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Thermoelectric cement, the mixture of cement and thermoelectric additives, can convert energy between thermal
and electrical forms due to the thermoelectric additives. Potentially, they could be the material for building
envelopes to harvest waste heat and/or provide space cooling or heating. When there is a significant difference
between indoor and outdoor temperatures, the thermoelectric cement can generate electricity using the tem-
perature gradient. And the same material can cool or heat building space via building envelopes with an elec-
trical input. The research aimed to identify and characterize thermoelectric cement candidates for building
envelope applications. The additives used in the studied thermoelectric cement candidates include graphite and
MnOs. Except for the additives, the study also explored the impact of the two different fabrication methods: wet-
mixing and dry-mixing on thermoelectric performance. The images of TE cement candidates taken by scanning
electron microscopy and energy dispersive X-ray microscopy visualized the morphology and distribution of
additives in the thermoelectric cement composites. The DynaCool Physical Properties Measurement System used
in the study simultaneously measured the candidates’ thermoelectric properties, including thermal conductivity,
electrical conductivity, Seebeck coefficient, and Figure of merit (ZT). The test results showed that the thermo-
electric cement with the additives of 10% (weight ratio) graphite and 5% MnO has the highest ZT of 6.2 x 10~°
at 350 K. ZT of the thermoelectric cement is even higher to 10> orders of magnitude when applying a four-probe
electrical resistivity method to account for the contact resistance.

1. Introduction electricity from solar photovoltaic panels. The energy conversion via TE

modules in buildings has high flexibility, scalability, reliability, and no

Economic growth requires more energy, but unreasonable energy
use will cause ecological imbalances and threaten the living environ-
ment for human beings. Therefore, utilizing renewable and clean energy
and improving energy efficiency have become measures to break this
vicious circle. Thermoelectric (TE) technology is one good measure. TE
technology can convert energy between thermal and electrical forms.
Recently, researchers have applied TE materials to the pavements and
building envelopes to harvest waste heat. In hot summer, the exterior
surface (possibly exceeding 60 °C) will aggravate the urban heat island
effect. Researchers integrated conventional Bi;Tes-based TE modules in
the pavement to generate electricity by using the temperature difference
between the two surfaces of pavement, and also it could cool the road
[1-5]. The TE modules have also been applied to building envelopes
[6-11] to provide cooling or heating power for a building by using

harmful effect during operation [12]. The current testing prototypes of
the TE building envelope use commercially available TE modules aimed
at small component applications like computer CPUs. They have a low
heat dissipation rate and are inapplicable in buildings. Therefore, TE
cement composites could be a better choice than TE modules because of
the high integrity and low cost of TE-cement building envelopes [13].
A competitive TE cement needs to have high TE performances,
indicated by the power factor (PF) and the dimensionless Figure of merit
(ZT). A higher PF indicates the TE material’s higher power generation
capacity when it works as a power generator. A high ZT means a better
coefficient of performance of a TE component when it works as a heat
pump. ZT is determined by three intrinsic material properties: Seebeck
coefficient, electrical conductivity, and thermal conductivity. A higher
Seebeck coefficient, a higher electrical conductivity, and a lower
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thermal conductivity lead to a higher ZT value. The additives to cement
play a critical role in the TE performances of TE cement. However, no
model exists to guide the selection of additives for higher performance.
Researchers have investigated different additives experimentally.
Among these studies, most of them reported the Seebeck coefficient and
the electrical conductivity. Still, few of them measured the thermal
conductivity and published the ZT values. Fig. 1 summarizes the four TE
properties of the TE cement published according to the additives,
including carbon fiber, graphene, carbon nanotubes (CNT), steel fiber,
metallic oxides, and the mixture of the doped metallic oxides and gra-
phene. As shown, for carbon fiber enhanced TE cement, the Seebeck
coefficient of the TE cement is at the range of 5.44-22.07 pV/K [14,15]
except for the highest value of 127 uV/K reported by Bahar and Salih
[16]. Their electrical conductivity was 0.2 S/m, comparable with
semiconductors. The overall ZT of carbon fiber enhanced TE cement was
about 1.33 x 1077 at 27 °C [17].

Graphite or graphene as additives can significantly increase elec-
trical conductivity up to 2480 S/m (expanded graphite [18]) and 1168
S/m (graphene [19]), leading to a high ZT of 6.8 x 10™* and 4.4 x 1074,
respectively. However, their Seebeck coefficients were consistently
lower than 34 pV/K due to zero bandgap of graphite. In 2020, Ghosh
et al. added Aluminum doped ZnO powders to graphene-enhanced TE
cement. They reported the ZT for TE cement as 1.01 x 10~2 at around 70
°C [20], the highest ZT value of the TE cement published. For CNT, Wei
et al. [21] reported a potentially higher electrical conductivity by using
dry mixing and compression. Tzounis et al. [22] doped carbon nano-
tubes and fabricated both n-type and p-type CNT-enhanced cement. The
Seebeck coefficients of the n-type and p-type were around —58 pV/K and
+20 pV/K, respectively.

As observed, 1% steel-fiber enhanced concrete has exhibited a
negative Seebeck coefficient of —64 pV/K [23], while 3% Ca3Co409
powder increased the Seebeck coefficient to 58.6 pV/K at room tem-
perature [24]. The Seebeck coefficient of cement with 5% BiyO3 was
+100 puV/K [25]. Ji et al. [26] subsequently synthesized a TE cement
composite with a significant Seebeck coefficient over 1000 pV/K, using
ZnO, Fe;03, and MnO, powder enhanced materials. However, Ghahari
et al. [27] tested cement slurry with ZnO nanoparticles and showed a
maximum Seebeck coefficient of only 0.16-0.185 pV/K. According to
the literature review, several observations are as follows.

The additives with the most potential for ZT improvements are
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graphene and metallic oxides. Graphene or expanded graphite increases
electrical conductivity while metal oxides such as AZO and MnO,
improve the Seebeck coefficient. The combination of graphite and
metallic oxides could further improve TE performance.

Before 2014, most characterization studies focused on the Seebeck
coefficient measurement [14-16,24,25,28] only. However, the Seebeck
coefficient is not the single indicator for TE performance. The overall
performance of TE materials should also include other parameters such
as ZT, an indicator of the heat pumping performance of TE. Therefore,
the thermal conductivity, electrical conductivity, and Seebeck coeffi-
cient need to be measured to evaluate the TE performance in energy
generation and heat pumping.

The challenge in the TE material characterization is how to measure
the TE properties accurately. The published studies did not measure the
TE properties simultaneously. The difference in the operating condi-
tions, sizes, concentrations, and distribution of additives in different
samples can affect TE performance measurement. Hence, the ZT, the
product of the square of the Seebeck coefficient and the ratio between
electrical conductivity and thermal conductivity, may not be accurate.

Therefore, the study aims to address these challenges by identifying
the new TE cement and characterizing them accurately. According to the
literature, surface-enhanced flake graphite (SEFG) and MnO; enhanced
cement composites were selected as the new TE cement composite. Since
the mixing method of the cement has influenced the TE performance, the
study also investigated the impact of two mixing ways on the TE cement.
The morphology, concentration, and distribution of various elements in
the samples were identified using the scanning electron microscope
(SEM) and the energy-dispersive X-ray spectroscopy (EDX) techniques.
The DynaCool Physical Properties Measurement System (PPMS) was
used to measure the Seebeck coefficient, thermal conductivity, and
electrical conductivity of the samples simultaneously at different tem-
peratures. The measurements of the parameters were used to evaluate
the ZT values of the tested samples.

The paper includes four sections. Section 2 is the experimental
methods, including material preparation, fabrication of specimens,
characterization techniques, and uncertainty analysis. Section 3 pre-
sents SEM and EDX images and TE parameters measured. Finally, Sec-
tion 4 is the conclusion.
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Fig. 1. The historical data of TE transport properties for different TE cement published in the literature from 1998 to 2020: (a) thermal conductivity, (b) Seebeck

coefficient, (c) electrical conductivity, and (d) Figure of merit.
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2. Methodology
2.1. Material preparation

Portland cement (Type-III), purchased from Buzzi Unicem USA, was
used in this research. With the same composition as the Type-I cement, a
smaller cement particle size of Type III cement allows even distribution
of all particles (average particle size less than 10 pm [29]). The Surface
Enhanced Flake Graphite (SEFG, grade 3775), purchased from Asbury
Graphite Mills, Inc, USA, is a highly lightweight material manufactured
by heating expandable graphite under high temperatures to expand its
molecular structure and then compressing into particles with the flake
morphology. The SEFG has a specific surface area as high as 27 m?/g and
a size of 8 pm. The concentrations of SEFG employed were in amounts of
5, 10, 15 wt% by mass of cement in cement composites (CC), which were
subsequently labeled 5SEFG/CC, 10SEFG/CC, and 15SEFG/CC. The
nanoparticles of manganese dioxides (MnO,), purchased from US
Research Nanomaterials, Inc, USA, have an average diameter of 50 nm, a
purity of 98%, and a density of 5.02 g/cm®. The concentration of MnO»
nanopowder used was 5% by mass of the cement, and its mixture with
10% SEFG was labeled 5 MnO,-10SEFG/CC. There was no other
aggregate.

2.2. Specimen fabrication

This research used two mixing methods: dry-mixing and wet-mixing
(conventional method) to prepare composite samples. Schematic dia-
grams of the sample preparation by the dry-mixing and wet-mixing are
shown in Fig. 2(a)-(c) and Fig. 2(d)-(f), respectively.

In the dry-mixing, the cement powder and additives were mixed
without water and dispersant use. An even distribution of the mixture
was obtained when the color of the dry mix became uniformly grey.
Then, the homogeneous mixture was placed in a customized cylindrical
stainless-steel mold with a metal strip and a die block. A mechanical test
system (MTS) applied the pressure at 50 MPa to the metal strip, which
compressed the dry mixture into a cylinder with a diameter of 9.5 mm
(3/8 in.) and a height of 5 ~ 10 mm shown in Fig. 3. The compact
cylinder sample was first put on a saturated sponge for 24 h to pre-cure,
and it was next soaked in water for three days to be fully cured. After
curing, the sample was placed in the lab under a steady condition of
25 °C and relative humidity of 50%.

In the wet-mixing, the additives were first dissolved into a solution of
water reducer and water. The amounts of water reducer and water were
0.6 wt% and 40 wt% of the cement, respectively. The wet mixture was
mixed with the cement powder and poured into a customized resin mold
for 24 h in the ambient atmosphere. The 10 x 10 x 5 mm? samples were
then removed from the mold and placed in a curing chamber at 28 °C
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Fig. 3. The dry compression method using a mechanical test system.

and relative humidity of 100% for three days. Finally, the samples
prepared by both methods were ground to cuboids of a similar size with
a cross-sectional area of 5 x 5 mm? and a thickness of 5 ~ 10 mm to
reduce the size variation.

The dry-mixing applied a high compression on mixing composite
materials with much less water and fewer voids than the wet-mixing.
Fig. 4 shows the different hydration processes for cement samples pro-
duced by the two mixing ways. As shown in Fig. 4, the samples made by
dry-mixing contain denser SEFG with much less water, and those SEFGs,
including both, bonded with hydrates and not bonded, highly possibly
contact each other due to much smaller voids or gaps among hydrates
and SEFGs. On the other hand, in the samples made by wet-mixing,
much fewer SEFG particles are wrapped and bonded in the large bulk
of hydrates. Therefore, the influence of the additive, SEFGs, on the
properties of the cement composite can be significant. In this experi-
ment, the fabricated samples have small sizes, and the curing was
completed. Hence, the impact of age of curing the cement composite is
not considered in this experiment.

2.3. Characterization techniques

2.3.1. SEM and EDX

An SEM was used to study the morphology and distribution of the
additive aggregates and cement hydrates. In contrast, EDX was used to
study the concentration and distribution of different elements in the TE
cement composites. The equipment adopted for SEM and EDX analyses
was Hitachi S-4800 Field Emission SEM with a resolution of ~2.0 nm at
30 kV. The acceleration voltage determines the depth the electron can
penetrate the sample. A higher acceleration voltage leads to more details
in the deeper layer. In this case, we selected operating voltage ranging
from 10 to 20 kV to observe the surface morphology of the TE cement.
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Fig. 2. The schematic diagram of the procedures for sample fabrication and property measurement: (a-c) TE cement material development via dry-mixing; (d-f) TE
cement material development via wet-mixing; (g) sample grinding; (h) sample mounting and (i) PPMS testing system.
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Fig. 4. Schematic illustration of hydrates for cement samples produced by wet-mixing and dry-mixing.

The magnification factor ranges from 2500 to 20,000 times. All samples
were coated with a thin platinum layer for better electron drainage on
the surface.

2.3.2. PPMS-TTO

We used the Thermal Transport Option (TTO) module in a Dyna-
Cool® Physical Property Measurement System (PPMS) to measure the
TE properties of all TE cement composites at low temperatures
(300-350 K), including the Seebeck coefficient, thermal conductivity,
and electrical conductivity. Fig. 2(h) shows the puck for mounting the
sample in the TTO module, and Fig. 2(i) is the schematic diagram of the
PPMS. In this study, PPMS-TTO measured the thermal conductivity by
the steady-state heat conduction method. It monitored the temperature
gradient (T, —T.) across the sample given a known heat input through
the sample. When the system achieved steady-state (dT/dt < 0.1%), the
thermal conductivity could be calculated based on the heat input (Q),
the length (L) and area (A) of the sample, and the temperature difference
across the sample (AT), according to Fourier’s Law, as given in Eq. (1)

oL

T AAT M

The influence of the convective and radiative heat loss was consid-
ered in the correction procedure. This measurement mode removes the
need for extrapolating data via curve-fitting calculations and makes the
results more robust. At the same time, due to the temperature gradient
across the sample, the TE cement composite automatically generated a
voltage output (V* —V~). The ratio of the voltage output to the tem-
perature gradient, both measured in real-time, is the value of the See-
beck coefficient, as expressed in Eq. (2). Cernox resistive thermometers
measured the temperature gradient across the hot and cold end of the
sample. The thermal voltage across the sample was measured simulta-
neously using a nano voltmeter.

AV

s="2
AT

(2)

After achieving steady-state and measuring the corresponding See-
beck coefficient and thermal conductivity, the system switched to the
electrical conductivity measurement mode. After removing the heat
source and allowing the sample to return to an isothermal state, an AC
resistance bridge measured the two-probe electrical conductivity ac-
cording to Ohm’s Law. The operating temperature of the sample,

determined by averaging T, and T,, was initially stabilized at 300 K
before measurements and increased to 350 K with increments of 10 K
during the test. Therefore, there were six tests conducted for each
sample. Each trial started at a high-vacuum state of <5 x 10~* torr in-
side the PPMS chamber.

2.3.3. PPMS-ETO

The PPMS system has the Electric Transport Option (ETO), dedicated
to measuring electrical conductivity. Unlike TTO, the ETO applies the
four-probe method rather than the two-probe method. This study only
used ETO for exploring the difference between the two-probe and four-
probe methods to measure electrical conductivity. Fig. 5 is the diagram
of the test setup. The sample was placed in the electrically insulated
area. Two copper wires were used to connect the two outer ends of the
sample with the current input electrodes, while the other two electrodes
connected were for separated voltage measurement. PPMS-ETO uses a
low frequency (18-21 Hz) alternating current (AC) source with a digital
lock-in with nanovolt sensitivity. The four-probe configuration separates
current and voltage electrodes, eliminating the electrical resistance of
the leads and contacts in the measurement, leading to a more accurate
value for low-resistance samples. Although the four-probe method can
provide more accurate results for low electrical resistance materials,

Channel 1

[+ - V-l -

Fig. 5. Schematic diagram of the configuration of four-probe resistance mea-
surement in PPMS-ETO.
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there are difficulties inherent in applying the four-probe method in
practice. Mounting four separated electrical conductive wires with a
small sample is challenging.

2.4. Performance indicators

The power factor (PF) and the Figure of merit (ZT) are the two per-
formance indicators calculated by using the three TE properties
measured. The power factor is the product of the square of the Seebeck
coefficient and electrical conductivity, as given in Eq. (3). The Figure of
merit equals the power factor divided by the thermal conductivity, as
listed in Eq. (4).

PF = ¢§* 3
PF o$°
=% =% “

2.5. Error and uncertainty analysis

PPMS system estimates the error of the measurements. The estimated
error includes the random error (statistical uncertainty) and correction
procedures’ modeling error. The Type-A method is used to evaluate the
random uncertainties by calculating the residual of the statistical dis-
tribution curve fit for the measured quantity values. In the study, the
temperatures and voltages are the two directly measured quantities.
There are 256 data points collected for either each temperature and or
each voltage in our measurements. The data fit a normal distribution, as
shown in Fig. 6. Eq. (5) and Eq. (6) are the equations to calculate the
residuals of temperature and voltage. Standard deviations of the Normal
distribution are the random errors of the temperature and voltage
measurements.

Zi (AV,- — AVM)Z

N (5)

RAV =

> (T, - AT,

Rar = N

(6)

The thermal conductivity, electrical conductivity, Seebeck coeffi-
cient, and ZT by the PPMS are from the models based on the working
principles. Therefore, their errors need to use uncertainty propagation of
all the involved variables, including measured variables and the others
models used. The uncertainty propagation integrates the error for each
variable in quadrature. The model for calculating thermal conductivity
is related to the temperature measurement, heat loss to the environment,
and the conductance through the shoe assemblies. Therefore, the error
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of the thermal conductivity,s(x), is calculated by using Eq. (7).

_ 1 RAT : Plo:s : O~5ATooKshaes :
O'(K)—KX\/N(ATOO) ) P

The first term in Eq. (7) is the error of the measured temperature. The
second term is the error of the thermal loss (Pys) due to radiation. The
Pjoss with 100% uncertainty is related to the samples’ emissivity, tem-
perature, and surface area. The last term is the error from the conduction
through the shoe assemblies, where a 50% uncertainty is assumed.

The Seebeck coefficient error, o(a), propagates the errors of the
measured voltages and temperatures (the first and second terms in Eq.
(8)), and the uncertainty associated with voltage drift in the Seebeck
voltage amplifier (the third term in Eq. (8)).

L 7 RoN? 2 N2
ax | L(Rav )" 1 (Rar " Varip
N \AV, N\ AT, AV

The standard electrical resistivity error estimates the standard de-
viation of the mean of the individual resistance measurements for each
resistivity measurement, which is the ratio of the measured voltage and
current. As shown in Eq. (9), the total resistivity error, ¢(p)y,, is the
average standard deviation of the resistance measurements (¢(p), and
o(p),) on hot and cold sides.

)

o(a) =

®

1 2

() 1 = ) [5(9)1 } + [G(P)z} )

The PF and the ZT errors can be obtained by propagating the error of
thermal conductivity, electrical resistivity, temperature, and the See-
beck coefficient, as shown in Egs. (10) and (11).

ator) = e[ (Y (1Y (DY
a(ZT)_ZT|x\/(2iI@)2+('@)z+(U£}p)>z+(a(Tn)2 an

The Type-A uncertainties of voltage and temperature were about
+0.08% and +0.002%, respectively, under a 95.5% confidence interval.
The relative estimated error, often used for comparison, is the ratio of
the error estimated to the measured data. As shown in Table 1 of the
summary of the relative estimated errors of the measured variables in
the study, electrical resistivity has the slightest error because it only
involves the directly measured voltage and current. Still, the thermal
conductivity, Seebeck coefficient, PF have much higher errors due to the
variables and assumptions used in the models for calculating them. The
estimated mean error of ZT has the highest error of 28.4% since the ZT

(10)
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Fig. 6. Data (256 measurements) and the normal distribution of (a) raw Seebeck voltage and (b) temperature.



X. Liu et al.

Table 1
Summary of relative estimated error of the five measured TE properties.
Relative a(x)/k alp)/p a(S)/S o(PF)/PF o(ZT)/ZT
estimated error
Range 13.6%— - 0.3%— 6.3%— 16.6%—
38.5% 24.6% 34.7% 43.3%
Mean value 23.6% <0.01% 7.9% 13.9% 28.4%

error is the propagation of the PF and thermal conductivity errors. The
literature agreed with our uncertainty analysis as seen from the pub-
lished system uncertainty at 40% for a well-developed system like PPMS
[30].

3. Results and analysis
3.1. Microscopic structures

The SEM images visualize the surface morphology of different TE
cement composites and the distributions of additives and cement matrix.
Fig. 7(a) and (b) are the SEM images of the 15SEFG/CC sample made by
the dry and wet-mixing, respectively. Comparing Fig. 7(al) and (b1), the
sample made by dry-mixing (al) has denser additives, and the sample
surface is much smoother than the one made by the wet-mixing method
(b1). There are some tiny cracks in the dry-mixed sample. After
magnifying the gaps, the graphite and the cement appear well mixed in
the cross-section of the cracks (a2). In contrast, the sample made by the
wet mixing has more pores (b1 and b2). Fig. 7(b2) shows that the tri-
angle and bright substances are the typical cement hydrate. The dark
flake-shape substances located between the gaps in the cement hydrates
are graphite. Fig. 7(c) includes the SEM images of the 15MnO,/CC
sample. Fig. 7(c1) shows the MnO3 nanopowder and the cement hydrate
connected as a whole piece with some internal pores. It can be observed
in Fig. 7(c2) that there are aggregates of spherical particles filling in the
pores of cement hydrate. They might be the MnO2 nanopowders. Fig. 7
(d) includes the SEM images for the 5SEFG-5MnO5/CC sample. In the
sample, the cement hydrates have different shapes like stars and tri-
angles, and the graphite looks like translucent ribbons, and the MnO,
nanopowders are aggregated.

The EDX analysis determines the concentrations of different ele-
ments and their distributions on the surface of the sample. Fig. 8 is the
collective of the EDX images of the 5MnO,-10SEFG/CC. The spectrum at
point 1 has a group of small spherical aggregate mixed with the cement
hydrates. The elements with the highest concentrations are carbon,
oxide, and calcium, which are three significant composites of cement
powder. Compared to the spectra at point 3 and area 4, the high con-
centration of carbon at spectrum 1 could be the graphite. Additionally,
the concentration of Mn found in this position is low. The data indicates
that position one is a mixture of cement hydrates, MnO, powder, and
graphite. Fig. 8(c) presents the spectrum at point 3, which has a typical
shape of graphite flake. Carbon, oxide, and calcium still occupy the
highest concentrations, but Mn did not show at this position. Fig. 8(d)
presents the spectrum for the selected area in area 4, which is much
larger than in points 1 and 3. It has a similar element concentration
distribution, but both the concentration of oxide and Mn are higher than
in points 1 and 3. The difference indicates that MnOy, is aggregated in
area 4 as compared with other points. It has been found that the larger
the area scanned, the better the analysis of the elemental distribution.
Since cement contains many different elements, it is challenging to
detect additives with a low concentration in the cement mixture.

3.2. Thermoelectric properties
This section presents TE transport properties of SEFG-enhanced

cement composites obtained from PPMS, including thermal conductiv-
ity, electrical conductivity, Seebeck coefficient, power factor, and the
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Figure of merit. The operating temperatures of all tests ranged from 300
K to 350 K at 10 K intervals. The experimental-data-based analysis
revealed the impacts of material concentrations, fabrication methods,
and adding MnO; in the SEFG/CC on TE performance.

3.2.1. The concentration of the additives

Fig. 9 shows how the TE transport properties of dry-mixed TE cement
change with the different additive concentrations (5%, 10%, 15%) of
SEFG. As seen in Fig. 9(a), the average thermal conductivity values are
2.20, 1.78, and 0.92 W/mK for 15-, 10-, and 5-SEFG/CC, respectively.
The 15SEFG/CC sample has the highest thermal conductivity, while the
5SEFG/CC has the lowest. It indicates that a higher concentration of
SEFG leads to higher thermal conductivity because SEFG is a highly
conductive material that dramatically improves the conducive networks
inside the TE cement. A higher concentration of SEFG leads to more
compactly connected thermally conductive channels, resulting in higher
thermal conductivity. The 15SEFG/CC sample has a higher thermal
conductivity than the plain cement (0 ~ 1.6 W/mK) [31]. There is a
monotonically decreasing thermal conductivity from 2.46 to 1.97 W/mK
with an increase of temperature from 300 to 350 K. The thermal con-
ductivity is a function of the motion of the free electrons in metals and
semi-metal materials like SEFG. As the temperature increases, the mo-
lecular vibrations increase, decreasing the mean free path of molecules
and lowering thermal conductivity.

As shown in Fig. 9(b), the electrical conductivity is also affected by
the concentration of SEFG. A higher concentration causes better per-
formance of electrical transport because SEFG introduced more free
electrons. When the temperature varies from 300 to 350 K, the electrical
conductivity first increases and decreases for 15- and 10-SEFG/CC,
while the electrical conductivity of 5SEFG/CC remains unchanged.
15SEFG/CC sample has the highest electrical conductivity, about 121.27
S/m at 320 K. The averaged electrical conductivity values were 112.71,
102.58, and 45.12 S/m for 15-, 10-, and 5-SEFG/CC, respectively. In
conclusion, SEFG can significantly increase both the thermal and elec-
trical conductivity of the cement composite.

Fig. 9(c) is the Seebeck coefficient of SEFG-enhanced cement. The
average Seebeck coefficients are 15.94, 14.99, and 11.37 uV/K for 15-,
10-, and 5-SEFG/CC, respectively. These values indicate that a high
concentration of additives leads to a large Seebeck coefficient. The
highest Seebeck coefficient of 16.64 pV/K is 15SEFG/CC operated at
310 K. The introduction of high-conductive SEFG improves charge
carrier mobility and the change of energy barrier for increasing the
Seebeck coefficient. As shown in Fig. 9(d), the power factor increases
with a higher additive concentration. The average values of PF were
0.0287, 0.0231, and 0.0058 pW/(sz) for 15-, 10- and 5-SEFG/CCs,
respectively. As shown in Fig. 9(e), 10SEFG/CC tested at 320 K and
15SEFG/CC at 330 K have the highest ZT of 4.72 x 10~°. The ZT curve of
15SEFG/CC almost overlaps with that of 10SEFG/CC. It is due to the
trade-off effect between thermal conductivity and power factor.
Although 15SEFG/CC has a higher power factor, its higher thermal
conductivity reduces its ZT. Meanwhile, the 5SEFG/CC sample has the
lowest value of ZT. Thus, the penetration threshold of additive con-
centrations for improving ZT is between 10% and 15%.

3.2.2. The fabrication method

Fig. 10 compares TE transport properties of SEFG/CC samples
fabricated by the dry-mixing (solid lines) and wet-mixing (dashed lines).
The samples produced using the dry-mixing exhibit higher thermal and
electrical conductivity than those prepared by the wet-mixing.
Compared with the wet-mixed samples, the thermal conductivity im-
provements for dry-mixed samples are 52.2%, 35.5%, and 7.9% for 15-,
10-, and 5-SEFG/CC, respectively. The average improvements in elec-
trical conductivity for the dry-mixed samples are 183.2%, 13266.9%,
and 12504.5% for 15-, 10-, and 5-SEFG/CCs, respectively. One reason is
that the sample made by conventional wet mixing contains more water
content. Therefore, it has more cement hydrates than the sample made
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Fig. 7. The SEM images of 15SEFG/CC (dry-mixing) with a magnification of (al) 10,000 and (a2) 25,000 times; the SEM images of 15SEFG/CC (wet-mixing) with
magnifications of (b1) 1500, and (b2) 20,000 times; the SEM images of 15Mn0O,/CC with magnifications of (c1) 1200, and (c2) 15,000 times; the SEM images of

5SEFG-5Mn0O,/CC with magnifications of (d1) 2500 and (d2) 10,000 times.
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Fig. 9. The comparisons of TE transport properties of 5SEFG/CC, 10SEFG/CC, 15SEFG/CC made by the dry-mixing including (a) thermal conductivity, (b) electrical

conductivity, (c) Seebeck coefficient, (d) power factor, and (e) figure of merit.

by dry mixing. Since the dry mixing applies a mechanical pressure of 50
MPa to the composite material, this compression allows the sample to
contain more additives and fewer pores or voids. The additives are
highly likely to contact each other, as shown in Fig. 7(a2) and (b2). In

Fig. 7(b2), a large bulk of the cement hydrates (corresponding to more
than 50% area of the image) appears as a group of connected bright
triangle substances. There may be some graphite additives wrapped
inside the bulk cement hydrates, as illustrated in Fig. 4(b). Since
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Fig. 10. The comparisons of TE transport properties of SEFG/CC made by the wet mixing and dry mixing including (a) thermal conductivity, (b) electrical con-

ductivity, (c) Seebeck coefficient, (d) power factor, and (e) figure of merit.

additives have higher thermal and electrical conductivity than cement
hydrates, the bulk cement hydrates with embedded additives reduce the
potential of enhancing thermal and electric conductivity by the addi-
tives. Adjacent to the bulk cement hydrates, some loose graphites exist,
as shown in the dark flake shape. On the other hand, in Fig. 7(a2), the
sample made by the dry mixing has a much smaller size of aggregated
cement hydrates and a more connected matrix of additives, uniformly
distributed to form a more effective path for conduction. The much more
connected additives improve both the thermal and electrical conduc-
tivities of thermoelectric cement composites.

The overall performance of TE material, the ZT, is dependent on the
thermal conductivity, electrical conductivity, and the Seebeck coeffi-
cient. The dry-mixing obtains higher Seebeck coefficients of SEFG/CC
than the wet mixing. As a result, comparing with wet-mixed samples, the
Seebeck coefficient’s improvement for dry-mixed samples were 120.4%,
13044.1%, and 19497.7% for 15-, 10-, and 5-SEFG/CC, respectively.
The samples of 15SEFG/CC made by both methods and 10SEFG/CC
made by the dry-mixing have the similar highest Seebeck coefficient
around the value of 16 pV/K. The improvement of the Seebeck coeffi-
cient due to the increasing concentration of the additives became
smaller and smaller along the concentration approaching 15%. Even-
tually, the samples made by the dry-mixing generally showed higher PF
and ZT than those made using the wet mixing at the same additive
concentration. In summary, dry mixing is a better approach to produce
the TE cement composite.

The thermoelectric properties of the sample made by the dry mixing
are better than those made by wet mixing. The effective medium theory
and conductive network can explain this phenomenon. The thermal and
electrical conductivity of the composite material highly depends on the
effective network generated by the conductive additives. The sample
made by the dry mixing contains a higher density of additives and allows
additives contacted closely due to the high compression and exclusion of

water mixing. Thus, the sample made by the dry mixing has better
thermal and electrical conductivity. In addition, the slight increase in
the Seebeck coefficient may be due to the refinement of its microstruc-
ture [32].

3.2.3. The additives of MnO2 and SEFG

Fig. 11 compares the TE properties for 10SEFG/CC, 15SEFG/CC, and
5MnO,-10SEFG/CC. With 5% MnO, powder added, the new cement
composite exhibits better TE performances than either 10SEFG/CC or
15SEFG/CC. The average thermal conductivity for 5SMnO,-10SEFG/CC
is 2.16 W/mK. Compared with 15SEFG/CC, 5MnO»-10SEFG/CC has a
lower thermal conductivity as the temperature is lower than 335 K and
slightly higher thermal conductivity as the temperature is higher than
335 K. The reduced average thermal conductivity might be due to the
different thermal conductivity of additives. The thermal conductivity of
MnOs is around 0.1 ~ 10 W/mK, while that of the SEFG is about 100 W/
mK. Compared with 10SEFG/CC, the improved thermal conductivity
and electrical conductivity are due to the increased carrier concentra-
tion induced by MnO,. According to the experimental results, the
thermal conductivity of the samples continuously decreases with high
temperatures. Heat in a solid is transported by lattice vibration (mainly
phonons) and free electrons. With the increase in temperature, both the
electric carrier and lattice vibrations increase. In the cement composite,
the phonons dominate the thermal conductivity. However, phonons are
effectively scattered by the imperfections, boundaries, and interfaces in
the cement composite. The phonon scattering becomes more pro-
nounced with rising temperatures. Hence, the thermal conductivity of
cement composites decreases with increasing temperature.

The average electrical conductivity for SMnO3-10SEFG/CC is 135.83
S/m. Meanwhile, the electrical conductivity trend is very consistent in
that the electrical conductivity first increases and then decreases as the
temperature rises from 300 K to 350 K. The number of free carriers of
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electric charge dominates electrical conductivity. More carriers are
excited as free carriers at higher temperatures, which leads to an in-
crease in electrical conductivity. However, the higher temperature also
increases the lattice vibrations, and a more significant lattice vibration
lowers the electric charge mobility. As a result, the electrical conduc-
tivity starts to decrease when the temperature is higher than 320 K.

The highest Seebeck coefficient, PF, and ZT are 16.74 uV/K, 0.0399
pW/sz, and 6.2 x 10~° for 5MnO,-10SEFG/CC, respectively. 5MnO5-
10SEFG/CC always behaves a better Seebeck coefficient, combined with
a lower thermal conductivity and a higher electrical conductivity,
resulting in a higher ZT. The Seebeck coefficient of SEFG-enhanced
cement composites decreases at higher temperatures because the See-
beck coefficient decreases with higher carrier concentrations. However,
the Seebeck coefficient of 5MnO,-10SEFG/CC improves simultaneously
and is almost constant at high temperatures due to the addition of MnO,
nanoparticles. The Seebeck coefficient is determined by the average
entropy of each charge carrier transport. Introducing an energy barrier
to limit the transport of low-energy carriers while allowing high-energy
carriers to pass is a strategy to increase the Seebeck coefficient without
sacrificing conductivity. The nanocrystal size should approximate the
carrier scattering length. A small barrier allows only higher energy
carriers to pass, thus increasing the Seebeck coefficient can be obtained,
and a significant barrier allows too few carriers to pass and decreases the
Seebeck coefficient. Therefore, the introduction of MnO, nanoparticles
may provide effective energy filtration to enhance the Seebeck coeffi-
cient [33,34]. As a result, the PF and ZT also improved.

3.2.4. The electrical contact resistance

This section focuses on how the two methods: two-probe and four-
probe, for measuring electrical conductivity influence the measure-
ment. In the two-probe method, the current and voltage meters are
connected in parallel. The contact resistance and lead resistances are

10

included in the resulting sample resistance. This error source becomes
critical when the sample has low electrical resistance. On the other
hand, the four-probe method uses the four electrodes equally spaced in a
straight line on the sample. The two inner electrodes measure the
electrical potential between the two internal electrodes, which are
located inside the sample far from the two ending surfaces, where the
contact resistance and lead resistance of the samples are, while the two
outer electrodes measure the current applied to the sample. Since all the
resistances are in series, the current for each sub resistance is the same
and applicable for the electrical conductivity of the portion of the TE
cement between the two internal electrodes. Therefore, the four-probe
method gives accurate measurement by excluding the impacts from
the contact and lead resistances.

We used the TTO (two-probe method) to obtain electrical conduc-
tivity for all the measured samples first. We repeated the electrical
conductivity measurement for 15SEFG/CC as a study object to compare
them by using the ETO (four-probe method). Fig. 12 compares the
measured electrical conductivity of 15SEFG/CC obtained from two
methods. The four-probe method showed ten times higher electrical
conductivity than the two-probe method because it reduces the elec-
trical contact resistance. The electrical conductivity measured by the
four-probe method increases to 1040 S/m using the four-probe mea-
surement, leading to a Figure of merit of 4.05 x 107> for 15SEFG/CC.

The electrical conductivity of the TE cement can be significantly
different due to the differences in the additives. As seen in our study, the
measured electrical conductivity ranges from 1.7 x 10~° to 2480 S/m.
Some TE cement composites behave as an insulator in electrical trans-
port, even having capacitive properties, while others behave as metal
with low resistance. Hence, the choice of the measurement method de-
pends on the features of the samples. If the samples have low electrical
resistance like graphite enhanced cement composite, the four-probe
method shall be used to measure electrical conductivity accurately. On
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the other hand, if the samples have a relatively high electrical resistance
like carbon-fiber enhanced cement composite, the two-probe method
could be used for electrical resistivity measurement with decent
accuracy.

In addition, cementitious materials may have capacitive properties
to hold an electrical charge. Direct current (DC) based techniques may
fail to eliminate the capacitance because DC can induce high polariza-
tion effects on the electrode-concrete interface and the pore-solution-
solid interface inside samples. Hence, AC is necessary to measure the
electrical resistance of concrete to allow the dipole of ions in the pore
solution changes its position to direct the current. The slope between
measured results and the varied frequency of AC power input is the
phase angle. The larger phase angle indicates a higher capacitance of the
measured material. From the test result, the phase angle of 15SEFG/CC
is 0.05°. This low phase angle suggests that the sample capacitance can
be ignored, and sample 15SEFG/CC behaved as an ohmic resistor
instead of a capacitor.

4. Conclusions

In the research, we identified and characterized the thermoelectric
cement composites candidates for building envelopes. A physical prop-
erty measurement system simultaneously measured the Seebeck coeffi-
cient, thermal conductivity, and electrical conductivity of the samples to
study the variation of ZT and PF under different operating temperatures
ranging from 300 K to 350 K. The thermoelectric performances for
different concentrations of expanded graphite, different fabricating
methods, the impact of MnO, nanopowder, and electrical contact
resistance were studied and compared. The findings of the study are as
follows.

A higher concentration of graphite leads to higher thermal conduc-
tivity, electrical conductivity, and the Seebeck coefficient. So is a higher
ZT. However, when the graphite concentration is more than 10%, the
Seebeck coefficient did not change significantly, and the enlarged
thermal conductivity balanced the improved electrical conductivity,
resulting in a similar value for ZT.

The fabrication method significantly influenced the results of the TE
performance. Compared with wet mixing, dry mixing avoids cellulose,
water reducer, or dispersants in the mixing process and allows a more
effective conductive network and lower voids in cured samples. There-
fore, dry-mixing is a better method for fabricating TE cement to achieve
higher electrical conductivity and ZT.
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The introduction of MnO; to SEFG/CC has the potential to improve
TE performance. Including 5% MnO; powder in 10% SEFG/CC cement
composite can lead to a better TE performance than 10SEFG/CC or
15SEFG/CC. The highest ZT (the two-probe method used), 6.2 x 10’6,
was obtained at 350 K, 36% higher than 15SEFG/CC at 330 K.

The electrical contact resistance of the sample significantly in-
fluences the measurement of electrical conductivity. The study identi-
fied the highest Figure of merit at 4.05 x 10> obtained for 15SEFG/CC
based on the four-probe method. Therefore, the four-probe is the rec-
ommended method for measuring electrical conductivity for TE cement
composites with low electrical resistance.
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