~ was reported by Demirel and Yazicioglu
in carbon fiber reinforced concrete with the aid of silica fume.>°
Jin and Zhang et al. have reported an order of magnitude higher
Seebeck coefficient compared to those of all existing studies
related to thermoelectric cement composites. Namely, they
reached values between +2500 and +3300 uV K ' by the addi-
tion of Fe,0; and ZnO nanopowder in the cement matrix.>!

In a recent study, Rudradawong et al. reported on Mayenite
Cay,pAl,4O33/nano-carbon black composites (C12A7/nCB) elucidating
the mechanism of positive ionic transport in thermoelectric proper-
ties. Specifically, the figure of merit, defined as ZT = (S°s) T/x where
T, S, o, and x are absolute temperature, Seebeck coefficient,
electrical, and thermal conductivity, respectively, for thermoelectric
materials of C12A7/nCB of 10 wt% content was 0.16 x 10>, while
the PF was in the range of 0.02 to 0.24 yW m ' K * with the
Seebeck coefficient being +7 to +25 uV K™ ' in the temperature
range of 300 to 380 K.>> Moreover, expanded graphite/carbon
fibers reinforced cement (EG-CFRC) with a porosity of 3.9%
showed a maximum of PF of 7.26 x 10™* yW m ™' K2, while ZT
was recorded to be 2.22 x 10~ 7.>* The thermoelectric properties
of expanded graphite/carbon fiber-reinforced cement compo-
sites (EGCFRCs) were also investigated exhibiting a PF of
94.3 yWW m ™' K™% and a ZT of 2.208 x 10> when filled with ionic
liquid 1-butyl-3-methylimidazolium bromide (IL [Bmim]Br).**

Graphene has also been employed as a thermoelectric
nanoadditive in cement towards highly efficient thermoelectric
nanocomposites. Graphene nanoplatelets (GNPs) have been
recently reported in a study by Ghosh et al. as inclusions in
cement towards energy harvesting in buildings.*® With a GNP
loading of 15 wt%, an electrical conductivity of 16.2 S cm ™" and
a Seebeck coefficient of +34 pV K~ * were reported. For the time
being, nanostructured graphene/zinc oxide hybrid cement com-
posites exhibit the highest value of ZT ~ 0.01 acquired at 70 °C
with 10 wt% graphene and 10 wt% ZnO inclusions, whereas the
Seebeck coefficient obtained was +141 pv K *.2°

One of the most promising carbon nano-allotropes for
thermoelectric energy harvesting, as well as for thermoelectric
generator (TEG) devices, is carbon nanotubes (CNTs),”’~° amongst
other organic e.g. small molecule and polymeric based semi-
conductors®" that have been summarised in a recent review
article.>*> Moreover, a recent article could be found where all the
advancements regarding thermoelectric carbon allotrope materials
and hybrids with inorganic crystals have been thoroughly reviewed,
while reporting on carbon allotrope-hybrid related thermoelectric
module design and possible practical applications.*

CNTs have been long-established to enhance the mechanical
and electrical properties of cementitious materials, while their
electrical conductivity has been employed in structural health
monitoring (SHM) applications, for strain-damage sensing,
electromagnetic shielding effectiveness, etc.>* Inside a cemen-
titious matrix, CNTs form a network where charge carriers,
electrons (n-doping) and holes (p-doping) are moving through a
tunneling or a hopping transport mechanism,**?® while
simultaneously phonon scattering phenomena occur at the
cement particle-CNT interfaces resulting in relatively low
thermal conductivities. Consequently, CNT/cement nanocomposite
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materials are considered as ideal candidates for thermoelectric
power generation, while there is continuous scientific interest to
increase the electrical conductivity, Seebeck coefficient and
power factor values.

The thermoelectric properties of CNT reinforced cement
nanocomposites were reported by Wei et al. reaching a Seebeck
coefficient of +57.98 uV K~ ' and a comparatively high electrical
conductivity of 0.818 S cm™*.*” Recently, Tzounis et al. reported
on p- and n-type cement/MWCNT thermoelectric nanocomposites
with the highest ever reported PF of cement/CNT thermoelements
of 1.44 yW m ™" K2 before drying and 7.63 x 10° yW m ™" K 2 at
1.0 wt% of CNT filler. This is the only existing study that has
elucidated the thermoelectric mechanisms and the effect of
humidity/moisture at different cement ages, while a p-n TEG
device demonstrator was shown consisting of a single p-n pair
of serially interconnected cement/CNT thermoelements.*® TEG
devices based on the constructed thermoelectric materials are
the only viable way of harvesting thermoelectric energy on a large
scale ie in roads, pavements, and buildings’ wasted thermal
energy, while being able to deliver high power outputs for potential
practical applications.

In the study at hand, cement/SWCNT nanocomposites at
different SWCNT loadings have been prepared and utilised, for the
first time, towards the fabrication of a TEG device consisting of ten
(10) serially interconnected p-type thermoelements. Distinct
emphasis is made on the influence of SWCNT loading, varying
from 0.005 wt% to 0.5 wt% by cement’s mass, on the thermo-
electric performance of cement/SWCNT nanocomposites at differ-
ent ages i.e., 3, 7, 14 and 28 days in the direction of figuring out the
relationship between the structure and the physical properties.
The cementitious based TEG device produced a voltage output of
31.05 mV with a maximum power (Pp,a) of 5.02 pW, upon being
exposed to a through-thickness thermal difference of AT = 50 K.
This is the highest ever reported voltage and power output of a
cementitious based TEG device. The experimental results were
validated using finite element (FE) modelling for the solution of
the coupled constitutive equations describing the underlying
thermoelectric phenomena. The fabrication of cementitious TEG
devices with a higher amount of p-type or alternating p—n serially
interconnected thermoelements could allow further the increase of
the total voltage and power output values.

2. Experimental
2.1 Materials

SWCNTs in powder form were provided by OCSiAl (TUBALL,
carbon content: >85 wt%, mean diameter of 1.8 + 0.4 nm,
length >5 pm, metal impurities <15 wt%). SDBS (Sodium
dodecylbenzene sulfonate) was purchased from Sigma Aldrich
to ensure adequate dispersion of SWCNTs. A commercially
available poly-carboxylate (PCE) based superplasticizer (Viscocrete
ultra-600) was purchased from Sika Hellas S.A., Greece to ensure
sufficient workability of the cement/SWCNT slurries. Ordinary
Portland cement (OPC) CEM I 42.5 R has been provided by
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TITAN S.A. GREECE. Deionized water was used to prepare all
nanocomposites in this study.

2.2 Fabrication of SWCNT bucky paper films

SWCNTs in the form of bucky papers were prepared for the
investigation of their intrinsic electrical and thermoelectric
properties (Fig. 1). Following a vacuum filtration process through
a polycarbonate membrane (0.4 pm pore size), the bucky papers
were fabricated from previously prepared stable SWCNT/water
dispersions at a concentration of 20 mg ml~" and 1:1 ratio of
SDBS surfactant to SWCNTs by mass (~150 mg of SWCNT
powder was used for the bucky paper preparation). The final
bucky paper films were derived via a vacuum filtration process,
peeled off from the membrane and the thickness was measured
to be approximately ~80 pm.

2.3 Preparation of cement/SWCNT paste and nanocomposite
specimens

For the dispersion of SWCNTs in DI water, SDBS, an anionic
surfactant was employed. The stock solution/dispersions con-
tained a predetermined amount of SWCNTs of 0.005 wt%,
0.01 wt%, 0.05 wt%, 0.1 wt% and 0.5 wt% by weight of cement,
while the ratio of SWCNT/SDBS was kept constant at 1:1.
Ultrasonication was performed for 60 min at 25% (~8 K]J)
using the UP400S tip-ultrasonic probe processor (Hielscher
Ultrasonics). Cementitious nanocomposites were prepared by
mixing the SWCNT dispersions with cement at a water-to-cement
ratio (w/c) of 0.5. The superplasticizer:SWCNT ratio was set to 10: 1
allowing sufficient dispersion and appropriate workability. Gen-
erally, in cementitious nanocomposites, the filler content is
given by the weight of the cement since the density of SWCNTs
is mainly approximated due to their various amorphous con-
tents. All cement composites were prepared with a standard
mixing procedure using an IKA® EUROSTAR control 200 P4
equipped with an R 1381 propeller stirrer.

The SWCNT dispersions were introduced in a plastic con-
tainer and the cement powder was introduced gradually during
mixing at 320 rpm. After 5 min of total mixing time, a homo-
genous slurry was obtained and casted in 10 x 10 x 60 mm?
oiled steel moulds. The specimens were subsequently sealed in
a plastic bag at 23-25 °C until testing. For electrical and
thermoelectric measurements, the samples were measured at
an age of 3, 7, 14 and 28 days. Hereinafter, the samples are
denoted according to their nanofiller content, namely, the
cement/SWCNT nanocomposite, which contains nanofillers at
0.5 wt% will be denoted as cement/SWCNT(0.5).

2.4 Characterization techniques

Raman spectra and maps were acquired using the 514.5 nm
line of an argon ion laser operating at 1.0 mW at the focal
plane. The HR-Horiba scientific system equipped with a
100x objective was used for the spectra acquisition, while a
50x long working distance (LWD) objective was used for
mapping. A grating with 600 groves per mm was used, so that
the wavenumber range from about 90 to 1800 cm ™" could be
measured in a single window. To obtain accurate frequency
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Fig. 1 Chemical schematic representation of the process towards (a) the preparation of a SWCNT bucky paper film (tip ultrasonication followed by a
vacuum filtration process), and (b) the fabrication of cement/SWCNT nanocomposites i.e., mechanical mixing of the p-type SWCNT dispersion, PCE and
cement followed by casting resulting into 10 x 10 x 60 mm® samples (deposited Ag contacts at the ends of 10 x 10 x 30 mm?® specimen were necessary

for the Seebeck coefficient measurements).

position determination, spectral analysis, which involved the
fitting of the known vibrational modes with Gaussian and
Lorentzian distributions, was performed. For each specimen,
mapping was carried out with the ‘Swift mode’ enabled, on an
area of 30 x 30 um” having a total of 256 points while the step
size was 2 pm. The number of points in the studied area is
determined by the step size, which was selected to be higher
than the size of the laser spot (1.5 pm). LabSpec6 software was
used to control the instrument, refine the data and create
Raman mapping images.

Scanning electron microscopy (SEM) was performed by
means of an FEI NanoSem 200 (FEL, Eindhoven/The Netherlands)
at an operational voltage of 5 kV. SEM was utilized to study the
morphology of CNTs in the form of bucky paper as well as the
morphology of cement/SWCNT nanocomposites.

A typical 4-probe technique using a commercial four-point
probe system (Ossila Ltd) was employed for the calculation of
the electrical conductivity (o) of SWCNTs (in the form of bucky
paper films) and the cement/SWCNT nanocomposites, based

1 L
on the formula: ¢ = o X S X
4-probe sheet resistance, L is the length and S is the cross-
section of each sample. For measuring the sheet resistance (R;)

In2
(%) , where R; is the measured
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of the cement-based nanocomposites, the silver paste was
deposited between the material’s surface and the probes of
the employed four-point probe system to improve their physico-
chemical contact and increase the accuracy of the measurement.
At least five measurements on different samples were performed to
derive the mean values reported in this study.

The Seebeck coefficient of p-type SWCNTs (in the form of
bucky paper films), as well as of the cement/SWCNT nanocom-
posites (specimen dimensions: 10 x 10 x 30 mm?®) was deter-
mined using a custom-made set-up. To enable the generation of
a temperature gradient, all the samples were mounted on two
metal blocks. For every measurement, one block was kept at
room temperature (T,o4, at 25 °C) while the other block (Tjr)
was heated up via calibrated temperature-controlled resistors,
allowing the generation of temperature difference (AT). For the
thermoelectrically driven voltage measurement, Ag wires have
been wrapped around the two end-point perimeters of the
samples. The silver paste was also applied between the Ag wire
and the sample surface to minimize the plausible contact
resistance. The Ag wires were connected to an Agilent 34401A
61/2 digital multimeter to measure the generated thermovoltage
(AV). An IR-thermometer (OMEGA OS-VIR50 Dual Laser Video IR
Video Thermometer) was employed to measure the temperature

This journal is © The Royal Society of Chemistry 2021
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of the two blocks and determine the temperature difference (AT).
The Seebeck coefficient (S) was derived then from the AV/AT ratio.
Fig. 1 shows schematically the process towards the develop-
ment of SWNT dispersions (Fig. 1a), and the mechanical mixing
of the p-type SWCNT dispersion, PCE and cement towards
the fabrication of 10 x 10 x 60 mm?® cement/SWCNT nano-
composites (Fig. 1b). Samples of cement/SWCNT nanocomposites
(10 x 10 x 30 mm®) with Ag contacts deposited at the ends of each
specimen were used for the Seebeck coefficient measurements.

2.5 Fabrication and characterization of the cement/SWCNT
based thermoelectric generator device

A cement/SWCNT based thermoelectric generator (TEG) was
fabricated utilising the cement-based nanocomposite with the
highest PF in this study, namely the cement/SWCNT(0.5) 28 day
sample. More precisely, a device configuration of ten (10) thermo-
elements with a rectangular shape of 10 x 10 x 15 mm?® electrically
connected in series and thermally in parallel has been used.

For connecting each thermoelement, Ag conductive tape has
been employed, connecting the cold side of each thermoele-
ment with the hot side of the adjacent one. The conductive
silver paste was also utilized between the Ag tape and the
sample surface minimizing any contact resistance between
the Ag electrodes with the TEG device thermoelements. The
voltage output (V. OF open circuit voltage: Voc or voltage of the
TEG: Vrgg), internal resistance (Rygg) of the device and short
circuit current (I;.) were measured with an Agilent 34401A 61/2
digital multimeter. The TEG device was placed on a hot plate
with the “hot” surface of the device being exposed to 50 °C and
75 °C, while the other surface (“cold’”) was exposed to the
environment (25 °C), resulting in a “through-thickness” tem-
perature gradient of AT = 25 K and AT = 50 K, respectively.

For the TEG device characterization, power measurements
were performed for several different load resistances (Rpoaq) at
the two different AT that the device was exposed to (25 and 50 K).
Specifically, a homemade power output experimental set-up
has been used in order to examine the TEG device power output
characteristics as a function of different applied external load
resistances (Rpoaq), described in detail in our previous work.>
This set-up gives the open circuit voltage (Voc or Vigg, other-
wise defined), and the short circuit current (Is.), upon connect-
ing the voltage meter and the Amp meter, respectively, as well
as the Vigaq (V1) and Ioaq (Ip) values for each of the different
loads. For the power output measurements, various load resis-
tances are applied and then the voltage and Amp meter are
used to measure the voltage and current on the load resistance,
allowing the calculation of the power output as Pyt = Vigad X
Ioaa upon applying different external specific load resistances.

2.6 Finite element analysis (FEA) of cement/SWCNT based
nanocomposite TEG device

Finite element numerical simulations have been developed and
conducted, in order to investigate the thermoelectric behaviour
of the proposed TEG device. It should be noted that the TEG
device has been designed with the exact geometrical features of
the actual experimental setup. ANSYS™ software was used for the

This journal is © The Royal Society of Chemistry 2021
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solution of the coupled constitutive equations governing thermo-
electric phenomena with the appropriate boundary conditions.*
The numerical solution provided thermal fields and electrical
potentials, translated to temperature and voltage distributions
throughout the device, as well as voltage differences between the
input and output of the device. The mesh consisted of hexa-
hedrals for the thermoelements and the Ag tape. To ensure a
mesh-independent response, a convergence study was performed.
Based on the convergence results determined for the thermo-
electric response of the TEG device, a minimum element size of
1 mm was adequate to obtain acceptable accuracy in the calculated
responses. Prior to the solution process, the necessary boundary
conditions were introduced into the FEM solver. For each thermo-
element, the “cold” surface was kept at room temperature, while
the opposite surface was exposed to the temperature of the hot
plate, following the experimental protocol. The heated surface
of the first thermoelement had a voltage of 0 V (grounded), to
direct the current flow of the electric energy generated by the
temperature difference AT.

Two different FE models have been developed: a 10-thermo-
element and a 100-thermoelement TEG module. The FE simulation
results of the 10-thermoelement TEG module were compared with
the measured data of the experimental setup to validate the
accuracy of the numerical analysis. Then, a 100-thermoelement
TEG module has been introduced to estimate the potential of the
thermoelectric behaviour in an up-scaled device/module.

3. Results and discussion

3.1 Raman analysis of SWCNT powder and SWCNT bucky
paper films and SWCNT microstructural characteristics

Raman spectroscopy is a powerful technique used to analyse the
structural properties of materials, as many chemical substances
have characteristic fingerprints in the Raman corresponding
spectra. Fig. 2a shows the normalized Raman spectra of the
as-received SWCNT powder (in black colour) and SWCNTs in
the form of a bucky paper film (in red). All the commonly
encountered features of SWCNTs are all present in both spectra.
The vibrational modes that are present between 100 and 250 cm ™"
are assigned to the radial-breathing modes of the resonantly
excited nanotubes. The intensity of these peaks is enhanced in
the spectrum of the bucky paper in comparison to the spectrum of
the powder due to both the forms of the measured materials, thin
planar form for the bucky paper and uneven thickness form for the
powder, as well as due to the dispersion of the SWCNTs that
caused the disentanglement of the tubes in the bucky paper
sample, which is obvious in the spectrum by the increment in
the intensity of the RBM peaks. The D mode (1303.6 cm™ ' and
1334.8 cm '), a one phonon second order Raman scattering
process that is usually attributed to the disorder, which is present
in the material is also observed.*

The intensity of the D band was increased, as expected, after
the sonication process that was used for the dispersion of the
SWCNTs and the preparation of the bucky paper. This increase
is observed since a certain amount of shortening of the SWCNTs is

J. Mater. Chem. C, 2021, 9, 14421-14438 | 14425


https://doi.org/10.1039/d1tc03495b

Published on 16 September 2021. Downloaded by Fail Open on 7/23/2025 8:45:29 AM.

Paper

View Article Online

Journal of Materials Chemistry C

G* |=——SWCNT powder
—— SWCNT bucky-paper film

Intensity (a.u.)
)}

2D

N

T
2000

2500 3000 3500
Wavenumber/ cm™

Fig. 2 (a) Raman spectra of the as received SWCNT powder, as well as of the bucky paper film (bucky paper prepared using the “freshly” produced SWCNT
dispersion directly after the 60 min of tip sonication), (b) and (c) SEM images of SWCNTSs in the form of a bucky paper film, at two different magnifications.

always caused by the sonication process*" leading to the inclusion
of more SWCNT edges in the acquired spectrum.*” The double
vibrational mode, which was observed at about 1590 cm™" is the
G-band, a Raman-signature peak for SWCNTs. This band is
comprised of two components, the G peak at 1584.1 cm™ ' and
the G~ peak at 1564.1 cm™ " in the spectrum of the SWCNTs in
powder form. The position of the G" and G~ peaks appeared to be
blue-shifted to 1588.3 cm ™" and 1568.4 cm ™, respectively, in the
bucky paper’s spectrum. Furthermore, the line shape of the G~
band showed that the SWCNTs are semiconductors (Lorentzian
line shape).*?

Highly disentangled SWCNTs studied in the form of bucky
papers can be observed by the SEM analysis (see Fig. 2b and c).
High aspect ratio SWCNTs corroborate the data sheet of OCSiAl
Tuball (aspect ratio = 166, length > 5 pm, diameter = 1-3 nm). The
high length of SWCNTs reveals that the sonication optimum
process has not significantly affected their lengths, so that percola-
tion at low weight percentages could be realized in the cementi-
tious nanocomposites. Some spherical bright particles that are
observed can be identified as metallic catalysts from the synthesis.

3.2 Electrical conductivity of cement/SWCNT nanocomposites

The electrical conductivity of the cement/SWCNT nanocompo-
sites at 3, 7, 14 and 28 days along with the corresponding

14426 | J Mater. Chem. C, 2021, 9, 14421-14438

standard deviation is shown in Fig. 3a. In conductive cement
nanocomposites with carbon-based nanofillers, electrons
(electronics charge carriers), as well as ions (ionic charge
carriers) contribute to the experimentally measured electrical
conductivity in a mixed electrical transport carrier transport
mechanism. With a high water content at the first days of
hydration (3 d and 7 d), ionic conductivity is dominant, whereas
as the hydration of cement proceeds and C-S-H gel is formed,
free pore water decreases, and the electrical conductivity is
promoted due to electronic charge carriers’ contribution. Addi-
tionally, cementitious crystals nucleate and repel the SWCNTs
to the boundaries developing an enhanced SWCNT network
(otherwise known as the “volume exclusion effect”). As such, a
denser SWCNT conductive network enables enhanced charge-
carrier transport, together with the sample’s moisture that is
eliminated during the cement hardening process.

The higher electrical conductivity (¢ = 1.59 x 10° S m™?)
corresponds to the higher SWCNT loading, since the SWCNT-
SWCNT distance reduces, and a higher filler concentration
produces a better condition for networking, extended CNT-
CNT junctions, and shorter conductive pathways.

As seen in Fig. 3b, already even from a very low SWCNT
content, (0.005 wt%), the cement/SWCNT nanocomposites are
above their electrical percolation threshold with a conductivity

This journal is © The Royal Society of Chemistry 2021
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illustration of the SWCNT conductive network development into the cementitious matrix during cement hydration (days 3, 14, and 28), and the striking
charge-carrier mechanisms over time with an occurring “volume exclusion effect”.

value ranging from 0.8 to 0.9 S m~*. The conductivity remains
almost the same up to 0.05 wt% SWCNT filler loading and only
slightly increases reaching ~1.0 S m™'. By increasing further
the SWCNT content, namely, at 0.1 wt%, the SWCNT conductive
network probably consists of much shorter carrier transport
paths, resulting in an enormous conductivity increase of approx.
two orders of magnitude (¢ = 117 S m™'). For the 0.5 wt%
SWCNT content, the conductivity increases even further by an
order of magnitude slightly above 10> S m™"', which is an
extremely high value for such a low amount of conductive

This journal is © The Royal Society of Chemistry 2021

nanofillers considering that the SWCNT inherent electrical
conductivity was 3.25 x 10* Sm ™" (represented by the continuous
red line in Fig. 3b) measured in the form of a bucky paper film.

For the proper evaluation of the electrical conductivity of
cement/SWCNT nanocomposites, we need to consider the dis-
crete phenomena taking place throughout cement hydration
along with the SWCNT charge-carrier transport mechanisms.
Fresh cement paste (a reactive particle suspension) is formed
when cement powder is mixed with water. The properties of the
cement paste develop over time, as the hydration products,
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mainly calcium-silicate-hydrate (C-S-H), are formed. Nano-
scale C-S-H grow onto the micron sized clinker grains sticking
them together.** The addition of SWCNTs to cement pastes
influences the formation and structure of the C-S-H and other
products formed during hydration. Initially, most of the
SWCNTs are dispersed in the pore water of the cementitious
matrix, having limited interconnections resulting in a relatively
low electrical conductivity. As the hydration of cement proceeds
over time, C-S-H and crystals, such as ettringite or portlandite,
grow further and a part of the SWCNTs get repelled to the
boundaries of these crystals, developing percolated SWCNTs
networks, similar to segregation or otherwise defined as a
“volume exclusion effect” that has been reported for polymer
blend systems.** Larger hydration products result thereby in a
more effective volume exclusion effect. In addition, since the
distance between the adjacent SWCNTs is decreasing, this
gives rise to the formation of improved conductive paths and
charge-carrier transport via a plausible ‘hopping’ or ‘tunneling’
mechanism (Fig. 3c).

3.3 Raman mapping of cement/SWCNT nanocomposites

In Fig. 4, the normalized Raman spectra of a pristine cement
specimen (in black colour), a cement/SWCNT(0.005) nanocomposite
(in red colour) and a cement/SWCNT(0.5) nanocomposite (in blue)
are depicted. In the pristine cement specimen, CaCO; polymorphs
(calcite, aragonite, vaterite) due to relative translations between
anionic and cationic groups of the pristine cement can be observed
at 161 cm ', 240 cm ' and 1088.5 cm ' such as lattice-type
vibrations of the carbonate group, Ca-O polyhedra and the 14
vibration mode corresponding to the case where every CO; group
vibrates in identical phases.*® Peaks at 768.2 cm ' and 789.5
em ! are attributed to the unreacted clinker phases tricalcium
silicate or alite (C;S) and dicalcium silicate or belite (C,S).*”
Finally, the peak at 967.7 cm™" is assigned to the 14(SiO,) Si-O
symmetrical stretching indicating the presence of ettringite
crystals, which were also discerned from the SEM analysis.*®

_| |[——cement/SWCNT (0.5) G*
—— cement/SWCNT (0.005)
_| [=——pristine cement G
CaCo,
e IOV N W
= o
s
= ¢
7]
c
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Fig. 4 Raman spectra of a pristine cement specimen (black colour),
cement/SWCNT(0.005) (red colour) and cement/SWCNT(0.5) (blue col-
our) nanocomposites.
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In the SWCNT-based cement nanocomposites, the inter-
actions between the SWCNTs and the cementitious matrix can
be identified as intensity changes, and/or bandwidth changes in
the Raman peaks of SWCNTs.** A shift in the position of the G
band of SWCNTs is generally caused by the interactions between
SWCNTs and the cementitious matrix via non-covalent surface
modification, or adsorption of the hydrophobic part of the
surfactant at nanotubes sidewalls through van der Waals, n-n
or CH-n. The spectrum of the cement/SWCNT nanocomposites
(Fig. 4) shows blue-shifts of the D,G peaks in comparison to the
spectrum of the SWCNT bucky paper (Fig. 2a) and the spectrum
of the pristine cement (Fig. 4). The blue-shifts can arise from
the charge transfer between SWCNTs and the matrix or from
changes in the SWCNT-SWCNT interactions due to their dis-
persion in the cementitious matrix.

Moreover, as we have already seen in detail the volume of
the SWCNTs influences the crystallization process of the
cement, giving rise to different micro-phases in the structure
of the cementitious matrix, which explains the differences in
the Raman spectra of the cement/SWCNT nanocomposites. To
clarify the effect of nanodispersions and its spatial distribution
inside the cementitious matrix, Raman images were collected
during continuous x-y stage movement (SWIFT© mode). Gen-
erally, exceptional spectral quality can be achieved if a point-by-
point mapping approach is employed, as it is enhanced from
longer acquisition times. Nevertheless, in the work at hand
Raman images were recorded with the SWIFT© mode for
reasons of saving imaging time and maximizing the imaging
area. It should be noted that even poor-quality spectra contain
sufficient details for peaks, including for the identification of
the phases.

Fig. 5 shows the surface Raman images for the cement/
SWCNT(0.005) (a and b) and cement/SWCNT(0.5) nanocomposites
(c and d), respectively. At the centre of the images, indicative
spectra acquired with the SWIFT© mode are depicted and the
peaks of interest (G" band for the SWCNT, and characteristic
CaCOj; peak for the cement nanocomposites) are highlighted.

At the sides, baseline-corrected intensities of the marked
bands result in the presented phase distribution maps. The
maps on the left side illustrate the distribution of the graphitic,
G' peak, while those on the red side represent the G'/CaCOj;
ratio. The vibrational mode of CaCO; was selected as the
denominator of the fraction as we intend to examine the
distribution of the SWCNTs in the cementitious matrix. Dark
blue colours correspond to the highest intensities of the G
peak in the maps of Fig. 5a and c, while the lowest intensities
are shown in red colour. The same colour scale was also used
for the G'/CaCO; intensity ratio maps in Fig. 5b and d. It can be
clearly observed in Fig. 5a and c, that SWCNTs were homo-
genously dispersed throughout the cementitious matrix in both
the low and the high SWCNT nanocomposite loadings. The
G'/CaCO; intensity ratio is low (0-15) in the majority of the
cement/SWCNT(0.005) map, while in a few spots the intensity is
up to 15-35. In contrast, in the high-volume nanocomposite
(cement/SWCNT(0.5) map), more sites with high (15-40)
G'/CaCO; intensity ratios are evident.

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Raman intensity maps (area of 30 x 30 um?) of (a and b) cement/SWCNT(0.005) and (c and d) cement/SWCNT(0.5) nanocomposites revealing the

distribution of the SWCNTSs inside the cementitious matrix.

3.4 SEM microstructural analysis of cement/SWCNT
nanocomposites

The microstructure of the cement/SWCNT (0.5) nanocomposite
at an age of 28 days is shown in Fig. 6. Finely dispersed
SWCNTs, building a percolated network, can be observed
distributed within the cementitious matrix, verifying the high
electrical conductivity. Moreover, the nanofillers contribute to
the bridging of cement grains, possibly also cracks bridging at
the nanoscale. Along the SWCNT lengths, hydrated phases in
the form of ettringite and C-S-H were found. These were also
identified via the Raman analysis above.

3.5 Thermoelectric properties of cement/SWCNT
nanocomposites

The Seebeck coefficients reported in this study are those at a
steady state, after 5 minutes of exposing the cementitious
nanocomposites to a thermal difference (AT). As shown in
Fig. 7, a decay in time is observed at the open circuit potential
of the thermoelement (Vg or Vic), thus at the Seebeck coefficient.
The Seebeck coefficient in cement nanocomposites enhanced with
SWCNT, originates from a superposition of the thermo-diffusion
of electronic charge carriers (holes and electrons) and the diffusion
of ions (anions and cations), S = S + Sionic- Holes, in our case,

Fig. 6 (aand b) SEM images of the cement/SWCNT(0.5) nanocomposite at the fractured surface at the age of 28 days, at two different positions showing
cement phases, as well as homogeneous dispersed and disentangled SWCNTs in the cement matrix.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Thermoelectric properties over time for the 28 day cement/SWCNT(0.5) sample.

reach the contacts and are capable of further surpassing the contact
to an external circuit. On the other hand, ions tend to accumulate
towards the contacts. The Soret effect prompts a selective ion
attachment to the respective metallic electrode, anode or
cathode and conducts the creation of an electric potential
difference between the cold and the hot side, and in other
words, the ionic Seebeck coefficient. Electrochemically active
or redox molecules are not present in our case, thus thermo-
galvanic effects are excluded.*®

Therefore, the potential is high due to both the holes and
the ions. However, ions accumulated at the metal electrodes
induce a decrease over time, a decay when the ions are
consumed similar to a thermoelectric battery.*” The S value
obtained for cement/SWCNT(0.5), which also presented the
higher measured electrical conductivity, was 1348.8 pv K™ ' at
AT = 25 K, the highest reported with respect to the low SWCNT
content.”> We intentionally chose a relatively low thermal
gradient, since the potential of this cement-based TE technol-
ogy is to be implemented in buildings or pavements where
extreme thermal gradients are most of the time uncommon.

Fig. 8a and b present the absolute Seebeck coefficient (S) and
the calculated PF together with the corresponding standard
deviation values for the cement/SWCNT nanocomposites at an
age of 3, 7, 14 and 28 days. The positive sign of the S indicates
that the cement nanocomposites are, in analogy to solid state
semiconductors, p-type semiconductors, meaning the cations
thermodiffuse easier than the anions along with the prevalence
of holes over electrons as the major electronic charge carriers.
The lower SWCNT content contributes to larger Seebeck
coefficients. These enhanced S values are due to the adsorbed
water by the SWCNTs and the cement structure allowing the
thermal diffusion of ions contributing to the overall thermo-
power. When below the percolation threshold, the Seebeck
coefficient increases significantly over time whereas at the

14430 | J Mater. Chem. C, 2021, 9, 14421-14438

threshold and above of it, it decreases (all values are sum-
marised in Table 1).

3.6 Cement/SWCNT TEG device performance and power
output characteristics

Fig. 9a illustrates schematically the equivalent circuit of the
cement/SWCNT based TEG device. All details regarding the
device fabrication have been described in the experimental part
of this study. Fig. 9b depicts the real TEG with the corres-
ponding dimensions, utilising the cement/SWCNT(0.5) p-type
nanocomposite with the highest achieved power factor
(2.89 x 10° yW m™" K 3). As it can be observed, the device
consists of ten (10) thermoelements serially interconnected.
Ag conductive tape was used as the metallic junction for the
thermoelement interconnection and the TEG device realization.
Fig. 9c shows the infrared thermography (IR-T) image of the
TEG device upon being exposed to a temperature gradient
of AT =25 K.

Fig. 9d-f show the digital photographs of the TEG device
under test at AT = 25 K (hot side: 50 °C; cold side: room
temperature 25 °C) showing the experimentally measured Rygg,
Vres (otherwise defined as V. or open circuit voltage Voc of
the device) and short circuit current (Iy.), respectively. As it can
be seen, the TEG device generates a Vrgg of 15.7 mV with an
I, of 0.429 mA at an internal device resistance Rygg = 48.8 Q. It
is worth mentioning that the expected and theoretical Vigg
would be 337 mV considering the formula N x § x AT.

However, the experimentally measured Vigg value has been
15.5 mV, revealing that each thermoelement in the serial
interconnection contributed by 1.55 mV to the total V,,, of
the device (Vigg = V4 + V, + V3 +... +Vy,). This in other words
could indirectly yield a new Seebeck coefficient value for the
cement/SWCNT(0.5) active thermoelement material, which
practically is not the measured one at the thermoelement level

This journal is © The Royal Society of Chemistry 2021
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and as plotted in Fig. 8a. Specifically, following the formula
S = AV/AT and considering 1.55 mV produced by each thermo-
element at AT = 25 K, the Seebeck coefficient is calculated to be
approx. 62.8 pV K. This is a very interesting finding since the
Seebeck coefficient of the p-type SWCNTs used in this
study and measured in the form of a bucky paper film was
33.2 uvV K" It could be speculated that the cement ions are not
being harvested to the external circuit at the TEG device level;
however, they probably contribute to some kind of charge-
transfer doping to the SWCNTs enhancing their p-type char-
acter as similarly found in another study.?® As is already known,
migration rates of ions are very slow as they tend to stay
motionless and even though they cannot pass into the metallic
electrodes, they provide the thermovoltage necessary to induce
a quasi-constant power output thanks to the charge carriers. In
conclusion, p-type cement/SWCNT nanocomposites act differ-
ently when incorporated into a TEG device. The decreased Vi,
of the TEG device compared to the expected and theoretical one
affects also the maximum electrical power output (Py,y) of the

This journal is © The Royal Society of Chemistry 2021

cement-based TEG device, which is known to be calculated by
the following equation (eqn (2)):*°

(NSAT)?  AV? @
4Ry 4R,

Pmax:

where N is the number of p-type cement/SWCNT(0.5) thermo-
couples, S is the Seebeck coefficient, and AT is the temperature
difference. Quantity Py, is the maximum output of electrical
power and R, is the internal electrical resistance of the TE
generator (otherwise stated as Rrgg)-

Namely, the expected P, considering the experimentally
measured Seebeck coefficient at the thermoelement level
[S = +1348.8 uv K ' for the cement/SWCNT(0.5) shown in
Fig. 10a] would be 579.4 pW at AT = 25 K. However, the P,y
of the device considering the experimentally measured Vigg
at AT = 25 K and the second part of Eqn 2 is calculated to
be 1.26 uW.

As we have partly discussed, under a thermal gradient and
due to the Soret effect, ions are accumulated in the contacts,
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Table 1 Electrical conductivity (g), Seebeck coefficient (S) and power factor (PF) values for the different p-type cement/SWCNT nanocomposites

Investigated material c(Sm™) SMVK™ PF (W m ' K ?)
SWCNT (bucky paper film) 3.25 x 10" i 10.45 33.2 £ 1.10 35.45
Cement/SWCNT(0.005)_. 3d 2.45 x 107% £ 0.01 8023 + 108.26 0.17
Cement/SWCNT(0.005)_7 9.23 x 10~ > £ 0.08 8106 + 106.24 6.10
Cement/SWCNT(0.005)_ 14d 1.44 x 10° + 0.12 4976 + 97.42 35.60
Cement/SWCNT(0.005)_: 28d 8.20 x 10 ° + 1.18 4822 4 96.24 191.85
Cement/SWCNT(0.01)_3 1.47 x 10 ~* 4+ 0.01 1800 + 49.57 0.0004
Cement/SWCNT(0.01)_7 2.04 x 10 > + 0.07 1240 + 34.11 0.03
Cement/SWCNT(0.01)_1 d 8.96 x 10 ~' £ 0.65 1000 + 27.50 0.90
Cement/SWCNT(0.01)_ 28d 1.04 x 10 ' + 1.21 516 + 13.40 2.80
Cement/SWCNT(0.05)_3 1.88 x 10 * 4 0.01 5632 & 104.82 0.06
Cement/SWCNT(0.05)_7 1.44 x 10 "' £ 0.15 5016 + 102.50 3.65
Cement/SWCNT(0.05)_ 14d 1.53 x 10 ° 4+ 0.14 4812 =+ 95.90 35.50
Cement/SWCNT(0.05)_ 2 d 1.09 x 10 ' + 1.22 1290 + 35.80 18.10
Cement/SWCNT(0.1)_3 1.14 x 10 ' £ 0.18 540 + 14.50 0.03
Cement/SWCNT(0.1)_7 1.28 x 10 ' +0.21 886 + 25.34 0.10
Cement/SWCNT(0.1)_1 d 1.51 x 10 ' + 1.45 988 4 27.41 14.75
Cement/SWCNT(0.1)_: d 1.17 x 10 2 + 10.1 1312 + 35.82 201.30
Cement/SWCNT(0.5)_3 6.09 x 10 > + 0.06 604 + 16.63 0.02
Cement/SWCNT(0.5)_7 1.72 x 10 ' £ 0.65 952 =+ 26.82 0.16
Cement/SWCNT(0.5)_ 14d 4.63 x 10 > £ 40.50 1035 + 28.41 496.50
Cement/SWCNT(0.5)_28d 1.59 x 10 *+ 120.10 1348 + 37.08 2887.70

and they cannot flow towards the adjacent thermoelements of
the device. As a result, they are consumed in a closed circuit,
and are unable to pass to the external circuit in which the
voltage (Voc) and current (I,.) are measured, as similarly
reported elsewhere.*>*" Lacking electrochemical reaction at the
electrodes, ions cannot pass through the contacts to an external
circuit and incite a continuous current; therefore, the V. at the
TEG device terminal is much smaller than the expected and
basically only due to the thermoelectrically generated electronic
charge carriers.’?

Practical use of the TEG devices requires power generation,
which has been measured in our study using a homemade
apparatus. Specifically, power measurements on the cementitious
TEG device were performed for several different load resistances
(Rroaa), at the two different values of AT that the device was
exposed to (25 and 50 K). Specifically, Fig. 9a shows the equivalent
circuit model of the TEG device, where the power measurements
have been carried out. Fig. 9¢ shows the experimental output
voltage-current (V-I) and output power—current (P-I) curves, while
9 h the V-R; and P-Ry, curves at two different AT (25 and 50 K),
applying different external load resistances (Ry: Rjpaq)- The
continuous lines in all curves have been derived from calculations
of the following formula (eqn (3)), giving the output power (P):

Voc ’
——— | R 3
Rin + Rload) foad ( )

P =I’Rious = <
where I is the output current (defined also as I;: current which
passes through the load), Rjo.q Or Ry, is the load resistance, Ry, is
the internal resistance of the device (otherwise defined as Rrgg)
and Vo is the open circuit voltage (equal to the measured Vigg)
when the Rj,,q approaches infinity.

It can be observed that the output voltage for the different
Rioaa applied is inversely proportional to the output current.
Moreover, the maximum power generation of 5.02 puW at

14432 | J Mater. Chem. C, 2021, 9, 14421-14438

AT = 50 K and 1.28 pW at AT = 25 K (Fig. 9h), respectively,
could be observed when R,;q matches with the internal TEG
resistance. The P,,,x, otherwise known as the maximum electric
power, dissipated in the load resistor, is realised when the
load resistance is equal to the TEG device resistance (Rygg)-
Moreover, at a load resistance of 49 Q (Fig. 9h), the thermo-
electric power voltage Vrgp was 7.9 mV, compared to an open
circuit voltage (Vo) of 15.7 mV at AT = 25 K, while Vygp was
15.2 mV, compared to a Voc of 30.05 mV at AT = 50 K. Above
49 Q, Vrgp continues to increase as it approaches the open
circuit voltage (Vpgg), but P decreases as the load resistance
increases. The squared behaviour of Vigp was expected due to
the relationship P = Vi*(R;.

The thermoelectric performance of the TEG device was also
studied by finite element analysis (FEA). The examined TEG
device was modelled in correspondence with the experimental
setup, adopting the reported thermoelectrical properties of the
cementitious thermoelements Ze., S = 62.8 pV K~ *. The coupled
differential equations describing the thermoelectric effect
allowed the detailed simulation of the performance of the
proposed cementitious TEG device, exposed to different tem-
perature gradients. In the FE model, the imposed temperatures
of the hot plate (50 °C and 75 °C), as well as the room
temperature (25 °C), were applied to the bottom and the top
surface of each thermoelement, respectively, as portrayed in
Fig. 9a.

In Fig. 10a, the temperature distribution through the thermo-
elements in the case of AT = 25 K is depicted. It should be
mentioned that identical temperature distribution is demon-
strated among all the thermoelements. The serial interconnection
of the thermoelements has been confirmed by the electric
potential distribution, as illustrated in Fig. 10b, where the
produced output voltage can be calculated from the summation
of each thermoelement voltage. The device generates a Vrgg
of 15.35 mV and 30.7 mV at AT = 25 K and 50 K, respectively.

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 (a) Schematic illustration of the TEG module equivalent circuit consisting of 10 p-type cement/SWCNT(0.5) nanocomposite blocks electrically
connected in series, (b) the real TEG device upon being exposed to AT = 25 K and (c) the corresponding IR-T image showing thermal distribution, (d-f) the
digital photographs of the TEG device under test at AT = 25 K showing the device electrical characteristics i.e., Rtea. Voc, and Is.. (9) The experimental output
voltage—current (V-/) and output power—current (P—/) curves, and (h) the V-R_and P—R| curves (g and h plots correspond to the measurements upon the
exposure of the device to two different AT i.e., 25 and 50 K, applying different external load resistances R|). The peak power at AT = 25 K and AT = 50 K
occurred when the R o.q Matches the internal TEG resistance.

These numerical values are in good agreement with the experi- applied to the bottom and the top surface of each thermo-
mental measurements. Thereby, room temperature (25 °C) was element, respectively, as portrayed in Fig. 9a.
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Fig. 10 (a) Temperature and (b) electric potential distribution through the TEG device exposed to AT = 25 K. (c) V-/ and P-/ curves, and (d) V-R_and P—R| curves.

The device generates a Vg of 15.35 mV and 30.7 mV at
AT =25 K and 50 K, respectively. These numerical values are in
good agreement with the experimental measurements. Thereby,
it is concluded that the proposed FE method has shown to
be a very effective approach to characterize the thermoelectric
behaviour of the proposed cementitious TEG device. Given the
experimentally measured internal device resistance (Rygg), V-1
and P-I data (Fig. 10c), as well as V-R;, and P-R;, data (Fig. 10d)
were calculated by Eqn (3) for the two different gradients.

Moreover, the P, values were evaluated to be 1.2 pW and
4.81 uW at AT = 25 K and 50 K, respectively. The computationally

14434 | J Mater. Chem. C, 2021, 9, 14421-14438

generated maximum power density of the cementitious TEG device
has been calculated to be 4.81 mW m™ 2 at AT = 50 K.

A TEG device consisting of 100 serially interconnected
thermoelements was also simulated to evaluate the electric
potential of a higher scale generator. The material properties
and thermal exposure imported in the FEM were the same as
described in the previous simulation. In Fig. 11a the TEG
assembly is depicted in isometric and top view. In Fig. 11b
and c the temperature, and the electric potential distribution of
the TEG device, exposed to AT = 25 K, are illustrated. Under
temperature gradients of 25 K and 50 K the voltage outputs
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were 153 mV and 306 mV, respectively. Since the device is equal
to 10 interconnected TEG devices, the internal device resistance
could be considered as 10 X Rygg. In Fig. 11d and e, V-1, P-I
curves and V-Rp, P-R; curves are presented. The maximum
electrical power output has been estimated to be 11.9 yW and
47.8 pW at 25 K and 50 K, respectively.

3.7 TEG device stability over time

The cementitious TEG device has been tested for its stability
and performance over time upon being exposed to a temperature
gradient of AT = 50 K, the highest gradient to which the TEG
device was exposed in this study, for a total duration of 5 hours

This journal is © The Royal Society of Chemistry 2021

(equal to 18000 s). The Vigg and Ry of the device were
monitored over the total duration of the stability experiment as
shown in Fig. 12. It could be observed that the electrical char-
acteristics do not change over the whole duration of the stability
experiment. Specifically, both the Vigg and Rygg present remark-
able stability for ¢ = 5 h of device operation in air, which reveals
no plausible degradation underlying phenomena Ze. (i) cement/
SWCNT(0.5) active thermoelectric material oxidation, (ii) oxida-
tion of the Ag-based deposited contacts at the thermoelements
“cold” and “hot” sides, due to the particle-consisting Ag-paste
nature, or (iii) some possible metal-semiconductor contact loss
due to the continuous AT exposure for an extended time period,
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Fig. 12 Vqgg and Rreg values of the cement-based TEG device tested for
its stability and performance over time, upon being exposed to AT = 50 K
for 5 h (equal to 18 000 s).

where thermal stresses could destroy the device interface resulting
in a dramatic increase of the Rryg.

It is worth mentioning that the structural cement/SWCNT
based TEG demonstrated herein is a breakthrough energy
harvesting technology for buildings and other civil engineering
structures, towards large-scale thermal energy harvesting from
existing thermal gradients and “hot-spots” that a large amount
of thermal energy is lost to the environment. The harvested
energy could be utilised for the realization of various practical
applications of the TEG harvested energy, while this study
opens the route towards structural TEGs with increased total
voltage and power outputs. Some possible applications that can
be easily autonomously powered by the TEG energy could be
i.e., powering IoT sensors. Specifically, this would require some
well-known and commercially available highly integrated
DC\DC step-up converters with no additional power requirements,
e.g., the LTC3108 (Linear Tech.) that can operate at voltage inputs
of at least 20 mV to give an output voltage of 2.2 V or even higher.
For instance, utilising the LTC3108, Wei et al.>* powered a light-
emitting diode (LED) via a polymer-based TEG containing
300 pieces of parallelly connected thermocouples (10 in parallel
and 30 in series) generating a Py, of ~50 pW with a V¢ higher
than 40 mvV. In our study, where a cement/SWCNT TEG was
realised, already almost 30 mV was produced at AT = 50 K. This
voltage could be doubled at ~60 mV by a simple serial
interconnection of two TEG devices, as also predicted by the
FEM results.

Finally, the power density of the TEG device can be deter-
mined by the following equation (eqn (4)).>*

/
S-ATV/4- N ——
P . :Pmax:(N S )/ N o-w-d
density Nz'A N-w-d
S0
= CAT? 4
4/ )

where N is the number of thermoelements, A is the area of the
thermoelement, and w, d, and [ are the width, thickness,
and length of the thermoelements, respectively. The achieved
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maximum power density of the cementitious TEG device in our
study is 5.02 mW m~> at AT = 50 K, giving rise to potentially
large scale thermal energy harvesting in buildings i.e., either
from ambient thermal energy losses or from solar heated and
hot spots generated resulting in temperature gradients.
Namely, the power density of this study is the highest ever
reported for cementitious thermoelectrics, and specifically
three orders of magnitude higher than another study of short
carbon fiber cementitious thermoelectric composites (CFRC).
Specifically, the authors obtained ~4-5 pW of power from one
square meter CFRC slab with a thickness of 20 mm, when
exposed to a temperature difference of about 60 °C, generated
under simulated solar irradiation.

4. Conclusions

Cement/SWCNT nanocomposites with p-type thermoelectric
characteristics were investigated with respect to their potential
use as thermoelectric materials for future energy harvesting
applications. Cement/SWCNT nanocomposites demonstrate
the highest thermoelectric performance with extremely high
values of Seebeck coefficient (+1348.8 pvV K~ ') and power factor
(2.89 x 10° pW m™ ' K ?) at a single thermoelement level,
compared to other carbon-based cement nanocomposites
found in the literature. The cement/SWCNT(0.5) was employed
for the fabrication of a TEG device revealing a maximum power
output (Ppay) of 5.02 uW, upon being exposed to a temperature
difference (AT) of 50 K.

The expected Py,ax considering the experimentally measured
Seebeck coefficient at the thermoelement level cannot be
reached since ions are consumed in a closed circuit and cannot
reach the external circuit. Finite element simulations also
confirm the thermoelectric performance of the TEG device.

It can be anticipated that the cement/SWCNT nanocompo-
sites and the cement-based TEG module developed in this work
will contribute to the more in-depth understating of the intri-
guing TE properties of such materials and their ionic thermo-
electric character that cannot be realised at the TEG device
level, aiming at the large-scale waste thermal energy harvesting
by future buildings and other civil engineering structures.
It is envisaged that thermoelectric construction and building
materials, as well as TEG-enabled ground-breaking concrete
structures, will contribute to green construction and reduction
of CO, emissions through the generation of electrical energy
from large amounts of thermal energy losses released in the
environment.

Furthermore, utilizing a cement/SWCNT based TEG with a
voltage output of 20-50 mV, with or without a step-up converter
driving the DC voltage produced in a capacitor, could enable the
powering of low-consumption electronic devices integrated in
buildings e.g:, ultra-low power microcontrollers, wireless sensor
networks, etc.’® To that end, when higher voltage outputs ie.,
greater than 100 mV could be achieved, even more sophisticated
devices in the new era of Internet-of-Things applications could
be powered.*’
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