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ABSTRACT: Geopolymers, a class of sustainable inorganic
materials derived from natural and recycled resources, hold
promise for various applications, including thermoelectric power
generation. This study delves into the thermoelectric properties of
Ikere white (IKW)-geopolymer, derived from kaolin clay, by
employing rigorous measurements of thermal conductivity,
electrical conductivity, and Seebeck coeflicient. The investigation
elucidates the pivotal role of temperature and ions in shaping the
thermoelectric performance of IKW-geopolymer. Electrical con-
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ductivity analysis pinpoints ions within the geopolymer’s channels as primary contributors. Beyond a critical temperature, the
evaporation of bulk water triggers a transition of charge carriers from one- to three-dimensional motion, resulting in reduced
conductivity. The Seebeck coefficient exhibits a range from —182 to 42 pV/K, with its time-dependent profile suggesting that ions
potentially drive thermoelectricity in cementitious materials. Notably, a unique transition from n-type to p-type behavior was
observed in the geopolymer, opening new avenues for ionic thermoelectric capacitors. These insights advance our understanding of
thermoelectric behavior in geopolymers and have the potential to propel the development of novel building materials for energy

conversion applications.

H INTRODUCTION

The ongoing reliance on nonrenewable energy sources
presents a significant challenge for the global community.
This dependence not only perpetuates environmental degra-
dation through the emission of harmful pollutants and
greenhouse gases but also threatens our finite resources. To
address this pressing issue, there is a growing need to explore
new, innovative solutions that promote energy efficiency and
reduce our reliance on nonrenewable energy sources. One
solution that has the potential to make a significant impact is
the use of thermoelectric materials.

This technology is based on the Seebeck effect, a
phenomenon where a temperature difference between two
ends of a material generates an electrical voltage, allowing
capturing and converting the waste heat into usable electricity.
The overall performance of a thermoelectric material is
measured by the figure of merit, ZT = S*6T/k, which is
determined by the operating temperature T and three intrinsic
thermoelectric properties such as the Seebeck coefficient (S),
electrical conductivity (o), and thermal conductivity (k).

Developing thermoelectric materials would play a vital role
in reducing carbon emissions and improving energy efliciency
in various applications. The recovery of waste heat from
industrial processes is a particularly promising area for
thermoelectric materials.”” High-temperature waste heat,
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typically generated at temperatures above 600 °C, can come
from sources such as furnace exhausts, boilers, and chemical
reactions.” Additionally, low-grade waste heat, typically at
temperatures below 150 °C, can be recovered from sources
such as data centers.” By capturing and converting this waste
heat into usable electricity, thermoelectric materials will
contribute to significant energy savings and reductions in
greenhouse gas emissions in various industrial sectors.
Thermoelectrics can also be integrated into building structures,
such as walls, floors, and roofs, providing a sustainable and
efficient solution for waste heat recovery and energy harvest-
ing. The integration of thermoelectric materials into smart
cities infrastructure can make them more energy-efficient and
self-sustaining.

Thermoelectric materials have been rapidly advancing in
recent years, leading to the development of a wide range of
materials with unique properties and potential applications.”™”
Some of the most promising materials include bismuth
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telluride,™” skutterudites, and silicon—germanium, ~ which

have high figure of merit (ZT) values and high thermoelectric
performance. However, one major obstacle to the widespread
adoption of thermoelectrics is the cost of these materials. To
overcome this challenge, an innovative approach is to focus on
materials that are cheaper and more widely available, even if
they have lower ZT values like thermoelectric cementitious
materials. These materials can be easily scaled up and
integrated into building structures, providing a sustainable
and efficient solution for waste heat recovery and energy
harvesting in smart cities.

The development of cement-based materials with enhanced
thermoelectric properties has been an active area of research in
recent years. One of the widely adopted strategies is the
incorporation of functional fillers into the cement matrix,
which imparts electronic thermoelectric effects to the
composite. Researchers have experimented with various types
and contents of functional fillers, such as nanostructured
graphene and zinc oxide, with the aim of improving the
thermoelectric properties.'”~>* Recently, there has been a
growing interest in studying the thermoelectric behavior of
geopolymers. This is because they exhibit a higher Seebeck
coeficient than normal cement gaste and hold potential as a
functional building material.>>~*

In this framework, the potentials of geopolymers made from
Nigerian kaolin clays (Ikere white (IKW)) as cheap,
sustainable and eco-friendly alternative to traditional thermo-
electric materials were investigated in this study.

The term “geopolymer” was first introduced by Joseph
Davidovits for a new class of inorganic materials that are
produced from the reaction of metakaolin in an alkaline
environment at low temperatures.”” Geopolymers are
amorphous aluminosilicate materials with a tridimensional
structure. They are produced from chemical reactions
involving alkali hydroxide/silicate solutions with reactive
alumina and silica in precursors such as metakaolin, calcined
local kaolin clay, fly ash, and waste aluminosilicate materials.
During geopolymerization reactions, each dissolved AI**
replaces Si*' in 4-fold coordination with respect to oxygen,
leading to the creation of a negative charge. The presence of
cations (e.g, Na*, K*) either maintains the charge balance
(free cations) in the geopolymer matrix or is actively bound
(structural cations) to the matrix.*® Generally, the empirical
formula of geopolymer is represented by Mn[—(SiO,)z-AlO,]
n-wH,O, where M is alkali metals, particularly K, Na; # is the
degree of polycondensation; z = 1, 2, 3 or >3; and w is the
number of water molecules in its pore.”’

Unlike traditional cement, which is made by heating
limestone and clay, geopolymers are made from geological
materials, including metakaolin, calcined kaolinite clay, and
industrial byproducts and waste materials such as fly ash and
slag.>' ™ This makes them a more sustainable and eco-friendly
alternative to traditional cementitious materials.**~>*

The investigation of the thermoelectric properties of IKW-
geopolymer was conducted using a comprehensive method-
ology. Initial steps involved the characterization of the
structural properties of the raw clay and calcined clay to
determine its suitability as a geopolymer precursor, utilizing
infrared spectroscopy, X-ray diffraction, and thermogravimetric
analysis. The geopolymerization process was examined through
isothermal conduction calorimetry. The thermoelectric behav-
ior of the resulting geopolymer was evaluated through the
measurement of physical properties that determine the figure

of merit (thermal conductivity, Seebeck coefficient, and
electrical conductivity). Given that significant variations in
electrical conductivity and Seebeck coeflicient can occur, the
focus was placed on comprehending such physical properties
to better understand the mechanisms influencing the perform-
ance of the geopolymer as a thermoelectric. In particular,
impedance spectroscopy and Seebeck coefficient measure-
ments were performed to study the temperature-dependent
movements of mobile charges and the response of the IKW-
geopolymer to temperature gradients. Notably, the sample was
characterized by a significant inherent voltage (V = —106 mV),
necessitating the implementation of a unique experimental
design to minimize its contribution and focus solely on the
thermoelectric effect.

B MATERIALS AND METHODS

Materials. The kaolin containing clay tagged IKW was
obtained from a deposit in Ekiti State, Nigeria. Samples of both
raw and calcined clay are shown in Figure 1.
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Figure 1. Pictures of raw (IKWRC) and calcined (IKWCC) IKW
clay.

NaOH pellets (Mol wt: 40 g/mol, Sigma-Aldrich Germany)
and sodium silicate solution (Density 1.39 g/mL; 12.0 to
13.0% Si based; 13.4 to 14.0% NaOH basis) purchased from
Sigma-Aldrich USA were used to prepare alkaline silicate
solution. 8 M NaOH/Na,SiO; (1:1) solution was used as the
activator prepared by dissolving the appropriate mass of
NaOH pellets in deionized water and allowed to cool to room
temperature before mixing with silicate activator and left for 24
h before use. Calcined IKW (IKWCC) was mixed with 8 M
NaOH/Na,SiO; solution to produce geopolymer (IKWG).
The activator concentration was chosen based on previous
studies on Nigerian clay geopolymers.”® The ratio of the
activator to the IKWCC was 0.63. The clay and the activator
were mixed with a Hobart electric mixer (Heidolph. Hei-
Torque 400 with a speed range of 200—2000 rpm) for 90 s,
waited for 60 s, and then mixed for 90 s at 1200 rpm. The
geopolymer paste was cast into prismatic molds. The cast
pastes in the molds were compacted by vibration on an end-to-
end shaker (Ovan) at 125 rpm for about S min and thereafter
sealed with a vinyl sheet to prevent moisture evaporation. The
sample was demolded after 2 days, stored in sealed plastic
materials, and cured at room temperature for 28 days before
characterization.

Chemical and Structural Characterization. Thermog-
ravimetric analysis/derivative thermogravimetric (TGA/DTG)
was performed on the raw IKW clay with a TA Instrument
TGA Q500 to determine the thermal reactions and
dehydroxylation (calcining) temperature of the clay. About
100 mg of the sample was placed in a platinum crucible. The
measurement was carried out at a temperature between 30 and
900 °C at a heating rate of 10 °C min~' in a Nitrogen
atmosphere (100 mL min™'). The raw clay was therefore
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subjected to thermal treatment at its dehydroxylation temper-
ature as revealed from TGA/DTG results in an electric
programmable furnace (Nabertherm GmbH, Germany). The
oxide composition of the calcined clay was determined using a
sequential X-ray fluorescence (XRF) spectrometer (PANalyt-
ical AXIOS). To determine the mineralogical phases, the
amorphous and crystalline nature of the raw and calcined clays
were identified with Bruker X-ray diffractometer (D8 Advance,
US). The sample was analyzed using 26 range from 10 to 90°
with a scan rate of 0.05°. The average measuring time was S0
s/point. The CuKa radiation (4 = 1.5418 A) was generated at
40 kV and 40 mA. The XRD patterns were analyzed using
Diffrac.EVA v.2.1 software. Attenuated total reflectance-
Fourier transform infrared (ATR-FTIR) spectroscopy was
used to determine the main characteristic chemical functional
groups in the raw and calcined clay. The spectrometer was
equipped with a diamond crystal plate. A few milligrams of the
samples were placed on the plate. Absorption spectra were
measured on an ATR-FTIR spectrometer (FTIR-6300/ATR-
6000) set to scan wavelength across a range of 4000 to 500
cm™! with a resolution of 4 cm™ and 200 scans. Isothermal
conduction calorimetry was done using a 16 channel
isothermal conduction calorimeter (TAM AIR, Thermometric
AB, Sweden) to ascertain the geopolymer formation from the
alkali/silicate reaction of IKW calcined clay. The temperature
of the calorimeter was set at 25 °C, to match the temperature
used for the curing of geopolymer. Water (S g) was used as a
reference in each chamber of the twin calorimeter. 2.6 g of the
IKWCC were mixed with 2.4 g of the activator inside a
disposable glass ampule bottle. The mixing was done using a
Vortex mixer (Fisherbrand) operated at 1200 rpm initially for
90 s, waited for 60 s, then mixed again for 90 s before it was
loaded into the calorimeter. The reactions were left for S0 h to
complete.

Thermoelectric Performance. The electrical behavior of
the samples was analyzed through a two-probe AC impedance
spectroscopy measurement, performed with the use of a
Novocontrol Alpha-A broadband dielectric spectrometer. Data
were recorded over a frequency range of 10 mHz to 10 MHz
with a voltage amplitude of 1 V. Subsequently, the conductivity
was measured under a heat ramp of 1 °C/min to examine the
impact of temperature on conductivity.

An evaluation of the Seebeck behavior of the samples was
performed by measuring their open-circuit voltage as a
function of time. A custom-built experimental setup, depicted
in Figure 2, was used to carry out the Seebeck measurements.
The prismatic samples, with dimensions of 2 X 2 X 7.5 cm®
were polished on both sides using sandpapers up to 400
meshes and coated with copper adhesive. The use of silver
paste and a thin copper adhesive with a 4 mm spacing between
the hot and cold sides to record the thermoelectric voltage of
the samples is presented in Figure 2. The samples were
subjected to different temperatures using a small ceramic
heating plate located on the upper end of the samples. The
temperature on each side of the wire connection was measured
by a P-type thermocouple connected to a data logger. The
voltage difference between the two copper connections was
monitored using a KEITHLEY 2100 6 1/2 DIGIT Multimeter
and Labview software.

The measurement of thermal conductivity was performed
using the modulated differential scanning calorimeter (Q2000
TMDSC-TA) instrument. This methodology involved measur-
ing a thin and thick disk of the same specimen with a diameter

Ceramic heater

N

Multimeter
Thermocouple
75 mm ||Geopolymer
Copper

AV
Vi ‘
electrode H—

Figure 2. Experimental setup of Seebeck measurement.

of d = 5.2 mm. The thin disk (h < 0.5 mm) was analyzed to
determine the specific heat capacity (Cp), as the specimen’s
thickness was less than the temperature penetration length,
resulting in a shorter time for the sample to reach temperature
equilibrium. Meanwhile, the thick disk (h = 1.5 mm) was also
measured, resulting in the determination of the apparent heat
capacity (C). This value was lower than that of the thin disk,
due to the nonuniform temperature distribution over the
height of the sample. The specific heat capacity (Cp) and the
apparent heat capacity (C) were then related to the thermal
conductivity through the equation™’:

A = (8LC*)/(CpMd*P) (1)

where A is the observed thermal conductivity in W/(K m), C is
the apparent heat capacity in mJ/K for the thick sample, C; is
the specific heat capacity in J/(g K) for the thin sample, L is
the sample height in mm for the thick sample, M is the thick
sample mass in mg, d is the thick sample diameter in mm, and
P is the modulation period in s.

B RESULTS AND DISCUSSION

Characterization of Raw and Calcined IKW Clay. The
TGA/DTG curves of the IKW clay are illustrated in Figure 3a.
The weight loss is almost constant up to 400 °C. In this
temperature range, such decrease is related to the loss of
adsorbed water on the external surfaces of the raw clay due to
dehydration reaction. Major weight loss occurred between the
temperature range of 400—700 °C. This reflects the
dehydroxylation of the raw clay due to the transformation of
the mineral kaolinite in the clay to metakaolinite, also called
calcined clay (2ALSi,O5(OH), — 2ALSi,0, + 4H,0). The
weight loss within this temperature range was about 12.1%
which signified the kaolinite content in the clay. Finally, the
maximum dehydroxylation temperature of 700 °C was used to
calcine the clay.

The oxide composition (wt %) of the calcined clay is given
in Table 1. Silica (SiO,) and Al,O; were the main oxide
components of the clay while anatase (TiO,) and Fe,O; were
also present in considerable amounts.

The ratio of SiO,/Al,O; of IKW is 1:3. The silica-to-alumina
ratio for high kaolinite clay is 1:1."" This confirms that IKW is
a high kaolinite clay as also observed in the TGA curve (Figure
3a). This presents IKW as a good material for geopolymer
formation. The detection of K,O in the clay indicates the
presence of Illite.
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Figure 3. TGA/DTG curves of the three IKW raw clay (a) and IKW-
geopolymer (b).

The XRD patterns of the IKW raw clay (IKWRC) and
IKWCC are shown in Figure 4a,b. In the raw clay, kaolinite
was identified as the main chemical phase. In addition, some
peaks in this diffractogram would suggest contributions of
amounts of quartz and anatase. The presence of anatase
confirms the considerable amount of TiO, in the clay as
observed by XRF. The main effect of calcination is the
transformation of the kaolinite in metakaolinite,®” as
demonstrated by the disappearance of the sharp refection
peaks corresponding to kaolinite and the emergence of a broad
amorphous halo centered at about 26 ~ 25° (Figure 4b). The
estimated amorphous contribution has been subtracted from
the experimental results to yield, within the uncertainties, the
contribution of the crystalline phases to the pattern. Most of
the sharp intense peaks obtained can be attributed to anatase,
suggesting that this compound was not affected by temperature
during the calcination process. The results show other
contributions that could correspond to quartz and other
nonidentified phases.

The FTIR spectra showing the main functional groups of the
raw and calcined clay are depicted in Figure Sa,b. The
absorption bands at 3698 and 3620 cm™ were attributed to
the stretching vibrations of OH bonds that are attached to the
Al octahedron sheet.”” Absorption bands associated with
stretching Si—O—T (T = Si or Al) vibrations were observed at
around wavelengths 1112 and 1005 cm™'. Al-OH bending
vibrations due to inner hydroxyl groups were observed in the
raw clay at wavelength 908 cm™. Moreover, a doublet
identified at 801 and 753 cm™' has been associated with Si—
O stretching vibrations of quartz crystals. The Si—O bending
vibration due to the presence of quartz was also observed at

Figure 4. XRD patterns of IKW raw clay IKWRC (a), calcined clay
IKWCC (b), and geopolymer IKWG (c). In (b) and (c), the
estimated amorphous contribution (dashed lines) has been
subtracted, yielding the crystalline contribution (black lines). From
comparison with kaolinite, anatase, and quartz patterns, the (at least
partial) origin of the main crystalline peaks in (a—c) has been

deduced.

538 cm™'. These results agree with results of XRD analysis
(Figure 4) that indicated that IKW also contained quartz.
Significant changes were observed in the FTIR spectrum of
calcined clay compared with that of the raw clay. The broad
bands of the OH groups in the crystalline kaolinite of the raw
clay disappeared in the FTIR spectra of calcined clay.
Al-OH bending vibrations at 908 cm™ corresponding to
octahedral coordination (AIVI) in the raw clay disappeared
and new bands indicating tetrahedral coordination (AIIV)
appeared at 811 cm™. These bands show the ability of this clay
to undergo alkaline silicate reactions to form a geopolymer.
Reactivity Study by Isothermal Conduction Calorim-
etry. The results of normalized heat flow and total heat
released from the geopolymerization reactions of the IKW clay
measured by isothermal conduction calorimetry are given in
Figure 6. As shown, the geopolymerization process involved

Table 1. Oxide Composition of IKW Clay (wt %) Also Present in Considerable Amounts

clay SiO, AL O, Fe,04 MnO
IKW 53.9 40.2 0.59 0.02

Ca0 K,0 TiO, P,0, SO,
0.03 0.05 2.08 0.05 0.03

https://doi.org/10.1021/acsomega.3c08257
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100 501 753 IKWCC and the activator were mixed outside the calorimeter
and such a process starts when the activator is mixed with the
80 [ 3608 3620 solid material, the maximum P1 could not be detected from
60 the mix of the clay with the activator (P2). This peak is
associated with the reactions producing the first formation of
40 alumina/silica-hydroxy species and their geopolymerization
IKWRC leading to the production of N—A—S—H gel."* After 48 h the
20 1005 reactions were almost complete with cumulative heat of 108 J/
a) s g. These observations confirm that IKW formed geopolymer.
E— . E— . ! Structural Characterization of Geopolymer. The
bt results of the TGA/DTG analysis of the geopolymer are
displayed in Figure 3b. Most of the weight loss (9.6 wt %)
% occurred at temperatures below 180 °C. Over the entire
& temperature range examined (30—900 °C), a total weight loss
= of 12.3 wt % was measured. This observation has been
reported in previous research to be caused by the evaporation
70 of water from cavities and loosely bound water.” The thermal
degradation that takes place between 180 and 350 °C (1.4 wt
100 %) is the result of the outgassing of structural water in the
sodium aluminosilicate.”* Finally, the remaining weight loss
90 (1.15 wt %) can be explained by the dehydroxylation of OH

i silanol or aluminol groups.™
The XRD pattern of IKW-geopolymer is illustrated in Figure
70 4c. It displays a pronounced diffuse peak that confirms IKW-
geopolymer predominant amorphous nature resulting from the
60 formation of sodium aluminosilicate (N—A—S—H) gel. In
% © addition, the main sharp peaks in the geopolymer superposed
T4000 3500 3000 2500 2000 1500 1000 500 to the amorphous contribution suggest contributions of quartz

‘Wavenumber (cm 'l)

Figure 5. ATR-FTIR spectra of (a) IKW raw clay (IKWRC), (b)
calcined clay (IKWCC), and (c) geopolymer (IKWG).

two stages: dissolution/hydrolysis of the reactive or
amorphous contents of the clays (Peak 1, P1) and geopolymer
formation (Peak 2, P2) as reported previously.”” In between
the stages is the dormancy stage where the concentration of
the dissolved ions grows reaching the threshold for the
reactions leading to geopolymerization and condensation of
the geopolymer gels. The first peak is a strongly exothermic
process and can be considered comparable to the preinduction
period of the cement hydration process. After the initial
dissolution, the dormant process takes place. Finally, after
about 1 h, a broad and intense exothermic peak appeared
which reached its maximum after 3 h. Since in this study,

and anatase. We remember that we could find hints of them
also in the diffractogram of the calcined clay (Figure 4b). This
is an indication that these minerals did not participate in the
geopolymer reaction.

The FTIR spectra of the IKW-geopolymer are shown in
Figure Sc. The absorption peaks found at 3400 and 1647 cm™
are due to the presence of both atmospheric and bound water
in the geopolymer. These findings are supported by previous
research.”” The intense peak observed at around 986 cm™,
which has replaced the band found in calcined clay at around
1054 cm™), is associated with the vibration of Si—O in the
geopolymer. This shift is due to the substitution of Si—O—Si
bonds with Si—O—Al bonds, leading to the formation of N—
A—S—H gel in the geopolymer. The peak at around 850 cm™"
is attributed to the noncondensed bending vibration of Si—
OH." Finally, the peaks found at around 577 and 675 cm™
represent the bending vibration of Si—O—AL*
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Figure 6. Curves of heat flow (a) and total quantity of heat released (b) of IKW calcined clay.
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Thermal and Electrical Characterization of IKW-
Geopolymer. The thermal characterization of IKW-geo-
polymer is shown in Figure 7. In the temperature range
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Figure 7. Specific heat capacity (a) and thermal conductivity (b) as a
function of temperature of IKW-geopolymer (W/m K) and minimum
at T = 350 °C (k = 0.576 W/m K).

investigated, S0 < T < 350 °C, the heat capacity shows a stable
behavior, with an average Cp of ~0.975 J/°C m. Considering
thermal conductivity, a slight decrease is observed over
temperature with the maximum value measured at T = S0
°C (k=0.69 W/m K) and minimum at T = 350 °C (k = 0.576
W/m K). Such values are comparable to those reported for
other cementitious materials exhibiting thermoelectric behav-
ior. In particular, the results of this study are similar to those
obtained for cement with metal oxide nanoparticles.”’
Understanding the mechanisms underlying the electrical
conductivity of cementitious materials is crucial for identifying
the optimal temperature range for thermoelectric performance,
and for enhancing mix designs to improve the material’s figure
of merit. For this reason, a deep investigation of the electrically
conductive property of the geopolymer was carried out. In
Figure 8, the real part of the complex conductive function &’ (f)
measured by impedance spectroscopy at 300 K is shown.
Linear response theory explains that AC spectra of the system
are associated with temperature-dependent movements of
mobile charges.”® At high frequencies, the mean square
displacement <r*(t)> exhibits subdiffusive motion and &’(f)
shows a frequency-dependent behavior due to ion—ion
environment coupling. When the frequency is below the
threshold frequency f, charge carriers responsible for electrical
conductivity change from subdiffusive to diffusive motion,
leading to frequency-independent behavior. The decrease of
o' (f) observed in the low-frequency range is attributed to
electrode polarization.”’ Impedance spectroscopy data were
therefore analyzed by means of the Jonsher power law:

o(f) = opcll + (f/fo)n] + Af (2)
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Figure 8. Real part of complex conductive function measured by
impedance spectroscopy as a function on frequency at 300 K, with the
line representing the fitted model.

where o is the direct current, £, is related to the onset of the
diffusive motion, n is related to the dimensionality of the
charge motion, and A is the nearly constant loss (a
contribution coming from frequencies higher than the
experimental window).

In Figure 9, the results of the fitting analysis performed are
presented. The electrical conductivity starts by increasing and
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Figure 9. Fitting results of electrical conductivity (a) direct current,
(b) onset of the diffusive motion, and (c) dimensionality of the charge
motion.

reaches a maximum value of 5.1 X 107° S/cm at T = 330 K.
Subsequently, a decrease is observed as temperature increases,
which can be divided into two regimes based on the slope: a
slow decrease from 330 to 370 K and a sharp decrease for
temperatures above 370 K. The critical temperature, above
which a drop in conductivity occurs, is associated with the
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