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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/m2 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 (ΔT) 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 (MnO2) composites within a cement matrix 
for the cathodic protection of carbon steel surface upon the existence of 
ΔT. 

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 (ΔT) according to the equation of S 
= ΔV/ΔT. In addition, the power factor (PF) is defined as PF = σ ⋅ S2, 
where σ 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 (κ) to trans
form effectively thermal energy into power. A low thermal conductivity 
is preliminary to preserve a substantial ΔT within the material. The 
overall TE performance is classified by the dimensionless figure of merit- 
ZT = (σ. S2). T/κ, 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 m2 generated a power output of ca. 4 
μW 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 ΔΤ, consisting of p- and n-type 

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 d90 of a 
maximum of 9.72 µm, 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/K2O 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/cm3] 1.8 1.77 2.68 
Filament diameter [µm] 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 20× 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 1. The measurement accuracy (spectral resolution) was approx. 2 
cm 1 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 Kα (h⋅ν = 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 Epass =

160 eV for wide-scan spectra and Epass = 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 
6½ 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 (ρ) and conductivity (σ). 

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 (ΔT). The TE 
measurements were conducted using a digital multimeter (Agilent 
34401A 6½) with a standard two-probe method. The generated voltage 
potential (ΔV) was recorded for 25, 50, 75 and 100 K of applied ΔT, 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 

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 mm2 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. 1a. 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 185×185 
mm2 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 O2 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 µm 
thickness. The TEG output characteristics of the multifunctional MCF- 
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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 

Fig. 6. TGA/DTG curves for the n-type and p-type of (a) CFs and (b) resulting MCFs.  

J. Zhao et al.                                                                                                                                                                                                                                     







Energy & Buildings 298 (2023) 113564

10

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 ΔT 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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