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�e thermoelectric e�ect of plain cement paste is usually weak. To improve the thermoelectric performance of cement composites,
functional components, such as carbon �bers, steel �bers, carbon nanotubes, and graphene, are often added to cement paste. In
view of the advantage of metal oxides with a higher band gap, pure cuprous oxide crystals with di�erent particle sizes were
synthesized by a hydrothermal method and incorporated into the cement matrix to improve the thermoelectric e�ciency of
cement composites in this study. Pure cuprous oxide crystals with di�erent particle sizes (15 μm, 1.5 μm, and 100 nm) were
prepared by controlling the reaction temperature and time, pH value, amount of reducing agent, and polyvinylpyrrolidone in the
reaction system.�e Seebeck coe�cient, electrical conductivity, and thermal conductivity of the cement composites with 5.0 wt.%
nanostructured Cu2O powder increased to 3966± 54 μV/K, (2.68± 0.12)× 10−4 S/m, and 0.69± 0.007W/(m·K), respectively.
�ereby, a high �gure of merit value of 1.93×10−6 was obtained for the cement composites, which made future application of
cement composites in energy harvesting for buildings possible.

1. Introduction

Buildings consume considerable resources and energy in the
process of construction and use. To promote sustainable
buildings, energy saving and emission reduction have become
the focus of attention in the world [1]. For example, some
thermoelectric devices installed in walls are utilized to harvest
waste heat or refrigerate buildings naturally [2]. However, it is
di�cult to promote the application of traditional thermo-
electric devices made of Bi2Te3, PbTe, SiGe, and other alloys in
buildings due to the large size of buildings and high cost of
thermoelectric materials [3]. Concrete walls and roofs made
of thermoelectric cement-based materials might be a way to
solve the above problem. However, due to the low Seebeck
coe�cient and electrical conductivity, the thermoelectric
e�ciency of cement-based materials is usually low [4].

�ermoelectric components, such as carbon �bers,
carbon nanotubes, steel �bers, graphene, graphite oxide,

carbon black, alloys, and metal oxides, are incorporated into
cement-based materials to increase their thermoelectric
e�ciency [4–10]. Conductive materials, including carbon
�bers, carbon nanotubes, and steel �bers, can increase the
electrical conductivity of cement-based materials signi�-
cantly, while they cannot increase the Seebeck coe�cient of
cement-based materials signi�cantly [4, 5, 11]. �e low
Seebeck coe�cient of cement-based materials with con-
ductive materials results in low thermoelectric e�ciency.
Di�erent methods were carried out tomodify the conductive
components and increase the Seebeck coe�cient of cement-
based materials. For example, Wei et al. introduced ionic
liquid 1-butyl-3-methylimidazolium bromide on the carbon
�ber surface, and increased the Seebeck coe�cient of the
carbon �ber reinforced concrete to –250 μV/K at a 1.2 wt.%
content [7]. Jia et al. treated reduced graphene oxide with Cl2
and HNO3, and increased the Seebeck coe�cient of the
cement matrix to −56.61 μV/K at a 5 wt.% content [12].
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Tzounis et al. doped multiwalled carbon nanotubes with
nitrogen, and increased the Seebeck coefficient of the cement
matrix to −920 μV/K at a 1 wt.% content [13].

Semiconductive materials usually contribute more to the
Seebeck coefficient of cement-based materials than con-
ductive materials, which was mainly caused by the low
carrier concentration of semiconductive materials [14]. For
example, Liu et al. increased the Seebeck coefficient of
carbon fiber reinforced cement composites to 36.3 μV/K by
incorporating 0.6 wt.% Bi2Te3 [15]. Wei et al. found that
when the content of Fe2O3 and Bi2O3 powder was 5.0 wt.%,
the Seebeck coefficient of carbon fiber reinforced concrete
reached 92.57 and 100.28 μV/K, respectively [16]. However,
semiconductive materials cannot increase the electrical
conductivity of cement-based materials significantly,
resulting in low thermoelectric efficiency of cement-based
materials. One research strategy to solve this problem is
increasing the electrical conductivity of cement-based ma-
terials by introducing conductive materials [17, 18]. Another
research strategy is further increasing the Seebeck coefficient
of cement-based materials by modifying the semiconductive
materials. For example, Wei et al. doped ZnO with Al, Mg,
and Ti atoms, and increased the Seebeck coefficient of the
cement matrix to –419 μV/K at a 5 wt.% content [19]. Re-
cently, some researchers found that the Seebeck coefficient
of transition metal oxides can be further enhanced when the
particle size decreases to the nanoscale [20, 21]. In addition,
Ghaharia et al. increased the Seebeck coefficient of cement-
based composites dozens of times by adding nanostructured
ZnO powder into the cement matrix [10]. It is interesting to
see how and to which extent can the particle size of semi-
conductive materials contribute to the Seebeck coefficient
and thermoelectric efficiency of cement-based materials.

Herein, a common p-type semiconductor material,
named Cu2O, was prepared by a hydrothermal method and
utilized to increase the thermoelectric effect of the cement
matrix. It is expected that the Seebeck coefficient of the
cement composites can be significantly increased by de-
creasing the particle size of added Cu2O powder. ,er-
moelectric properties, including Seebeck coefficient,
electrical conductivity, and thermal conductivity of the
cement composites with Cu2O powder were tested and
discussed in detail.

2. Materials and Methods

2.1. Preparation of Cu2O Powder and Cement Composites.
Copper sulfate pentahydrate (CuSO4·5H2O), glycine
(C2H5NO2), sodium hydroxide (NaOH), and poly-
vinylpyrrolidone ((C6H9NO)n) with a relative molecular
weight of 30,000 were purchased from Sinopharm Chemical
Reagent Co., Ltd and utilized to prepare Cu2O powder
without any purification. ,e Cu2O powder was synthesized
via a hydrothermal method, which was similar to the re-
ported method [22]. An amount of CuSO4·5H2O (2.50 g)
and a certain amount of C2H5NO2 were dissolved in 20mL
deionized water and stirred by magnetism for 10min. A
certain amount of polyvinylpyrrolidone (PVP) was dissolved
in 20mL deionized water and stirred by magnetism for

10min. ,e PVP solution was added to the CuSO4·5H2O
solution drop by drop under magnetic stirring, and then
10mL of NaOH solution (2mol/L) was added to the mixture
drop by drop under magnetic stirring. ,en the mixture was
transferred to an autoclave equipped with a 100mL poly-
tetrafluoroethylene liner and kept in an oven at 150°C for 6
hours. After the reaction, the product was cooled naturally,
centrifuged at a rotating speed of 7000 revolutions/min, and
washed with deionized water and ethanol several times. ,e
obtained precipitate was dried in an oven at 60°C for 48 h
and collected for further characterization. Different prepa-
ration conditions were used to change the crystal structure
and particle size of Cu2O, as shown in Table 1 [23, 24].

Cement, fly ash, water, superplasticizer, and the syn-
thesized Cu2O powder were utilized to make the cement
composites with a good workability, as shown in Table 2
[25, 26].,e Cu2O powder was added to water and dispersed
ultrasonically for 30 minutes to obtain a mixture, which was
then mixed with cement by a cement paste mixer [25]. ,e
obtained mixture was cast in a cuboid mold
(40× 40×160mm) for the Seebeck coefficient and electrical
conductivity test, and a cylindrical mold (φ130× 40mm) for
the thermal conductivity test. ,e prepared cement com-
posites were placed in a standard curing room for 28 days.
Before each test, the specimens were dried at 60°C for 72
hours to remove moisture [25].

2.2. Characterization of the Synthesized Cu2O Powder.
,e crystal structure of the Cu2O powder was characterized
by X-ray diffraction (XRD) with a CuKa radiation source.
,e scanning range of the X-ray diffractometer was 10–80°
with a step size of 0.02°. Its operating voltage was 40 kV, and
its current was 40mA. ,e obtained XRD results were
analyzed byMDI Jade 5.0 software.,emicromorphology of
the Cu2O powder was characterized by scanning electron
microscopy (SEM) at 15 kV. Due to the high surface energy
and poor conductivity of the powder, all samples were
dispersed in absolute ethanol under sonication and then
dripped onto glass slides and sprayed with gold for testing.

2.3.4ermoelectric Properties of the Synthesized Cu2OPowder
and Cement Composites. ,e Seebeck coefficient of the
Cu2O powder and cement composites was tested by the
apparatus shown in Figure 1. One end of the cement paste
sample was heated at a rate of 0.05 K/s with a resistance
heater, and the other end was kept at room temperature by
flowing cold water [26]. ,e temperature difference between
the hot end and cold end was monitored by a pair of K-type

Table 1: Synthesis conditions of the Cu2O samples.

Series C2H5NO2
(g)

Temperature
(°C)

NaOH solution
(mL)

PVP
(g)

C1 0.80 150 10 0
C2 1.30 150 10 0
C3 1.80 150 10 0
C4 1.30 150 10 0.50
C5 1.30 150 10 5.00
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thermocouples, and the generated thermoelectric potential
was monitored by a digital multimeter. ,us, dividing the
generated thermoelectric potential by the temperature dif-
ference can obtain the Seebeck coefficient.

,e electrical conductivity of the synthesized Cu2O
powder and cement composites was tested by the typical
four-electrode method. ,e compacted Cu2O powder was
placed in a plastic pipe and pressed to 5MPa. A direct
current output was connected to the external electrodes of
the sample. A digital multimeter (Fluke 289C) connected to
the external electrodes was utilized to measure the current
flowing through the sample, and another digital multimeter
(Fluke 289C) connected to the inner electrodes was utilized
to measure the voltage. ,us, the conductivity can be cal-
culated from the following formula:

σ �
1
ρ

,

�
IL

US
,

(1)

where σ represents the electrical conductivity, ρ represents
the resistivity, I represents the current, U represents the
voltage, S represents the cross-sectional area of the sample,
and L represents the distance between the two inner
electrodes.

,e thermal conductivity of the cement composites was
measured by a tester based on one-dimensional steady-state
thermal conduction. A cylindrical cement specimen was
placed in the tester with its two bottom sides connected to
the hot and cool surface of the tester and the side face

connected to the organic insulator. ,us, the thermal
conductivity can be calculated from the following formula:

κ �
I · U · d
S · ∆T

, (2)

where κ represents the thermal conductivity of the specimen,
I represents the supplied current, U represents the supplied
voltage, d represents the thickness of the specimen, S rep-
resents the cross-sectional area of the specimen, and ∆T
represents the temperature difference between the two sides
of the specimen.

3. Results and Discussion

3.1. Characterization and 4ermoelectric Properties of the
Synthesized Cu2OPowder. Figure 2 shows the XRD patterns
of the products (C1, C2, and C3) prepared with different
C2H5NO2 dosages and a fixed reaction temperature of
150°C, NaOH solution amount of 10mL, and reaction time
of 6 h. When the amount of C2H5NO2 is 0.80 g, the char-
acteristic diffraction peaks of Cu2O and CuO can be found in
the XRD patterns, indicating that the product is a mixture of
Cu2O and CuO under these reaction conditions. When the
amount of C2H5NO2 increases to 1.30 g, the characteristic
diffraction peaks of CuO disappear, indicating that the re-
action product is pure Cu2O.When the amount of C2H5NO2

Table 2: Composition of the cement paste mixtures.

Series Cement (g) Fly ash (g) Water (g) Superplasticizer (g) Cu2 O (g) Cu2O fraction (%)
M0 300 200 150 3.0 0 0
M1C2/C4/C5 300 200 150 3.0 5 1
M2C2/C4/C5 300 200 150 3.0 10 2
M3C2/C4/C5 300 200 150 3.0 15 3
M4C2/C4/C5 300 200 150 3.0 20 4
M5C2/C4/C5 300 200 150 3.0 25 5

Copper sheet

Copper wire

Thermocouple

Thermocouple

VoltmeterSample

Disciform resistance heater

Flowing cold water

Foamed plastic

Copper sheet

V

Figure 1: Schematic of the apparatus for the Seebeck coefficient
measurement.
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Figure 2: Effect of C2H5NO2 dosage on the crystal structure of the
reaction products (C1, C2, and C3).
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increases to 1.80 g, the characteristic diffraction peaks of Cu
appear, indicating that the product is a mixture of Cu2O and
Cu. Increasing the amount of C2H5NO2 makes the crystal
structure of the product change from CuO to Cu2O, and
finally to Cu. Under alkaline conditions, the formation of
Cu2O is preferred due to the larger reducing potential of
Cu(OH)2/Cu2O compared to Cu(OH)2/Cu (reactions 3 and
4) [27].

Cu(OH)2 + 2e− ⟶ Cu + 2OH−
E
0

� −0.222V, (3)

2Cu(OH)2 + 2e− ⟶ Cu2O + 2OH−
+ H2O E

0
� −0.08V.

(4)

,erefore, pure cuprous oxide crystals cannot be ob-
tained in the hydrothermal reaction if the amount of re-
ducing agent is too high or too low.

To prepare cuprous oxide powder with different particle
sizes, different amounts of PVP were added to the reaction
system. Figure 3 shows the XRD patterns of the samples (C2,
C4, and C5) prepared with different dosages of PVP by fixing
the reaction temperature of 150°C, the dosage of C2H5NO2
of 1.30 g, the dosage of NaOH solution of 10mL, and the
reaction time of 6 h. ,e diffraction peak positions of the
samples prepared with different PVP dosages are the same,
and all the samples have characteristic diffraction peaks at
29.56°, 36.42°, 42.30°, 52.45°, 61.34°, 73.52°, and 77.32°. ,ese
characteristic diffraction peaks correspond to the diffraction
of the Cu2O crystal faces (110), (111), (200), (211), (220),
(311), and (222), according to the PDF card (no. 05–0667).
In addition, no other diffraction peaks can be found in the
XRD patterns, indicating that PVP does not influence the
crystal structure of the reaction product. ,e PVP in the
reaction system, acting as a surfactant, does not influence the
redox performance of C2H5NO2 [22].

Figure 4 shows the SEM images of the reaction products
(C2, C4, and C5) under different dosages of PVP by fixing
the reaction temperature of 150°C, the dosage of C2H5NO2

of 1.30 g, the dosage of NaOH solution of 10mL, and the
reaction time of 6 h. When the dosage of PVP is 0 g, the
cuprous oxide shape is nearly regular octahedra with clear
edges and corners. ,e edge length of the octahedra is
approximately 15 μm.,e octahedra shape is a characteristic
morphology of cuprous oxide according to previous studies
[23, 28, 29].When the amount of PVP increases to 0.50 g, the
edges and corners of some cuprous oxide particles are no
longer clear, indicating that the growth of crystals is
inhibited. ,e size of these cuprous oxide particles is ap-
proximately 1.5 μm. In the solution with a low PVP con-
centration, PVP covers some faces of cuprous oxide and
blocks its further growth [24, 30]. When the dosage of PVP
increases to 5.00 g, the growth of cuprous oxide crystals is
significantly inhibited. ,e obtained cuprous oxide shape is
nearly spherical with a diameter of approximately 100 nm.
,e spherical shape is also a characteristic morphology of
cuprous oxide according to previous studies [31]. In the
solution with high PVP concentration, PVP covers all faces
of cuprous oxide, resulting in restricted equiaxial growth
[24]. ,e morphological observation results from SEM are
consistent with the test results from XRD. As the growth of
the cuprous oxide particles in some directions is restricted by
PVP, the intensity of the diffraction peaks decreases with
increasing PVP concentration in the reaction.

Figure 5 shows the variation of thermoelectric po-
tential with temperature difference of compacted Cu2O
powder with different particle sizes (C2, C4, and C5)
during the heating process from 300 to 350 K. ,e ther-
moelectric potential of each Cu2O sample increases with
increasing temperature difference, and their relationship is
roughly linear. ,us, the Seebeck coefficients of the
compacted Cu2O powder with different particle sizes can
be obtained by linear fitting the relationship between
thermoelectric potential and temperature difference, as
shown in Table 3. ,e Seebeck coefficients of C2, C4, and
C5 are all positive, indicating that the synthesized Cu2O is
a p-type semiconductor material. ,e Seebeck coefficient
of compacted Cu2O powder increases gradually with de-
creasing particle size, and the Seebeck coefficient increases
significantly after the particle size enters the nanoscale.,e
result was similar to that of MnO2 film, as the Seebeck
coefficients of the MnO2 films with different thicknesses
(160, 200, 220, and 250 nm) were 2,500, 2,300, 1,750, and
1,600 μV/k, respectively [32]. Pichanusakorn gave the
Seebeck coefficient calculation formula for thermoelectric
materials as follows [33]:

S � ∓
1

eT

􏽒
+∞
E0

g(E)τ(E)Ev
2
(E)df0/dEdE

􏽒
+∞
E0

g(E)τ(E)v
2
(E)df0/dEdE

− EF
⎛⎝ ⎞⎠, (5)

where S represents the Seebeck coefficient, e represents the
electric charge carried by the electron, T represents the
absolute temperature, g(E) represents the simplified elec-
tronic density of states of the material, τ(E) represents the
electron relaxation time, f0(E) represents the distribution of
the electron, E represents the energy of the electron level, E0
represents the ground state energy level, and EF represents
the energy of the Fermi level. It can be found that the
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Figure 3: Effect of PVP dosage on the crystal structure of the
reaction products (C2, C4, and C5).
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Figure 5: Relationship between the temperature difference and thermoelectric potential of the compacted Cu2O powders with different
particle sizes.

(a) (b)

(c)

Figure 4: SEM images of the Cu2O particles prepared with different PVP dosages: (a) 0 g, (b) 0.50 g, and (c) 5.00 g.

Table 3: Seebeck coefficient and electrical conductivity of the compacted Cu2O powders with different particle sizes.

Particle size 15 μm 1.5 μm 100 nm
Seebeck coefficient (μV/K) 608± 17 1018± 26 5708± 37
Electrical conductivity (10−3 S/m) 1.95± 0.03 2.84± 0.04 4.55± 0.06
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increase in the density of states near the Fermi level will lead
to an increase in the Seebeck coefficient, and the large change
in the electronic density of states caused by the quantum
confinement effect after materials enter the nanoscale will
lead to an obvious difference in the Seebeck coefficient. ,is
explains why the Seebeck coefficient of cuprous oxide
powder increases significantly when the size of cuprous
oxide is reduced to 100 nm.

,e electrical conductivity values of the compacted
Cu2O powders with different particle sizes at 300K are listed
in Table 3. ,e electrical conductivity increases with de-
creasing particle size of the Cu2O powder. ,is may be
caused by the pore size difference in the compacted Cu2O
samples. Since the pore size decreases with decreasing
particle size of Cu2O powder, fast conductive paths for hole
transport are formed in compacted Cu2O powder with small
particle size. In fact, the compacted 100 nm Cu2O particles
exhibited a higher electrical conductivity value
(4.55×10−3 S/m) than the compacted 15 μm Cu2O particles
(1.95×10−3 S/m). However, the difference in electrical
conductivity of the compacted Cu2O powder caused by the
particle size is less pronounced than that in Seebeck coef-
ficient. Because of the larger Seebeck coefficient and elec-
trical conductivity, the thermoelectric output of compacted
nanostructured Cu2O powder is much higher than that of
compacted micro-Cu2O powder. ,en, the prepared Cu2O
powders with different particle sizes were added to the
cement matrix to determine the influence on the thermo-
electric properties of cement composites. Figure 6 shows the

distribution mappings of the main elements in the cement
composites. ,e Cu element distributes across the tested
area uniformly, indicating that Cu2O particles distribute
uniformly in the hardened cement composites.

3.2. 4ermoelectric Properties of the Cement Composites with
Cu2O Powder. Figure 7 shows the variation of thermo-
electric potential with temperature difference of cement
composites with added nanostructured Cu2O powder dur-
ing the heating process from 300 to 345K. ,e thermo-
electric potential of the hardened cement paste without
Cu2O powder is close to 0, indicating that the thermoelectric
effect of the cement composites mainly relies on the added
Cu2O powder. ,e thermoelectric potential values of the
cement composites with added Cu2O powder are positive,
indicating that the cement composites with added Cu2O
powder exhibit p-type semiconductor properties. ,is is
different from the n-type cement composites with added
MnO2 powder in our previous study [25]. ,e thermo-
electric potential of the cement composites with added
nanostructured Cu2O powder increases with increasing
temperature difference. Under the same temperature dif-
ference, the thermoelectric potential increases with in-
creasing content of added nanostructured Cu2O powder.
,e relationship between the thermoelectric potential and
temperature difference is roughly linear, and the slope of the
straight line represents the Seebeck coefficient.

500 µm

(a)

Si

(b)

Ca

(c)

Cu

(d)

Figure 6: SEM image of the hardened cement composites with (a) 5.0% by weight Cu2O powder inside, and the elemental mappings of
(b) silicon; (c) calcium; and (d) copper.
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,e Seebeck coefficients of the prepared cement matrix
samples with added Cu2O powder of different grades were
calculated by linear fitting, the relationship between the
thermoelectric potential and temperature difference of the
cement composites, as shown in Figure 8. ,e Seebeck
coefficient of the cement composites varies with the content
and particle size of the added Cu2O powder. In detail, it
increases with increasing content of added Cu2O powder.
When the content of added Cu2O powder (100 nm, 1.5 μm,
and 15 μm) in the cement composites reached 5.0 wt.%, the
largest Seebeck coefficient reached 3966, 670 and 364 μV/K,
respectively. In addition, when the content of Cu2O powder

is the same, a large Seebeck coefficient of the cement
composites can be obtained by decreasing the Cu2O particle
size. For example, the largest Seebeck coefficient of the
cement composites with 100 nm Cu2O powder was ap-
proximately 6 times higher than that of cement composites
with 1.5 μm Cu2O particles, and it was 10 times higher than
that of cement composites with 15 μm Cu2O particles. ,e
significantly increased Seebeck coefficient of the cement
composites with 5.0 wt.% nanostructured Cu2O particles
was similar to that of cement composites with added
nanostructured MnO2 particles (−3085 μV/K) [25]. ,is
value was far higher than the reported values of cement
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Figure 7: Relationship between the temperature difference and thermoelectric potential of cement composites with added nanostructured
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composites with added micro Fe2O3 (92.57 μV/K) or Bi2O3
(100.28 μV/K) [16].,e nanostructuredmetal oxide particles
possess a larger gradient of the density of states near the
Fermi energy than the microparticles, causing a sharp in-
crease in the Seebeck coefficient [34]. In addition, the
nanostructured metal oxide particles introduced more in-
terfaces in the cement matrix, which is beneficial to the
Seebeck coefficient of cement composites [16, 35]. Intro-
ducing more nanostructured metal oxide particles may
further increase the Seebeck coefficient of cement com-
posites, but it would result in negative effects on setting time,
mechanical strength, and deterioration resistance [36, 37].

,e variation tendencies of electrical conductivity with
content of added Cu2O of different particle sizes are the same
for the hardened cement composites. Figure 9 shows the
change in the electrical conductivity of the cement com-
posites with the content of nanostructured Cu2O particles at

300K.,e electrical conductivity values were in the range of
2.2×10−4–2.6×10−4 S/m, indicating that the cement com-
posites with added nanostructured Cu2O particles were
insulating materials. ,e electrical conductivity of the ce-
ment composites with added Cu2O powder was far less than
that of cement composites with conductive components
inside (0.64 S/m for expanded graphite, 0.27 S/m for reduced
graphene oxide, 0.11 S/m for Bi2Te3, and 1.95 S/m for n-type
nitrogen-doped CNTs) [11, 13, 15, 38]. ,ere are two main
types of conductive carriers in the cement composites:
various ions in the pore solution, including K+, Na+, Ca2+,
OH−, and SO4

2-, and electrons and holes carried by the
hydration products, water, cement particles, and cuprous
oxide [39, 40]. Due to the poor electrical conductivity and
low content of Cu2O particles, the carried free holes cannot
form a conductive network in the cement matrix, resulting
in a limited effect on improving the electrical conductivity of
the cement composites.

,e variation tendencies of thermal conductivity with
the content of added Cu2O of different particle sizes are the
same for the hardened cement composites. Figure 10 shows
the change in the thermal conductivity of the cement
composites with the content of nanostructured Cu2O par-
ticles at 300K. ,e thermal conductivity of the cement
composites increases with the increasing content of added
nanostructured Cu2O particles. ,e obtained maximum
thermal conductivity values were 0.63, 0.67, and 0.69W/
(m·K) for the cement composites with 5 wt.% 15 μm, 1.5 μm,
and 100 nm Cu2O particles, respectively. ,ey were 5.0%,
11.7%, and 15.0% higher than that of the hardened cement
paste without Cu2O powder. Although bulk Cu2O possesses
a high thermal conductivity, pores, cracks, and other
components increase the phonon transmission path in the
cement composites, resulting in a restricted effect on the
thermal conductivity of the cement composites [41]. ,e
introduced micro- or nanoparticles can fill the voids be-
tween the hydration products, decrease the porosity of the
cement composites, and increase the thermal conductivity
[10]. ,ese factors were responsible for the increased
thermal conductivity of the cement composites after de-
creasing the size of the added Cu2O particles.

,e thermoelectric efficiency is usually evaluated by the
figure of merit (ZT), as shown in the following formula:

ZT �
S
2σT

κ
􏼠 􏼡, (6)

where S, σ, κ, and T represent the Seebeck coefficient,
electrical conductivity, thermal conductivity, and absolute
temperature, respectively. ,e calculated ZT values of the
cement composites are listed in Table 4. ,e obtained ZT
values were 1.96×10−8, 5.48×10−8, and 1.93×10−6 for the
cement composites with 5 wt.% 15 μm, 1.5 μm, and 100 nm
Cu2O particles, respectively. For the cement composites with
5 wt.%, 100 nm Cu2O particles possessed the largest value in
this work. ,is value was higher than that of cement
composites with some unmodified thermoelectric compo-
nents, such as carbon fiber (1.609×10−7) andMnO2 particles
(7.596×10−7) [21, 42].
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Figure 9: Relationship between the electrical conductivity of ce-
ment composites and weight fraction of added nanostructured
Cu2O particles.

0
0.50

0.55

0.60

0.65

0.70

0.75

1 2 3 4 5

Th
er

m
al

 co
nd

uc
tiv

ity
 (W

/m
.K

)

Weight fraction of Cu2O (%)
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ment composites and weight fraction of added nanostructured
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However, the obtained ZT value was lower than that of
cement composites with some modified thermoelectric
components, such as ZnO/expanded graphite (8.7×10−3)
and graphene/ZnO nanoinclusions (1.01× 10−2) [19, 43].
,e low electrical conductivity of the cement composites
with added Cu2O powder results in a limited increase in ZT.
,e low ZT value restricts the current application of the
cement composites with nano Cu2O particles in energy
harvesting in buildings, considering the low efficiency and
economy. But the cement composites with nano Cu2O
particles can be used to monitor the temperature of concrete
structures. ,e composites, such as the ZnO/expanded
graphite, graphene/ZnO nanoinclusions, and graphite/
MnO2, can dramatically increase the electrical conductivity
and thermoelectric efficiency of the cement composites
[43–45]. Based on the received results, we would increase the
electrical conductivity of the cement composites with added
Cu2O powder by doping the Cu2O crystals or compositing
the Cu2O particles with conductive materials in the fol-
lowing work [19, 44]. ,us, the thermoelectric efficiency of
the cement composites can be further improved and the
application in energy harvesting may come true.

4. Conclusions

We synthesized Cu2O with different particle sizes based on
the redox reaction of CuSO4·5H2O and C2H5NO2 and
utilized the Cu2O powder to increase the thermoelectric
properties of the cement composites. Based on the results,
the following conclusions can be drawn:

(1) Pure Cu2O crystals can be prepared by controlling
the pH value, reaction temperature and time, and
content of redox agents in the reaction system. ,e
Cu2O particle size decreased with increasing PVP
content in the reaction system.

(2) ,e prepared Cu2O powders with different particle
sizes significantly improved the Seebeck coefficient
and slightly improved the electrical conductivity and
thermal conductivity of the cement composites. ,e
enhanced thermoelectric efficiency of the cement
composites was mainly due to the increased Seebeck
coefficient.

(3) Nanostructured Cu2O powder contributes more to
the Seebeck coefficient of the cement composites
than the micro Cu2O powder, which is mainly due to
the quantum confinement effect after the material
entered the nanoscale.

(4) In light of the significantly increased thermoelectric
efficiency, the cement composites with added

nanostructured Cu2O powder can be used to
monitor temperature difference of concrete struc-
tures, and their application in energy harvesting in
buildings becomes possible once the electrical con-
ductivity of the cement composites increases to a
certain degree.
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