Dieses Dokument ist eine Zweitveréffentlichung (Verlagsversion)

This is a self-archiving document (published version)

Jitong Zhao, George Karalis, Marco Liebscher et al.

Mineral-impregnated carbon-fiber based reinforcing grids as thermal

energy harvesters : A proof-of-concept study towards multifunctional
building materials

Erstverdffentlichung in / First published in:

Energy and buildings. 2023, 298. Art-Nr. 113564. Elsevier Science. ISSN: 1872-6178

DOI: https://doi.org/10.1016/j.enbuild.2023.113564

Diese Version ist verfiigbar / This version is available on:

https://nbn-resolving.org/urn:nbn:de:bsz:14-qucosa2-953958

Dieses Werk ist lizenziert unter einer Creative Commons Namensnennung 4.0 International Lizenz.
By This work is licensed under a Creative Commons Attribution 4.0 International License.

TECHNISCHE
il SLUB UNIVERSITAT OucosA

Wir fiihren Wissen. DRESDEN Quality Content of Saxony


https://doi.org/10.1016/j.enbuild.2023.113564
https://nbn-resolving.org/urn:nbn:de:bsz:14-qucosa2-953958
https://creativecommons.org/licenses/by/4.0/deed.de
https://creativecommons.org/licenses/by/4.0/

Energy & Buildings 298 (2023) 113564

Contents lists available at ScienceDirect

Energy & Buildings

journal homepage: www.elsevier.com/locate/enb

ELSEVIER

Chack for
Updates

Mineral-impregnated carbon-fiber based reinforcing grids as thermal l
energy harvesters: A proof-of-concept study towards multifunctional
building materials

Jitong Zhao°, George Karalis *, Marco Liebscher > , Lazaros Tzounis ®" Thomas Kéberle?,
Dieter Fischer , Frank Simon ©, Muhannad Al Aiti L', Gianaurelio Cuniberti "',
Viktor Mechtcherine *

2 Institute of Construction Materials, Faculty of Civil Engineering, Dresden University of Technology, Dresden 01187, Germany

b Mechanical Engineering Department, Hellenic Mediterranean University, Heraklion 71410, Greece

< Leibniz-Institute for Polymer Research (IPF), Dresden 01069, Germany

d Institute of Materials Science and Max Bergmann Centre of Bi ials, Faculty of Mechanical Science and Engineering, Dresden Uni
01069, Germany

ity of Technology, Dresd.

ARTICLEINFO ABSTRACT

This proof-of-concept study demonstrates for the first time the fabrication of a multifunctional reinforcing grid-

Keywords:
Carbon-fiber composite building material within a thermoelectric element generator (TEG) configuration. Commercially available carbon

Mineral impregnation fiber yarns, which possess inherent Seebeck coefficient (S) values of — 2.5 pV/K (n-type) and +7.4 pV/K (p-type),
Geop m’ ile rei " were thoroughly investigated prior to their impregnation with a geopolymer (GP)-based suspension. The
Smart IEIII.[D(CEIIIEI'I

L le ¢ 1 1 . resulting hardened mineral-impregnated carbon-fiber (MCF) reinforcements were subsequently tested regarding

their physicochemical and mechanical properties. Afterward, individual MCFs were employed as n-/p-type
thermoelements to assemble a grid-like TEG consisting of five serially interconnected junctions. The TEG-enabled
reinforcing grid exhibited a voltage output of 1.8 mV, corresponding to a generated power of 22.3 nW upon
exposure to an in-plane temperature difference (AT) of 50 K. Multifunctional building materials are envisaged to
exploit thermal gradients on a large-scale during their service lifetime, contributing towards zero energy con-

sumption constructions.

1. Introduction

Achieving sustainability in the construction sector represents a major
goal for realizing CO, emissions reduction and reaching climate
neutrality by 2050 [1]. The global CO, emission of cement production
only is about 8 %, leading to the customarily used cement-based con-
crete with a harsh negative CO, footprint balance [2]. To this end, the
decarbonization roadmap for concrete includes entirely or partially
substituting cement binders with sustainable building materials based
on e.g., industrial wastes or clays without compromising its overall
structural integrity [3].

Recent advances in technological development have seen an ever-
growing relevance of carbon fiber (CF) reinforeements in the building
sector due to their enormous potential in substituting corrosion-prone
steel counterparts and achieving sustainable, durable, light-weight and

* Corresponding authors.

cost-efficient constructions [4]. The use of CFs enables thin-walled
building structures with exceptional mechanical and multifunctional
properties, with long lifetime and minimal material input. To ensure the
reinforcement robustness and its load-carrying efficiency, these state-of-
the-art materials, called carbon fiber-reinforced polymers (CFRPs),
require polymeric impregnation matrices before use [5,6]. Poor dura-
bility, limited fire resistance and bond properties towards cementitious
materials are some notable drawbacks of the polymer matrices, hin-
dering so far, their widespread use [7]. The arrangement of such fiber
yarns in a grid configuration to reinforce fine-grained concrete is called
textile-reinforced concrete (TRC).

To alleviate the problems arising from the polymer coating, re-
searchers have introduced a novel reinforcement class, mineral-
impregnated carbon fiber (MCF), which combines the desirable prop-
erties of advanced fibers with inorganic impregnation matrices [3-10].
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For this purpose, unique processes for impregnating yarns with mineral
particle suspensions based on hydraulic micro-cement [9,11,12] or
geopolymer (GP) micro precursors [10,13-17] have been developed.
Several advantages of MCF associated with the use of mineral matrix are
load-bearing capacity of up to 500 °C, low cost, and enhanced physical
and chemical compatibility with concrete substrates [18]. Furthermore,
this novel reinforcement type offers high technological flexibility,
adaptability and scalability in automated processing, and prospective
implementation for direct integration into digital additive
manufacturing [11].

Multifunctional building materials and structures are being envi-
sioned to confer innovative features, e.g., self-sensing [19,20], self-
healing or self-repairing [21,22], energy harvesting [23] and storage
[24]. The resulting “smart” building materials could transfer additive
value and contribute to the energy crisis reduction toward constructing
future infrastructures. Several research groups have conducted studies
regarding energy harvesting concepts based on building materials.
Kuntharin et al [25] developed a cement-carbon black (CB) based
triboelectric nanogenerator to harvest kinetic energy from human steps
due to their inherent dielectric polarization phenomena. Thus, the
demonstrator with a high-power density of 2.38 W/m? could light up
126 light-emitting diodes (LEDs) of 3.4 V voltage, highlighting the
achievement of self-powered function. Wen et al. [26] proved the
acquisition of enhanced piezoelectric response from cement paste
composite filled with short steel and polyvinyl alcohol (PVA) fibers by
systematically studying the effect of stress on the electric polarization
and the expected electric power output. Tzounis et al. [23] reported the
realization of a single pair of thermoelements consisting of p- and n-type
cement/carbon nanotube (CNT) composites able to harvest thermal
energy with a maximum electrical power output of 0.08 nW at a tem-
perature difference (AT) of 10 K. In a recent study conducted by Ji et al.
[27], a single-type thermoelectric device was exploited, which was
constituted by multiple thermoelements of synthesized polyaniline
(PANI)/manganese dioxide (MnO3) composites within a cement matrix
for the cathodic protection of carbon steel surface upon the existence of
AT.

Thermal energy conversion to electricity is a sustainable energy
source that may be utilized to exploit waste-dissipated heat by
leveraging the Seebeck effect. In many construction cases varying tem-
perature fields occur during their typical operating conditions, either on
their surface or within their total volume [28]. When structures are
exposed to temperature differences, the produced heat that is generally
lost to the environment can be converted to usable electric power [29].
Thermoelectric (TE) materials with high Seebeck coefficient (S)
demonstrate high TE energy generation since the TE voltage (V) is
related to the temperature variation (AT) according to the equation of S
= AV/AT. In addition, the power factor (PF) is defined as PF = ¢ - Sz,
where ¢ is the electrical conductivity and S is the Seebeck coefficient and
is utilized to quantify the efficiency of a TE material. Next to a high
Seebeck coefficient and high electrical conductivity, an ideal TE mate-
rial should be characterized by low thermal conductivity (k) to trans-
form effectively thermal energy into power. A low thermal conductivity
is preliminary to preserve a substantial AT within the material. The
overall TE performance is classified by the dimensionless figure of merit-
7T = (¢ %) T/x, where T is the absolute temperature. The combination
of high electrical conductivity and Seebeck coefficient, coupled with low
thermal conductivity, is a prerequisite for sufficient TE efficiency.

The exploitation of TE energy using building materials constitutes a
significant innovation in multifunctional materials, making them an
attractive technology for net zero energy buildings. For instance, Zhang
and colleagues performed energy harvesting experiments owing to the
TE response of dispersed CFs into a cement matrix under simulated solar
irradiation. A slab specimen of 1 m? generated a power output of ca. 4
PW at a temperature difference of 60 K [30]. Chung and collaborators
suggested the design of a TE-enabled polymer matrix composite with a
Seebeck voltage of 8.2 mV at 100 K of AT, consisting of p- and n-type
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pitch-based CF yarns junction at the interlaminar interface [31].

It is noteworthy, that any TE material needs to be assembled into a
module to produce adequate power for autonomous energy conversion.
The so-called TE generator (TEG) may be a solid-state device configured
to convert heat flux directly into electrical power. TEGs possess a great
potential use in remote energy harvesting for the power supply of
wireless and portable devices, as they also contribute substantially to the
internet of things (IoT) field. Moreover, the emerging networking trend
of powering various sensor nodes can realize the next wave of the in-
dustrial revolution, the internet of senses (IoS) [32]. Typical TEG de-
vices consist of multiple interconnected thermoelements, either single-
type or p-/n-type. These thermoelements are interconnected electri-
cally in series and thermally in parallel. Various structural TEG designs
have been reported [33-35]. Common to all scenarios is the temperature
gradient between a heat source and a heat sink, which creates an electric
current due to the diffusion of charge carriers with a direction from the
hot side to the cold one.

To the best of the authors’ knowledge, the study at hand is presented
for the first time as a multifunctional TEG-enabled reinforcing grid-
building structure. For the fabrication of the proposed model compos-
ite reinforcement, two commercial CF yarns exhibiting either n- or p-
type semi-conducting behavior were fully characterized and then
impregnated with GP suspension, following a highly-scalable automated
process. The as-produced compatible with building construction re-
inforcements were initially examined regarding their physicochemical
and mechanical behavior. Thereafter, the TE-enabled MCF-based re-
inforcements were properly assembled as n-/p-type thermoelement
couples to realize an in-plane grid-like TEG device of five serially
interconnected couples. The TEG-enabled reinforcing grid prototype
generated an open-circuit voltage of 1.8 mV with a power output of 22.3
nW during exposure to a temperature gradient of 50 K.

2. Experimental section
2.1. Materials

To prepare the grid-like structure of MCF, two types of commercially
available CF yarns were used and investigated in the warp direction (0°):
(i) T700SC, denoted as n-type CF and (ii) M40JB, denoted as p-type CF
by Torayca®. To connect the individual CF yarns and support the mesh
structure integrity, a commercially available, alkali-resistant glass fiber
(GF) yarn Cem-FIL® 54 by Owens Corning, was specifically integrated
into the weft direction (90°). Table 1 presents further technical
information.

Metamax supplied by BASF (Ludwigshafen, Germany), a highly
reactive metakaolin (MK) powder having a particle diameter dgg of a
maximum of 9.72 pm, was used as an aluminosilicate source. As alkali
activator, a commercial potassium silicate solution Geosil® 14,517 from
Woellner (Ludwigshafen, Germany), which contains a SiO2/K>0 molar
ratio of 1.7 and water content of 55 %, was used. The alkaline solution-
to-MK ratio was kept at 1.86 to generate a homogenous suspension with
favorable workability and appropriate viscosity for the impregnation
processing line. The final desired flow state of the impregnation

Table 1

Properties of the CF and GF according to the manufacturer’s technical datasheet.
Property n-type CF (0°) p-type CF (0°) GF (90°)
Number of filaments 12,000 12,000 -
Fineness of the yarn [tex] - - 2450
Density [g/cm®] 1.8 1.77 2.68
Filament diameter [pum] 6.9 5 16
Tensile strength [MPa] 4900 4400 1000
Tensile modulus [GPa] 230 377 72
Sizing content [% by mass] 2 1 -
Electric resistivity [Ohm' m] 0.000016 0.00001 —
Thermal conductivity [W/m' K] 9.37 6.86 —
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suspension was obtained by the specific further adjustment with modi-
fied phosphonic salt-based superplasticizer Sapetin® D27 dispersant
supplied by Woellner (Ludwigshafen, Germany), which was added in the
content of 4.0 wt% of the GP.

2.2. Characterization of the n- and p-type CFs

Environmental scanning electron microscopy (ESEM) was performed
using a Quanta 250 FEG from FEI, Eindhoven Instruments microscope.
Individual CFs were detached from the yarns and fixed onto metallic
holders’ surfaces using a carbon conductive adhesive tape for further
investigation.

A Raman Imaging System from WITEC (alpha300R) with a 20x Zeiss
objective was used with an incident laser wavelength of 532 nm and
laser power of 0.5 mW. The integration time was 0.5 s and the number of
accumulations was 500. The baseline of the obtained spectra was sub-
tracted and all spectra were smoothed using Savitzky-Golay algorithm.
For each fiber type, three Raman spectra at three different positions
were averaged within the wavenumber range between 600 and 3665
cm . The measurement accuracy (spectral resolution) was approx. 2
cm ! and the resulting Raman intensity was normalized.

XPS study was carried out by means of an Axis Ultra photoelectron
spectrometer (Kratos Analytical, Manchester, UK). The spectrometer
was equipped with a monochromatic Al Ka (h-v = 1486.6 eV) X-ray
source of 300 W at 15 kV. The kinetic energy of photoelectrons was
determined with a hemispheric analyzer set to pass energy of Epsss =
160 eV for wide-scan spectra and Ep,ss = 20 eV for high-resolution
spectra. Due to the CFs inherent electrical conductivity, filaments
charging was observed. Samples were mounted as fiber yarn with
double-sided adhesive tape on a sample holder. The fiber yarn spanned a
hole in the sample holder. The spectra were recorded at a position above
the hole.

The DC electrical resistance (R) measurements of the single CFs were
performed with a standard two-probe technique with an Agilent 34401A
64 digital multimeter. Single fibers were stabilized on a glass slide with
pre-patterned silver electrodes at a 50 mm internal distance at 23 °C and
40 % relative humidity (RH). Fifteen samples from each CF type were
examined at least. Afterward, the employment of the average values of
CFs diameters, which arose from SEM-captured images and the defined
fiber length interelectrode distance, resulted in the electrical volume
resistivity (p) and conductivity (o).

The Seebeck coefficient was measured by using a custom-made setup
by thermally coupling one edge of the glass slide samples on a
controlled-temperature aluminum block and the other on an aluminum
block at room temperature. The temperature of the hot and the cold
blocks was continuously checked with a K-type thermocouple and an IR
thermometer (OMEGA OS-VIR50 Dual Laser Vid. eo IR Vid. eo Ther-
mometer) to validate the expected temperature difference (AT). The TE
measurements were conducted using a digital multimeter (Agilent
34401A 6'4) with a standard two-probe method. The generated voltage
potential (AV) was recorded for 25, 50, 75 and 100 K of applied AT, and
the Seebeck coefficient was determined from the corresponding slope
curve.

2.3. Fabrication of the multifunctional MCF-based reinforcing grid

The preparation of the impregnation suspension followed previous
studies [15,36] or adequately mixing the MK, water glass (WG) and
superplasticizer (SP), the system underwent intensive mixing through a
T50 digital ULTRA-TURRAX® mixer from IKA at 7000 rpm. This
ensured a high homogeneity and reactivity of the fresh suspension. The
mixing process was performed in three steps: i) the MK powder was
firstly mixed only with the activator for 2 min; ii) after adding the SP, the
wet mixing continued for another 5 min; iii) the mixture was finally
vibrated for 10 min to remove entrapped air.

Unlike conventional manufacturing processes using polymeric
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coatings, the relatively large size and sharp-edged and coarse filler ge-
ometries of mineral particles strongly hinder a complete impregnation of
the compact structure of the stitched bi-or multiaxial textile. Hence, the
unidirectional CF with a net cross-sectional area of approx. 0.44 mm? or
GF yarn was initially impregnated with the mineral suspension contin-
uously using the laboratory pultrusion line developed in a previous
study [37] to manufacture the uniaxial MCF or mineral-impregnated
glass fiber (MGF) composites. To align the individual filaments of the
yarn from the windings of the reel and avoid fiber abrasion damage, the
yarns were drawn through three guidance levels and a kiss-coater, see
Fig. la. In the suspension bath, the yarn was multiply deflected by
means of a padder with five rolls. The final yarn shaping was performed
using a plastic, conical nozzle with an opening diameter of 2.5 mm for
all yarn types to form an ellipsoidal cross-section. Following the initial
impregnation, the yarns were immediately fixed in a supporting frame
with pins and deflected around defined fixed points of the frame to form
the longitudinal yarn elements of the desired stretched mesh structure.
In the same way, the MGF elements were deposited as the transversal
yarns of the mesh structure and overlaid over the longitudinal yarns.
Subsequently, the produced grids were sealed and cured in a stretched,
aligned position in an electric oven at 50 °C for 16 h. The joining be-
tween the impregnated n- and p-type MCFs and MGFs was achieved by
using fine Aluminum (Al) wires after the matrix hardening, which can
support handling during the preparation and transport of the TEG-
enabled reinforcing grids with desired and highly stable geometries.
Finally, the mesh structure was cut into rectangular pieces of 185x185
mm? and removed from the defined deflection points, followed by
storage under polyethylene (PE) foils at 20 °C and 65 % relative hu-
midity (RH) until testing. Especially, the arrangement of pultruded n-
and p-type MCFs was conducted at regular intervals to fabricate the
TEG-enabled textile-like reinforcement grid demonstrator; see Fig. 1b.

2.4. Evaluation of the multifunctional MCF-based reinforcing grid

Prior mechanical testing, the produced composites, initially in the
form of a grid, were cut into so-called individual MCF bars. A Zwick-
Roell testing machine, model Z1445, with a span of 100 mm and a
load cell of 1 kN capacity, was used for the three-point bending tests to
determine the flexural properties and assess the quality of impregnation.
The testing was displacement-controlled with a constant rate of 5 mm/
min. An average of five measurements was reported for each fiber type.
To precisely calculate the material’s moment of inertia, the height and
width of the composite cross-sections were measured, assuming a nearly
elliptical shape.

The filament-matrix distribution over the cross-section and fracture
surface of MCF was investigated through ESEM. The pore structure was
measured by means of mercury intrusion porosity (MIP) using a Porotec
Porosimeter PASCAL 140/440 with a mercury surface tension of 0.48 N/
m, a contact angle of 140° and varied pressure between 0 MPa  400.71
MPa. Thermogravimetric analysis (TGA) was conducted using an STA
409 cell device from Netzsch, Germany. The MCF specimens with both
CF types were heated from 20 °C to 1000 °C with a heating rate of 10 K/
min and 60 ml/min Oy gas flow. Before testing, the specimens were
immersed in iso-propanol for at least 24 h and were subsequently dried
under vacuum for one week by solvent evaporation to remove free pore
water.

Before electrical and thermoelectric evaluation, the initially dielec-
tric MCF surfaces were slightly etched and silver (Ag) paint ACHESON
1415 supplied by Plano GmbH (Wetzlar, Germany) was deposited on the
specific points of the impregnated GFs (90°) in a standard geometry to
create the internal metallic connections between the individual n- and p-
type MCFs (0°) thermoelements. For the establishment of the outer
electrodes for the two-probe TEG device characterization, RS pro-Ag
conductive adhesive epoxy-based paste was applied on the appro-
priate etched terminal points to stabilize Copper (Cu) foils of 500 ym
thickness. The TEG output characteristics of the multifunctional MCF-
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4w p-type MCF reinforcement

m n-type MCF reinforcement

Fig. 1. (a) Sketch of the continuous processing line for n- and p-type MCF and MGF reinforcements preparation and (b) schematic drawing of ready-made TEG-

enabled textile-like reinforcement with the corresponding equivalent circuit.

based reinforcing grids were evaluated with the aforementioned custom-
made setup, with an in-plane AT testing configuration. In more detail,
the TEG-enabled textile-like reinforcement was placed at 50 mm across
the hot and cold metal block, which enabled the generation of the
desired AT. For all measurements, the cold block was at room temper-
ature (~23°C), while the hot block was heated at 55°C, 65°C and 75°C
via calibrated temperature-controlled resistors. Power output was also
tested with a custom-built electronic system LabVIEW-PC interface,
ranging the applied external load resistances from 1 Ohm to 10,000 Ohm
with a 1 Ohm sampling rate. All measurements were performed at
ambient conditions (1 atm and 40 + 5 % RH).

3. Results and discussion

3.1. Morphological and spectroscopic investigations for the n- and p-type
CFs

ESEM was carried out to determine the employed CFs surface
microstructure characteristics and mean value diameter of single fila-
ments. Generally, noticeable differences in morphology were observed
between the two CF grades both produced by polyacrylonitrile (PAN)
precursor. More specifically, n-type (Fig. 2a and b) standard modulus CF
filaments exhibited a less ordered 2D turbostratic structure morphology.
On the other hand, for p-type (Fig. 2c and d) high modulus CF filaments,

an intense 3D graphite-like crystal structure was visible with the outer
sheets aligned parallel to its axis, forming an irregular external surface
texture with longitudinal fissures [38]. Tailoring crystal structure fea-
tures and porosity of the CFs implies a great variety of different grades
with unique electronic and mechanical properties, which strongly
depend on the selected precursor and further processing parameters
[39].

Fig. 3a and b presents the Raman spectra of n- and p-type CFs used in
this study. T700SC (n-type) filaments showed a specific D-band at an
average wavenumber of 1365 cm ! and a G-band at an average wave-
number of 1590 em 1. Also, a broad band at a wavenumber between
2500 and 3100 cm ! is observable. The average Raman intensity ratio
Ip/Ig of this fiber type was 0.94, indicating a less amount of sp? hy-
bridized carbon in the shell structure [40], resulting in the observed
smooth CF surfaces as seen in ESEM. The p-type filaments showed a
different Raman response. Both D- and G-band are noticed at a lower
wavenumber of 1351 cm ! and 1584 em !, respectively. Moreover, an
additional G’-band at an average wavenumber of 1621 cm 1 (shoulder
of the G-band) and a sharp 2D-band (the overtone of the D-band) at
2699 cm ! are found. The Raman intensity ratio of these fibers was
calculated to be 0.59. Thus, these findings indicate a higher share of sp>-
hybridized carbon and hence fewer “defects” in the carbon lattice [41].

Fig. 3¢ and d displays the wide-scan and C 1 s high-resolution XPS
spectra of n- and p-type CF filaments utilized to analyse the elemental

Fig. 2. SEM images of CFs (a, b) n-type and (¢, d) p-type at different magnifications.
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Fig. 3. (a, b) Raman and (¢, d) XPS spectra for the n-type and p-type CF filaments.

surface composition and the different binding states of carbon atoms.
Table 2 summarizes the relative amounts of elements ([X]:[C]) detected
in the surface regions of the fibers. Beside the elements carbon (C 1 s),
nitrogen (N 1 s), oxygen (O 1s, O 2 s and O KLL Auger series) and silicon
(Si 2p and Si 2 s) traces sodium and chlorine (not marked in the wide-
scan spectra, Fig. 3c and d) were also detected. Fig. 4.

The shapes of the C 1 s were characteristic for CFs sized with
bisphenol-based epoxide, such as bisphenol A diglycidyl ether [5,5-
dimethyl-3,7-dioxa-1,9(2)-bis(oxirana)-4,6(2,4)-dibenzenanonaphane]
or similar derivatives [41]. In order to analyze the different binding
states of carbon the C 1 s spectra were deconvoluted into their compo-
nent peaks (Fig. S1). In both C 1 s spectra, the main component peak Ph
(at ca. 284.36 eV) resulted from sp®-hybridized carbon atoms of aryl
rings (-7 hg:p "'g- < =”‘Q—F hg =) that have no oxygen in their imme-
diate neighbourhood. Photoelectrons from their electronically excited
states (resulting from x — x* electron transitions) contributed to the
weak shake-up peaks at binding energy (BE) >290.00 eV. Considering
that very intense shake-up peaks are expected for pristine carbonaceous
materials, it can be concluded that the sizing cover the CFs thickly and
homogenously. Saturated hydrocarbons [AEIHJ,] were identified as
component peaks A (at ca. 285.00 eV). Carbon atoms bounded to oxygen
[cg—O) were observed as component peaks C (at ca. 286.14 eV). The low
binding energy values found are rather characteristic for ether groups
(CQ—O—CQ. Nevertheless, alcoholic and/or phenolic (CC—QH) could be
also present in the epoxy resin sizing [42]. Differences were observed at
the higher energy side of the C 1 s spectra. Thus, the C 1 s spectrum on
the n-type CF filaments showed a component peak D at 288.05 eV, while
the spectrum recorded from the p-type CFs showed a component peak E.
Since nitrogen is present in the filaments of n-type CFs, it is assumed that
component peak D shows carbonyl carbon atoms of the carboxamide
groups (C—NH—DE = 0). The corresponding amine-sided carbon atoms
(BE—NH—C = 0) were identified as component peak B (at 285.13 eV),
which had the same intensity as component peak D and confirmed the

Table 2
Elemental ratios for the CF surfaces determined by the quantification of the
recorded XPS spectra.

[X]:[C] n-type CF p-type CF
[N]:[C] | apec 0.013 -
[01:[C]| cpec 0.359 0.213
[51:[€] | apec 0.038 0.018

relative amount of nitrogen ([B] = [D] = [N]:[C] |5pec = 0.013, Table 2).
The p-type CFs did not contain any nitrogen. Therefore, the stronger
shifted component peak E (at 289.00 eV) presumably resulted from
carbonyl carbon atoms of carboxylate ester groups (C—O—EE = 0) [43],
which were formed as result of the ring-opening reaction of oxirane
groups by carboxylic acid groups during the resin curing. Photoelectrons
from the alcohol-sided carbon atoms of the ester groups (CE—O—C =0)
contributed to component peaks C.

3.2. Electrical and thermoelectric performance of the n- and p-rvpe CFs

Fig. 4a — c illustrates the electrical resistance measurements for
single n- and p-type CFs at an interelectrode distance of 50 mm. T7005C
CF (n-type) exhibited an electrical resistance of 7.52 4+ 0.21 KOhm,
while M40JB CF (p-type) was 6.28+0.24 KOhm. The resulting electrical
conductivity was calculated using the formula: oCF = (4. L)/x. d2. R
[33] and was found to be 1.79x10540.05 5/m for the n-type CF with a
mean diameter (d) of 6.88+1.16 pm and 3.17x105+0.04 S/m for the p-
type CF with d = 5.66+0.56 pm.

It can be evident that bare CFs present inherently high electrical
conductivity oriented to TE efficiency optimization at the material level,
while the combination of their poor Seebeck coefficient values and
relatively high thermal conductivity restrict the overall performance.

Fig. 4b and c presents the respective values of negative Seebeck co-
efficient 2.48 £ 0.35 pV/K (n-type CF) and positive +7.35 £ 0.28 pV/
K (p-type CF), while the calculated power factor values are 1.12 pW/
mk? and 17.11 uW;’m‘Kz, respectively. Comparatively, Wei et al. re-
ported a power factor value of 2.08 uW/m‘K2 for a conventional cement-
based matrix with a pyrolytic CF-reinforced composite [44]. The
anticipated ZT values are 5% 10 * for the n-type CFs and 1x10 3 for the
p-type. Accordingly, the thermal to electrical energy conversion effi-
ciency (Carnot efficiency-n) of the n- and p-type CFs is 0.003 % and
0.007 % at AT of 100 K, respectively. The prior mentioned values were
calculated by the following equation [35]: n = ((Ty Tc)/Th) -\/(] +
Zn -1/ \f 1 + ZT + (T¢/Ty)), where Ty represents the temperature of
the hot side and T¢ is a steady temperature of the cold side. As
mentioned, the T700SC CFs appeared an n-type thermoelectric
behavior, indicating that the TE effect was governed by the diffusion of
electrons charge carriers. This fact could be attributed to an electron
donation mechanism. It can be considered that nitrogen atoms arising
from the PAN precursor upon the carbonization process for the
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Fig. 4. Schematic illustration of the in-plane (a) electrical resistance, (b) Seebeck coefficient measurements and (c) obtained relative values of the n- and p-type CFs.

production of T700SC CFs interact within the graphitic core replacing
carbon atoms and injecting nitrogen-containing defects, as also detected
by analytically XPS measurements. This could occur due to an incom-
plete carbonization process, causing a majority of electrons in the ni-
trogen atoms (n-doping character) to the CF graphitic, which can shift
the Fermi energy relative to its initial energy state [45]. Similar findings
were revealed during a chemical vapor deposition (CVD) synthesis
process of CNTs under a nitrogen atmosphere [23]. On the contrary,
M40JB CFs presented a p-type TE behavior, which is typically expected
for carbon-based allotropes, on account of their tendency to strongly
adsorb oxygen atoms owing to their hexagonally packed structure [39].
Graphene sheets of the M40JB CFs graphitic crystallites may facilitate an
electron-withdrawing mechanism (p-doping character), resulting in the
creation of hole charge carriers, as was also previously reported for a
different grade of M40 CFs [33].

3.3. Three-point bending testing of the n- and p-type MCFs reinforcement

As shown in Fig. 5, MCF composites produced with both CF types
(Table S1) indicate a slightly different flexural behavior. Both show
initially a linearly elastic region, whereby the n-type MCF turns into a
non-linear behavior. Nevertheless, both fail completely by a sudden
drop of stress due to the brittle behavior of the GP matrix with CF
fracture. With respect to the flexural strength, the n-type MCF is
approximately 30 % higher compared to the p-type system, which can be
traced back to the enhanced impregnation quality of the yarn, the lower
tensile modulus and higher tensile strength of the n-type CFs (Table 1) as
well as denser matrix microstructure; as determined by MIP (see Fig. 8).

3.4. Thermal and fracture analysis of the n- and p-type MCFs
reinforcement

Fig. 6 shows the TGA responses of the as-received CF yarns, GP
impregnation matrix and both types of MCF under O, gas condition.
Considering the thermal behavior of CFs, an apparent rapid weight loss
is visible between 550 °C and 900 °C , where the onset of the oxidation
temperature corresponds to the combustion of the CF. Obviously, the
oxidation temperature of the p-type CF was higher than the n-type CF,
indicating a more thermal stable microstructure, which is in agreement
with the reduced Ip/Ig ratio obtained by Raman measurements. The
thermal response of the GP matrix composed predominantly of dehy-
dration processes of aluminosilicate products, which experienced a
considerable weight loss below 250 °C due to the release of physically
and chemically bound water in macropores as well as a minor weight
loss caused by dihydroxylation of hydroxyl groups up to 850 °C [46].

The thermal properties of MCFs produced with the n-type and p-type
of CFs were consistent with the previous observation in a variety of MCF
[15]. Also, they disclose a similar trend for both specimens regarding
weight loss, with two main decomposition steps. The primary thermal
decomposition was observed between 25 °C and 300 °C as a result of a
loss of moisture (both evaporated and chemically bounded water) due to
heating [47]. Further significant weight loss was at the interval from
450 °C to 750 °C, mainly corresponding to oxidation of the CFs.
Furthermore, above 300 °C, the condensation of silanol or aluminol
groups of the matrix results in the loss of chemically bound water, which
is completed up to 850 °C [46]. Hence, for the p- and n-type CFs a mass
content of 17.9 % and 19.5 %, respectively, was calculated, corre-
sponding to fiber volume fractions of 16.5 % and 18.0 %. Furthermore,
total weight losses of approx. 33 % and 30 % were recorded up to
1000 = C for the MCFs with the n- and p-type CFs, respectively. The lower
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Fig. 5. (a) Representative flexural stress-deflection curves and (b) flexural strength of MCFs tested immediately after curing.
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Fig. 6. TGA/DTG curves for the n-type and p-type of (a) CFs and (b) resulting MCFs.

total weight loss and fiber volume fraction for the MCFs containing the
p-type fiber confirmed their better impregnation quality over the yarn
cross-section and is in line with the observation by ESEM (Fig. 7).

The morphological features of the MCFs’ cross-sections with
different CF types demonstrated the aspects discussed above (see Fig. 7).
Note, the black circles represent the individual CF filaments, while the
light grey areas are the GP matrix. In the EDX mapping, the “purple
carbon circles” in Fig. 7c - f give the positions of a single CF. The ma-
jority of them is uniformly distributed within the impregnating matrix
for both fiber types, implying a successful implementation of the auto-
mated processing technology based on the developed GP suspension and
pultrusion line. In comparison with the n-type CF, the individual fila-
ments of the specimen with the p-type CF showed a relatively short
distance from each other, with a few accumulations of matrix-rich areas.

This is in accordance with the above-discussed fiber volume fraction.
Inherent imperfections of the filaments could be more bridged by the
matrix with better impregnation quality during deformation, which
influenced the stress-transfer efficiency and explained the improved
flexural strength of the MCFs with the n-type CF.

The different impregnation qualities influence the pore structure
development in terms of cumulative and differential pore volumes of the
MCF (Fig. 8), which could in turn effect their mechanical behavior. Here
the principal pore structures are divided into four categories: nanopores
(3-10 nm), mesopores (10-50 nm), macropores (50-200 nm), and pores
larger than 200 nm, slightly differing from the IUPAC definition [48].
Clearly, the MCFs with the n-type CFs contained a lower cumulative
pore volume and pore volume in all size ranges in comparison with the
p-type CF, which can be traced back to a more uniform fiber-matrix
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Fig. 7. SEM and corresponding EDX mapping images showing the cross-sections of MCFs produced with (a-c) n-type and (d-f) p-type CFs.

distribution, as seen in the ESEM analysis (Fig. 7). Prior study [13] found
that poor impregnation quality promotes the initiation and propagation
of a more porous MCF microstructure, which eventually triggered a
premature failure in the yarn bending test. It can be also assumed that
influencing factors such as the quality of GP impregnation may slightly
affect the overall TE efficiency of the continuous CFs, since the
compaction between the highly electronic [49] in-plane electrically and
thermally conductive CF filaments could be differed. Technically, an
optimized compaction is considered as beneficial in order to achieve
higher electrical conductivity values by minimizing any contact resis-
tance issues [50]. As should be noted, the Seebeck coefficient values
consist a physical intrinsic material property [30] and cannot be affected
by e.g., pores variations within the n- and p-type mineral impregnated

carbon fiber structures. Consequently, the obtained power factor values
are stipulated as a function of the compaction degree upon the
impregnation.

3.5. Power output characteristics of the TEG-enabled MCF-based
reinforcing grid

Fig. 9a demonstrates the testing configuration for the TE perfor-
mance of the TEG-enabled MCF-based reinforcing grid. The maximum
generated power output (Ppg) was calculated according to the
following formula [35]: Ppay = (N - S- AT)%/4 - Rz = AV2/4 - Rygg,
where N is the number of the employed thermoelements. For the
multifunctional MCF-based reinforcing grid demonstrators with total
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dimensions of 185x185 mm? (in-plane AT at 50 mm) and five p n
MCFs-based TE junctions exhibited an internal resistance (Rqgg) of 36.3
+2.4 Ohm, generated Vygg (Voo Open-circuit voltage) of 1.8+0.2 mV, a
short-circuit current (I) of 32.24+4.2 pA with a calculated Pp,, of 22.3
nW, corresponding to a power density of 4.3x10 ® W/m?at AT of 50 K.
The outer Cu electrodes could negligibly contribute to the absolute
generated Vigg (0.023 mV), as was pointed out in a previous study [24].
The entire mass of the TEG-enabled MCF-based reinforcing grid
model composite prototype was ca. 20.5 g with a respective gravimetric
power density (determined by dividing the generated Pmg, upon expo-
sure at in-plane AT of 50 K with the overall mass of the multifunctional
grid) of 1.1x10 ® mW/g. Fig. 9b depicts the TE current  voltage
power experimental values of the TEG-enabled MCF-based reinforcing
grid, while Fig. 9¢ depicts the TE voltage power curves as a function of
externally applied load resistance. The corresponding power output
characteristics of the structural reinforcing TEG device were tested at
30, 40 and 50 K temperature gradients as a function of various con-
nected in series applied external load resistances (Ryyq4). The maximum

power generation of 22.3 nW at AT of 50 K was achieved when the load
resistance matched with the internal TEG device resistance of 36.3 Ohm.

In principle, above a certain level of produced energy this can be
stored and stepwise processed to activate various types of low-power
consuming electronics integrated in buildings e.g., microcontrollers or
wireless sensor networks [51]. Recently, the commercial Advanced
Linear Devices-EH4295 step-up converter was interfaced to power up a
green LED [52]. Namely, a fixed internal voltage of 1.6 V is increased to
3.8 V in order to start charging the connected electronic load with a
minimum input power requirement of 2 pW provided directly provided
by the TEG.

4, Summary and conclusions

This paper addresses the feasibility of multifunctional building
reinforcing materials within concrete structures toward large-scale
thermal energy harvesting realization. A prototype structural device as
a TEG-enabled textile-like reinforcing grid model composite was
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demonstrated for the first time. The approach of material design and
digital manufacturing purposely creates an excellent mechanical per-
formance of MCFs based on n- and p-type CFs in the range of conven-
tional CFRP. The specific-designed GP impregnation matrix enabled
sufficient long-lasting processing windows and moderate curing tem-
peratures to accelerate a fast setting on demand, similar to polymeric
thermosets. The proof-of-concept demonstrator exploited the MCF re-
inforcements as thermoelements owing to the inherent n- and p-type TE
behavior of two different grades of CF yarns to assemble a grid-like TEG
device consisting of five n-/p-type serially interconnected junctions. The
multifunctional reinforcing grid yielded a total voltage output of 1.8 mV
with a maximum electrical power of 22.3 nW upon exposure to an in-
plane AT of 50 K.

After demonstrating the feasibility of design and manufacturing of
the TEG textile-like reinforcing grid, its implementation and perfor-
mance in a fine-grained concrete should be investigated. Furthermore,
tailoring the Seebeck coefficients and thermal conductivity by modifi-
cations during the production processes could enhance the so far poor
inherent TE efficiencies of the bare CF reinforcing phases. Besides, po-
tential approaches for the increase of the Seebeck coefficient through
chemical doping strategies and/or interfacial deposition of TE-efficient
nanostructured coatings can be investigated.

Multifunctional building materials as a TEG-enabled self-powered
structural health monitoring (SHM) concrete could potentially be car-
ried out for ambient energy harvesting, capturing heat waste located in
various regions (e.g., buildings, urban area and roads, industrial envi-
ronments, etc.) and transform it into exploitable electrical power. For
instance, authors envisage a practical application related with a built-in
TEG harvester able to supply power for a microcontroller which per-
forms a SHM function by inspecting on real-time the condition of a
construction. Technically, the generated power could be stored in a
capacitor and activate the autonomous data acquisition, sampling rate
management and communication of the sensing signals contributing to
future energy-saving and sustainable infrastructures with elevated
safety and reduced maintenance costs.
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