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� ZnO and AZO nanoparticles resulted in a lower thermal conductivity up to 9%.
� Seebeck coefficient was increased by 17% with increasing the nanoparticles.
� TE properties of cement paste were enhanced after adding ZnO and AZO nanoparticles.
� ZnO and AZO nanoparticles can potentially be used for energy harvesting.
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Thermoelectric (TE) technology can directly convert thermal energy into electricity for waste heat har-
vesting and renewable energy production. However, the potential use of TE technology for energy har-
vesting in civil infrastructure has not been fully explored yet. In this work, the possibility of
developing concrete with TE properties to harvest stored heat in concrete structures have been system-
atically investigated by incorporating zinc oxides (ZnO) based nanoparticles in cement paste. It was found
that the addition of ZnO nanoparticles improved the TE properties of cement paste due to the formation
of Zn(OH)2 and increased volume of pore solutions in ZnO-cement composites. The results showed that
after adding nanoparticles to the mixture, Seebeck coefficient of cement particles was increased to 17%
due to a decrease in the amount of hydration reactions. Thermal conductivity was decreased to 9% due
to decreased density and crystallinity of materials, and electrical conductivity was increased to 37% com-
pared to that of plain cement paste because of the increased movement of ions. The apparent thermoelec-
tric properties in ZnO-cement composites indicated its potential use for thermal energy harvesting in
concrete structures and pavements.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Over 60% of energy produced in the U.S. is wasted as heat,
which can be directly converted into electrical energy using TE
materials through Seebeck effects discovered by Thomas Seebeck
[1]. TE technology has been used in military and aerospace applica-
tions as a reliable, safe, and durable power source for many space
programs to the outer solar systems [2–6]. However, the potential
of using TE technology for thermal energy harvesting in civil infras-
tructures has not been explored, despite a large quantity of waste
heat is available including thermal storage in concrete structures,
building envelopes, and waste heat in heating, ventilation, and
air conditioning (HVAC) systems. For instance, the surface temper-
ature of the concrete infrastructure can increase up to 60 �C in hot
climate, while the air temperature remains at 32 �C. This opens up
an opportunity for using TE technology to scavenge the wasted
thermal energy into electricity. According to a study performed
on the US pavement temperature models, the maximum tempera-
ture difference between the air temperature and pavement tem-
perature at a depth of 25 mm is 22.5 �C [7]. The average
differences between the air temperature and pavement tempera-
ture at a depth of 25 mm for different latitudes and air temperature
ranges are presented in Table 1. And as it is shown, there is a con-
siderable potential of using TE technology to harvest stored ther-
mal energy for power generation in concrete and concrete
asphalt pavement systems.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2017.04.165&domain=pdf
http://dx.doi.org/10.1016/j.conbuildmat.2017.04.165
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Table 1
Average difference between the air temperature and pavement temperature.

Geographic latitude (�) Air Temperature (�C)

20–25 25–30 30–35 35–40 40–45

<30 – – 20.2 �C 19.1 �C –
30–35 – – 19.8 �C 19.6 �C –
35–40 14 �C 22.5 �C 18.2 �C 18.7 �C 14.8 �C
40–45 16.5 �C 18.2 �C 17.8 �C 16.4 �C –
>45 16.9 �C 17.5 �C 14.7 �C 12.1 �C –
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To realize this potential, a new class of concrete with TE prop-
erties needs to be developed. Few studies have been performed
to investigate the TE properties of cement and concrete materials
using silica fume and carbon nanotube. For instance, Wen and
Chung [8] studied the Seebeck effect of steel fiber reinforced
cement with silica fume incorporation. It was found that adding
steel fiber and silica fume to the mixture resulted in a considerable
increase up to 17% in the TE power output. Another study on car-
bon fiber reinforced concrete performed by Wei et al. showed that
carbon fibers could enhance the Seebeck effect of concrete to har-
vest urban outdoor heat during the summer season [8,9]. However,
these materials are not applicable for large-scale applications due
to their high materials and processing cost. In contrast, ZnO
nanoparticle have shown favorable TE properties, low cost, and
earth abundance for large-scale application potentials. Addition-
ally, Zinc can be obtained from waste materials, such as Electric
arc furnace dust (EAFD), which contain up to 90% zinc for the pro-
duction of zinc oxide nanoparticles [10]. Coupled with its large
bandgap and high exciton binding energy, ZnO nanoparticles have
shown remarkable performance in a wide variety of applications,
including photocatalytic and photoluminescence, self-cleaning
and pollution remediation for structures and environment [11–
14], UV-blocking [15–17], and gas sensors [18]. Therefore, there
is a rapid growing interest in using nanoparticles in cement pastes
to tailor materials’ properties [19–25].

To the best of our knowledge, no studies have investigated the
feasibility of using ZnO based nanoparticles to enhance the TE
properties of cement composites, although ZnO has proven to be
an effective TE material [26–28]. To fill this knowledge gap,
this study aims to investigate the effect of ZnO and Al doped ZnO
(AZO) nanoparticles on TE properties of cement composites,
including the Seebeck coefficient, thermal conductivity, and
electrical conductivity. Additionally, structure properties of
ZnO cement composites have been investigated using thermo-
gravimetry analysis (TGA), gas pycnometer, and scanning electron
microscope (SEM) analysis and calorimetry to unravel the
structure-property correlations of ZnO-cement composites.
2. Materials and methods

2.1. Materials

The cement used in this study was Portland cement (PC) type I 42.5R, and its
chemical compound is presented in Table 2. Physical properties of ZnO and alu-
minum doped ZnO (AZO) nanoparticles used in this study are presented in Table 3.
Table 2
Chemical properties of cement.

Chemical Analysis (%) Cement (C)

SiO2 20.9
Al2O3 4.60
Fe2O3 3.15
CaO 62.0
MgO 2.00
SO2 3.60
K2O <1
Na2O <1
Specific gravity 3.14
To maintain workability, a polycarboxylate ether based superplasticizer (SP) with a
density of 1.108 g/cm3 was used. Water to binder ratio was kept constant at 0.35,
five different dosages of ZnO and AZO were added to the mixtures as cement
replacement by 0.2, 0.4, 0.6, 0.8, and 1 of weight fractions (wt%) of cement. The total
content of the powder including cement and nanoparticles was kept constant in
volume. All specimens were cast with a Twister Evolution vacuummixer, and cured
with potable water according to ASTM C150 [29]. Table 4 represents the mixture
proportion of all specimens cast in this study.

Electrical conductivity measurement was conducted using cylindrical speci-
mens with the diameter of 70 mm and 35 mm. The electrical conductivity mold
set up included two 2.5 mm diameter rods longitudinally placed 20 mm apart from
each other. The impedance of the specimens were captured, over a frequency range
from 1 MHz to 1 Hz and a 100 mV AC signal, using a Solatron 1260 Impedance Gain-
Phase analyzer. The electrical conductivity can be obtained according to the follow-
ing equation:

r ¼ k
R

ð1Þ

where r is conductivity (S/m), k is geometry factor (1/m), i.e. 22.15/m�1 in this
study, and R is bulk resistance (ohm.). The detailed testing method is described else-
where [30,31], and the geometry factor has been determined according to a com-
monly accepted method as described in the literature [32–34].

In order to measure the Seebeck coefficient, two surfaces of cement composite
cubes (40 � 40 mm2) were polished with sandpaper. One side was kept at room
temperature (23 ± 2 �C) and the other side was placed on a platelet resistance heater
(the heat was applied with a rate of 0.01 �C s�1 and from the room temperature to
85 �C). Both sides were covered with 5 mm thick copper foils to maintain the ther-
mal contact between the specimen and the heater. Seebeck coefficient was obtained
using our homemade apparatus, as shown in Fig. 1. It contains two K-type thermo-
couples and two copper wires attached to both ends (to the copper plates) of the
sample. The temperatures at both sides of samples (Thot and Troom) were recorded
by Omega Temperature controller (CN616) and voltages (Vhot and Vroom) were
recorded by a Kiethly multi-meter Instrument (2182a). CN616 was chosen due to
the reason that it connects and response quickly to Kiethly multi-meter Instrument.
All the values were captured via a data acquisition (DAQ) card and national instru-
ment (NI) LabView�2015 program, specifically coded for this study by the authors.
The LabView surface developed for this specific research is presented in Fig. 2. The
temperature of the specimenwas increased from 25 �C to 85 �Cwith the heating rate
of 5 �C/min. At each increment, the temperature was held constant for 5 minutes in
order to achieve stability in the voltage values. The apparent Seebeck coefficient was
then obtained by calculating DV/DT for each specimen.

Thermal conductivity was measured by a longitudinal guarded comparative
calorimeter (LGCC) made according to ASTM E1225-09 [35] and ASTM D5479-12
[36]. Cylindrical samples with dimension of 25.4 mm in diameter and 50.8 mm in
height were cast on the date of each experiment, the specimens were then put in
a special isolated cylinder (equipped with thermocouples shown in Fig. 3) to ensure
one-dimensional heat flow generated by a cold plate. Thermal insulation was
applied to reach the steady-state thermal condition for measuring the heat flow
of a material. Herein, two Pyrocerams samples with known thermal properties were
used as reference samples to measure the heat flow of specimen. The thermal con-
ductivity of the reference sample was obtained according to the following equation
[37]:

kTC ¼ �0:0061ðTÞ þ 4:2013 ð2Þ

where kTC is the thermal conductivity of the Pyroceram (W/mK), and T is the spec-
imen temperature (�C). ThermaCool TC3008 was used as thermal pad. The thickness
of the pads was 3 mm and the thermal conductivity was estimated at 3.0 W/m K. The
temperatures were monitored with 7 P-type thermocouples with an accuracy of
+0.2 �C. The heat was provided via a two-stage cold plate (Cascade CCP-22).

Density measurement were performed with AccuPycII 1340 nitrogen gas pyc-
nometer according to ASTM D5550 [38]. Thermal gravimetric analysis (TGA) was
performed with TGA Quantachrome Q50. Thermogravimetric analysis (TGA) was
conducted to determine the portlandite (CH) content and the amount of bound
water of dried cement paste. The estimation of the degree of hydration (DOH)
was obtained by calculating based on the mass loss difference from temperature
380 �C and 460 �C, which is associated with dehydroxylation of the Ca(OH)2 [39].



Table 4
Composition of pastes mixture (by weight, g/cm3).

Cement Water SP ZnO Al-ZnO

Ref PC 593.9 207.9 2.4 0 0
ZnO Mixtures ZnO_0.2 592.7 207.9 2.4 1.18 0

ZnO_0.4 591.5 207.9 2.4 2.37 0
ZnO_0.6 590.3 207.9 2.4 3.56 0
ZnO_0.8 589.1 207.9 2.4 4.75 0
ZnO_1 587.9 207.9 2.4 5.93 0

Al-ZnO Mixtures AZO_0.2 592.7 207.9 2.4 0 1.18
AZO_0.4 591.5 207.9 2.4 0 2.37
AZO_0.6 590.3 207.9 2.4 0 3.56
AZO_0.8 589.1 207.9 2.4 0 4.75
AZO_1 587.9 207.9 2.4 0 5.93

Fig. 1. Seebeck coefficient test set up.

Table 3
Properties of ZnO nanoparticles.

Formula Aluminum content Specific Surface area (m2/g) Purity Crystal Phase Mean Diameter(nm) Density (g/cm3)

ZnO 0 54 ± 20 >99.9 (wt%) Zincite (hexagonal) 20 ± 5 5.6
AZO 0.2 (wt%) 54 ± 20 >99.9 (wt%) Zincite (hexagonal) 20 ± 5 5.6
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Field emission-scanning electron microscope (FE-SEM) using FEI Quanta 3D FEG
and energy-dispersive X-ray spectroscopy (EDX) were also performed in order to
study the microstructure and chemical composition of the cement paste samples.
3. Results and discussion

3.1. Electrical conductivity

The effect of different weight fractions of ZnO and AZO nanopar-
ticles on the electrical conductivity of the specimens at the ages of
14, 28, and 90 days is illustrated in Fig. 4. As shown, in general, the
electrical conductivity decreases with time. This can be explained
by the following equation which considers only the fluid phase
to be conductive [40],

r ¼ r0u0b0 ð3Þ

where r0 is conductivity of the pore solution (S/m), u0 is volume
fraction of pores, and b0 is connectivity of pore structure. This hap-
pens because the conductive pore fluid reduces with time and the
conduction path becomes more tortuous accordingly [41–43].
Moreover, in micro-scale, the electrical conductivity is related to
the mobility of electrons and holes. The electrical conductivity for
a p-type semiconductor is calculated according to the following
equation:

r ¼ nelh ð4Þ
where r is conductivity of the materials (S/m), n is the concentra-
tion of holes (m�3), e is the elementary charge (C), and lh is the hole
mobility (m2/V.s). In this study, the addition of ZnO nanoparticles
acted as p-type carriers, which increased hole concentrations in
ZnO-cement composites.

According to Fig. 4, the electrical conductivity increases with
increasing the amount of nanoparticles. As presented in Fig. 4, at
the age of 90 days, when almost the hydration reactions have been
completed, the conductivity of AZO_0.4 is measured as
27.2 � 10�3 S/m which is 37% more than that of the plain cement
paste. However, the values for the samples that have more than
0.6% wt cement ZnO and AZO nanoparticle are significantly higher
than that of the reference sample. The previous studies show that
the addition of 0.6% wt ZnO nanoparticle or more results in a sig-
nificant delay in hydration process of cement [44]. When ZnO
reacts with water, zinc hydroxide is produced. This will be
attached to the circumference of C-S-H layers which causes a sig-
nificant retardation effect [45,46]. It is well known that when Zn
(OH)2 reacts with calcium ions and transform into crystalline
CaZn2(OH)6�2H2O, according to the following equation. This would
cause a significant destruction on the impermeable layer [47].

ZnðOHÞ2�4 þ Caþþ þ H2O ! CaðZnðOHÞ3Þ2 � 2H2Oþ 2OH� ð5Þ
The amorphous layer of Zn(OH)2 is the main cause of prohibit-

ing the C3S phase participation in hydration process [48]. There-
fore, the formation of less hydration products may lead to an
increase in the volume fraction and connectivity of pore structure
which directly influence the electrical conductivity of the cement
paste (Eq. (2)).

The results indicated that the cement paste containing AZO
exhibits lower electrical conductivity compare to cement paste
with ZnO nanoparticles. When AZO nanoparticles were mixed with
cement particles, the cement particles would be covered by alu-
minum that could cause the acceleration of the hydration process
and produce more hydration products. The latter will reduce the
volume fraction and connectivity of pore structures which conse-
quentially reduce the electrical conductivity.

Thermogravimetry analysis of DOH was performed in order to
prove the discussion above. The analysis indicated that ZnO
nanoparticles can prohibit the hydration process at early ages,
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Fig. 2. Lab View program for temperature controlling.

Fig. 3. LGCC device schematic set up.

Fig. 4. Electrical conductivity vs. ZnO (wt%) and AZO (wt%) at the age of 14, 28, and
90 days.
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especially when added in the amount of more than 0.6% wt
amount. Mass loss of water is attributed to the hydration reactions.
The mass losses of cement paste for all specimens were obtained
by thermal gravimetric analysis and the corresponding DOH is pre-
sented in Fig. 5. According to the results, the mass loss (%) of the PC
was increased 30% with the age. ZnO-cement mixes showed a
decrease in the amount of the mass loss. High amount of ZnO
nanoparticles increased the overall mass loss from 9.83% to
11.65%. The value for AZO samples was calculated 14%–17% higher
than that of the ZnO samples. This can be attributed to the nucle-
ation and growth poisoning of C-S-H caused by ZnO nanoparticles
[49]. The DOH for PC was increased 5% with age. Both ZnO and AZO
mixes showed a decrease in the amount of DOH while increasing
the concentration of nanoparticles. A substantial difference of
DOH in reference samples and nanoparticle- cements was
observed at the age of 3 and 7 days. However, at the age of 28 days,
AZO_0.2 and AZO_0.4 showed a slight decrease in the amount of
DOH compared with PC, i.e. 6% and 10% lower than that of the
PC mix, respectively.
3.2. Seebeck coefficient

The results of apparent Seebeck coefficients for selected speci-
mens are illustrated in Fig. 6. The test was performed three times
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in order to achieve better accuracy and less overall error. It can be
observed that the Seebeck coefficient increases with increasing the
nanoparticles content until it reaches to the value of 0.4% wt
cement AZO nanoparticles. The Seebeck coefficient results
obtained at the age of 28 days are presented in Table 5. The results
indicate that the Seebeck coefficient is 0.188 lV/K at room temper-
ature for the samples with 0.4 wt% AZO nanoparticles. The Seebeck
coefficient for the reference specimen with no added nanoparticle
is measured as 0.161 lV/K, therefore, a 17% increase in the Seebeck
coefficient in AZO_0.4 sample is observed. Seebeck coefficient is an
indication of the average energy of electron in each material, and
positive value of Seebeck is attributed to p-type behavior of the
specimen. This finding is in consistent with existing literatures in
that the hole conduction is a predominant factor to enhance the
Seebeck coefficient in cementitious materials [8].

The increase in the Seebeck coefficient of the cement paste
with ZnO and AZO nanoparticles may also be related to a
decrease in the amount of hydration reactions. The results are
in agreement with the electrical conductivity analysis discussed
above. The results indicated that the Seebeck values for the sam-
ples containing more than 0.6% wt were lower than that of
ZnO_0.4 and AZO_0.4 which proves the fact that adding more
than 0.4% wt nanoparticles in cement would not enhance the See-
beck effect of cement composites. Fig. 7 shows the SEM image of
microstructure of cement composites with ZnO_0.4 and AZO_0.4
at the age of 28 days. The results of energy-dispersive X-ray spec-
troscopy (EDX) are presented under each micrograph. As shown
in Fig. 7(a) and the corresponding EDX associated with K-a peaks,
the cement particle is partially covered with ZnO and no signifi-
cant hydration product is observed. For the specimen with
ZnO_0.4, the EDX analysis showed that the amount of silicate
(Si) and calcium (Ca) for the cement particle covered with ZnO
is about 20% lower than that of the uncovered spot, which indi-
cates that hydration is not completely occurred.
Fig. 5. Degree of hydratio
In contrast, Fig. 7(b) shows the hydration products were formed
around the cement particle with AZO nanoparticle incorporations.
When hydration occurs in the presence of cement and water, C-S-H
gel is formed. Higher amount of Ca and Si observed around cement
particles could be attributed to the higher amount of hydration.
AZO_0.4 EDX analysis showed that the amount of Si, Ca, and Al
around the spot that has covered the cement particle is higher than
that of the uncovered cement particle. Additionally, silicate (Si),
Calcium (Ca), and Aluminum (Al) weight percent for AZO_0.4
cement composites is considerably higher than that of the cement
particle incorporated with ZnO nanoparticles. It is important to
note that the presented EDX result is obtained from the fractured
surface of the specimens and is associated with the secondary
mode. Nevertheless, our SEM and EDX results of ZnO and AZO were
in consistent with other results of the ZnO and AZO on hydration of
mixture.

Moreover, AZO nanoparticles have a significant higher surface
area to volume ratio compared to that of common concrete parti-
cles, therefore they work as filler to form a better interfacial tran-
sition zone (ITZ) and a denser microstructure of cement
composites when added in mixtures. Previous literature has dis-
cussed that Al dopants fill Zn vacancies in an AZO molecule. Zn
components are covered with metallic part with Al defects, and
electrons can be transported from one Zn packet to another. An
Al site coordinated to six oxygen atoms and four and five fold coor-
dinated aluminum sites surround ZnO nanoparticles in AZO [50].
Therefore, when AZO nanoparticles are mixed with cement parti-
cles, the cement particles will be covered by aluminum that can
cause the acceleration of the hydration process. On the other hand,
ZnO nanoparticles cause the reduction in the hydration rate. There-
fore, adding aluminum to zinc oxide can improve the hydration
process and the DOH, which can enhance the electrical conductiv-
ity of the matrix with AZO due to an increase in the ionic strength
of the pore solution as our experimental results indicated.
n for all specimens.



Fig. 6. Seebeck coefficient calculated at the age of 28 days.

Table 5
Seebeck coefficient test results at the age of 28 days.

Reading Temp. (K) Samples

Ref ZnO
0.2

AZO
0.2

ZnO
0.4

AZO
0.4

313.15 2.385 2.345 2.442 2.523 2.665
328.15 5.396 5.851 6.512 5.472 6.684
343.15 7.805 8.615 8.949 8.101 9.224
358.15 9.653 10.304 10.977 10.818 11.22
Seebeck Coeff. (lV/K) 0.161 0.177 0.186 0.183 0.188

Cement particle covered with (a) ZnO_0.4
EDX Results: Elem

O Si Ca Fe Zn Al 

□ 36.87 7.91 40.12 7.24 2.61 5.25 

○ 33.2 9.92 44.15 8.62 0.10 4.01 

Fig. 7. Cement particle covered with (a)
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3.3. Thermal conductivity

The thermal conductivity (k) of the specimens was calculated
according to the following equation [51,52]:

k ¼ L� ðqB þ qTÞ
TT � TB

ð6Þ

where qB is the average heat flow of the bottom per unit area
(W/m2) through mortar sample, qT is the average heat flow of the
top per unit area (W/m2) through mortar sample, TT is the average
temperature of the top (K), TB is the average temperature of the bot-
tom (K) and L is length of the sample (m).

The density and thermal conductivity of the samples at the age
of 28 days are presented in Fig. 8. As shown, the addition of ZnO
and AZO nanoparticles to the cement mixture leads to a compara-
tively lower density. The previous study by authors confirmed that
the addition of both ZnO and AZO resulted in a considerable
increase in viscosity. The water demand of cement paste increases
due to the higher specific surface area of the nanoparticles. Thus,
nanoparticles absorb a significant amount of the available water
in the mix, which results in a considerable decrease in workability.
ZnO
0.6

AZO
0.6

ZnO
0.8

AZO
0.8

ZnO
1

AZO
1

2.392 2.858 2.368 2.829 2.321 2.773
6.085 6.923 5.963 6.784 5.784 6.581
8.701 9.610 8.440 9.514 8.102 9.228

4 10.716 11.264 10.609 11.292 10.396 10.953
0.183 0.187 0.181 0.187 0.176 0.181

Cement particle covered with (b) AZO_0.4
ents (Weight %)

O Si Ca Fe Zn Al 

28.19 11.20 43.28 9.89 0.2 7.24 

34.51 9.64 41.36 9.49 0.1 4.91 

ZnO0.4 and (b) AZO0.4 at 28 days.



Fig. 8. Thermal conductivity of the samples at the age of 28 days.

Table 6
Thermoelectric properties of the specimen at the age of 28 days.

Samples

Ref ZnO
0.2

AZO
0.2

ZnO
0.4

AZO
0.4

ZnO
0.6

AZO
0.6

ZnO
0.8

AZO
0.8

ZnO
1

AZO
1

Seebeck Coeff. (lV/K) 0.161 0.177 0.186 0.183 0.188 0.183 0.187 0.181 0.187 0.176 0.181
Thermal Conduct. (W/mK) 0.652 0.624 0.622 0.601 0.6 0.572 0.569 0.555 0.534 0.516 0.49
Electrical Conduct. 10-3 (S/m) 50.21 61.87 58.67 68.56 64.22 81.78 72.03 84.14 76.42 87.55 81.23
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As a consequence, there was no sufficient water available for
allowing particles free movement so that the higher shear stress
was required to breakdown the cement paste structures, which
resulted in a higher viscosity [53,54]. Also, the previous study
showed that, the ZnO, AZO and cement particles compete to adsorb
SP which does not leave enough admixture available for adsorption
by cement particles to be efficiently dispersed, which also leads to
an increase in viscosity [55]. As such, AZO- cement exhibited
higher viscosity resulted in a stiffer mix compare to pastes contain-
ing ZnO. This properties can be attributed to higher adsorption iso-
therm of AZO compare to ZnO [55]. Higher viscosity of the sample
containing nanoparticles shows an increase in the amount of
entrapped air in the mixture, which finally results in a lower den-
sity. It has been well reported that the thermal conductivity has
direct relation with the concrete density [56–60].

Although the general trend of our experimental data is consis-
tent with the existing literature, we have also observed that crys-
tallinity may play a role in affecting thermal conductivity of
nanoparticle-cement mixture. It has been reported that thermal
conductivity of crystalline structure is about 15 times higher than
its amorphous counterpart [57], so that the concretes with amor-
phous structure tends to have lower thermal conductivity
[61,62]. During the cement hydration, Zn(OH)2 amorphous layer
is formed which covers clinker particles [48]. The following reac-
tion shows the formation of Zn(OH)2:
Zn2þ þ 2OH�� > ZnðOHÞ2 ð7Þ
In fact, the higher amount of ZnO and AZO nanoparticles cause

the microstructure of the cement paste becomes more amorphous
leading to a lower thermal conductivity. Therefore, Zn(OH)2 amor-
phous layer also affects the thermal conductivity of the cement
paste incorporated with nanoparticles. Given the fact that Seebeck
coefficient is the dominant factor among all three TE related mate-
rial properties due to the square effect, cement composites with
AZO_0.4 nanoparticles is found to give the best results in terms
of the thermoelectric properties, as presented in Table 6.
4. Conclusion

In this paper, the effects of ZnO and AZO nanoparticles on TE
properties and structural properties of cement mixtures was inves-
tigated. The results indicated that the Seebeck coefficient was
increased by 17% with increasing the nanoparticles. The increase
in the Seebeck coefficient of the cement paste with ZnO and AZO
nanoparticles may be related to a decrease in the amount of hydra-
tion reactions. It was found that the addition of ZnO and AZO
nanoparticles results in a lower thermal conductivity up to 9%.
The results indicated that the density along with the amorphous
structure has a direct effect on the thermal conductivity of the
cement paste. The results showed that the addition of ZnO and
AZO resulted in an increase in electrical conductivity up to 37%.
This might be due to the retardation effect of ZnO nanoparticles
on hydration process of cement paste. Therefore, the formation
of less hydration products may lead to an increase in the volume
fraction and connectivity of pore structure which increases the
electrical conductivity of the cement paste. In summary, the TE
properties of cement paste have been enhanced by adding ZnO
and AZO nanoparticles. This suggests that the resulting materials
can potentially be used for energy harvesting to convert stored
thermal energy in concrete infrastructures to electrical power.
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