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� The thermoelectric properties of
p-type cementitious composites with
CNT were studied.

� The Portland cement and alkali-
activated slag materials were
considered as binder materials.

� The various contents of MWCNT was
utilized as the conductive filler.

� This is the first study on
thermoelectric research of proposed
cementitious composites.
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Herein, we introduce p-type thermoelectric materials composed of Portland cement (PC) and slag-based
alkali-activated cement (AAC) composites containing multi-walled carbon nanotube (MWCNT).
Numerous characteristics related to the thermoelectric properties, in this case the electrical conductivity,
compressive strength, thermal conductivity, Seebeck coefficient, and power factor of composites com-
posed of two types of binders, were investigated, and various physicochemical properties were analyzed
to determine their enhancement mechanisms. Based on the initial test results, MWCNT-embedded AAC
composites were found to be feasible as a thermoelectric material, and an AAC thermoelectric module
containing 2.0 wt% MWCNT was therefore additionally fabricated. The AAC-based thermoelectric module
was tested with regard to its energy-harvesting performance, with the result confirming that the module
was capable of generating electrical power.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

At present, multifunctional construction materials are
commonly researched as a core element for use in the construction
of future smart buildings. Portland cement (PC) has long played a
prominent role in the construction field; however, in relation to
the production of PC, there is growing concern about environmen-
tal issues associated with global warming, and there have been
many efforts to reduce carbon dioxide (CO2) emissions. The kiln
process, one means by which to manufacture PC, generates a large
amount of CO2, representing approximately 8% of all CO2 emitted
into the atmosphere [1,2].
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Alkali-activated cement (AAC) is a cement-like material derived
from waste or industrial by-products such as fly ash, and granu-
lated blast furnace slag (GBFS) [3]. Specifically, GBFS, sourced from
the ironworks industry, is commercially deployed in various con-
struction fields and is known to be a good alternative to PC, as
alkali-activated binders can reduce CO2 emissions compared to
the amounts generated by PC. Hence, many researchers have stud-
ied materials capable of replacing PC with GBFS-based AAC for use
in the construction field. In an effort to improve its use in eco-
friendly, zero-waste, and smart building applications, the impor-
tance of research on AAC-based multifunctional construction
materials is increasing.

The application of an electrically conductive filler for use in
cement-based composites to provide electrical properties has
attracted substantial interest. Nam et al. [4] and Kim et al. [5] inves-
tigated the electrical properties of cementitious composites with an
electrically conductive filler material (multi-walled carbon nanotube,
MWCNT). Their experimental results demonstrated that CNT-
incorporated cementitious composites are useful for electromag-
netic wave shielding and piezoresistive energy harvesting applica-
tions. Wei et al. also reported the thermoelectric characteristics of
carbon nanotube (CNT)-incorporated cement-based composites
[6]. According to their study, the maximum power factor was
approximately 57.98 lV/oC at Thot = 75 �C and Tcold = 35 �C
(DT = 40 �C) when the CNT content was 15 wt%. It was believed that
the AAC has a higher fire resistance than PC, the thermoelectric perfor-
mance was tested at a higher temperature than the previous paper. In
addition, 15 wt% of MWCNT is very high in general, and such a high
amount can be a serious disadvantage in terms of cost, viscosity,
and workability. In a study by Tzounis et al. [7], for the same rea-
son, the Thot value and temperature gradient were limited to 50 �C
and 25 �C, respectively [7].

GBFS-based AAC material can offer good mechanical properties,
fire resistance, and good durability. Based on the unique properties
of AAC, which differ from those of cement, this material recently
has been widely used in construction projects such as pavement
applications, retaining walls, water tanks, and precast bridge decks
[8]. Most studies of AAC have concentrated on the mechanical
properties, and only a few have investigated functional AAC with
nanofillers [9–11]. Collins and Sanjayan have been focused on the
mechanical properties of alkali activated slag concrete [9]. Marjanović
et al. and Çelikten et al. also reported the mechanical and microstruc-
tural properties of alkali-activated fly ash-slag mortars [10,11]. There
are no references to the thermoelectric characteristics of AAC/
MWCNT composites, despite their strong potential for use as a
thermoelectric material given the good heat resistance of these
materials [12]. In addition, no comprehensive studies of the
mechanical/thermal/electrical properties of PC binders and AAC
binders incorporating MWCNTs have been reported. As the
research on functional construction materials remains active, it is
very important to clarify the physicochemical characteristics
gained when incorporating MWCNT into these two materials.

Many researchers have made great efforts to develop functional
construction materials containing carbon nanofillers; however,
previous studies mainly focused on improving the mechanical
and/or electrical properties of the construction composite by incor-
porating MWCNT into a cement-based material. Over the past few
years, we have sought to find the optimal mixing ratio of conduc-
tive cementitious composites in which MWCNTs are properly dis-
persed in cement binder [13–15]. Kim et al. [13,15] studied the
effect of polycarboxyl surfactant and silica fume on MWCNT-
embedded cement paste. It was confirmed that the polycarboxyl
surfactant causes dispersion of MWCNTs due to surface functional-
ization, and silica fume also causes an additional bearing effect,
thereby positively affecting the improvement of MWCNT
dispersion. Additionally, the effects of pores and ionized water on
2

electrical conductivity of the composites were experimentally
and theoretically analyzed in Figs. 5 and 6. It was reported that
the ionized water plays the role of electrolytic pore solution and
helps to achieve high electrical conductivity of composites in the
early stage. However, as the hydration process of the cement pro-
gresses, it disappears along with the formation of hydrate phases.
Ultimately, it exists as a void over time, resulting in a decrease in
electrical conductivity.

From the characteristics and mechanisms introduced earlier, it
was able to exhibit various functional characteristics that were dif-
ficult to perform in existing cement materials. The accelerated cur-
ing [16], monitoring [5], electromagnetic shielding [17], and
thermal generation [18] of conductive construction composites
are the representative examples. The present study has novelty
compared to existing researches in two aspects: (1) Considering
both cement and alkali-activated binders, a comprehensive study
was conducted on how nanofiller affect the physicochemical prop-
erties of each binder. To our knowledge, no studies have been
reported so far. (2) The field of applications of conductive construc-
tion materials, which was previously limited, has been expanded to
thermoelectric. The actual energy harvesting performance was
evaluated by fabricating a real-scale module. It was also the con-
tent of research that has been conducted quite limitedly in the
past, and novel experimental results could be included through
the present study.

In this work, PC/MWCNT and AAC/MWCNT composites (each
incorporating MWCNT) were fabricated and evaluated to compare
various properties of these composites. To investigate the material
characteristics of the PC/MWCNT and AAC/MWCNT composites,
specimens were fabricated with various mix proportions and expo-
sure temperatures. The p-type thermoelectric characteristics of the
specimens were also measured at various temperatures using a
ZEM-3 device. An AAC-based thermoelectric module system was
then fabricated to evaluate the energy-production capacities of
the proposed material.
2. Experimental procedure

2.1. Materials

Class F fly ash (Hadong thermal power plant operated by Korea
Southern Power Co., Ltd., South Korea) and GGBS (Hyundai Steel,
South Korea) were used as binder materials for the AAC matrix.
Type I Ordinary PC (Asia Cement Co., Ltd., South Korea) was also
separately prepared as a binder material for comparison purposes.
Slag (Blaine specific surface area = 380 ~ 405 m2/kg, Specific gravity =
2.85 ~ 3.20 [19]), Fly ash (Blaine specific surface area = 370 ~ 455 m2/
kg, Specific gravity = 2.35 ~ 245 [20,21]), and cement (Blaine specific
surface area = 420 m2/kg, Specific gravity = 3.14 [21]). The chemical
compositions of the binder materials as determined by X-ray fluo-
rescence are shown in Table 1. An alkali activating solution was
made by blending sodium hydroxide pellets (Duksan Chemicals
Co., South Korea) and a sodium silicate solution (Duksan Chemicals
Co., South Korea; Na2O: 9.2%, SiO2: 33.3%, H2O: 57.5%) up to a sil-
icate modulus (SiO2/Na2O ratio) of 1.0.

MWCNT produced by the catalytic chemical vapor deposition
(CCVD) process was utilized in this study (Jeno Tube 8 �, JEIO
Co., Ltd., South Korea). The purity, type, length, diameter, bulk den-
sity, and BET of the MWCNT were 98.5%, the aligned bundle type,
100–200 lm, 7–9 nm, 0.07–0.09 g/ml, and 400–600 m2/g respectively
(Jeno Tube 8�). A poly-carboxylic acid-based superplasticizer (GLE-
NIUM 8008, BASF Pozzolith Ltd., Germany) was also utilized in the
present test to improve the workability and to disperse the
MWCNT.



Table 1
Chemical compositions of the fly ash, GGBS, and Type I Ordinary PC obtained by X-ray fluorescence (wt).

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 TiO2 Mn2O3 SrO Sum LOI*

Fly ash 4.75 56.8 20.8 9.9 1.25 – 1.35 1.0 1.45 – – 97.3 2.7
Slag 44.8 33.5 13.7 0.5 2.9 0.2 0.5 1.7 0.5 0.2 0.1 98.6 1.4
Portland cement 60.7 20.6 5.2 3.42 2.64 0.11 1.0 2.43 – 0.1 0.1 96.3 3.7

* LOI: Loss on ignition.
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2.2. Preparation of specimens

The mix proportions (wt.%) of the AAC/MWCNT and PC/MWCNT
specimens are shown in Tables 2 and 3, respectively. The mix pro-
portions in Tables 2 and 3 were converted into the volume ratio,
and presetned in Tables A2 and A3, respectively. MWCNT was used
as an electrical conductor and was added to the binder with
respect to the weight of the binder materials. The amounts of
MWCNTs considered in this study were 0.0, 0.3, 0.6, 1.0, 2.0, and
3.0 wt%. An alkaline activator was obtained by mixing a water 1L, pel-
let type NaOH 160 g, and Sodium silicate 580 g. For all specimens, the
activator/binder and water/binder ratios were set according to the
flow value; these were 111.5 ± 11.5 and 112.5 ± 12.5 mm, respec-
tively. The increasing of the MWCNT content increases the viscosity of
the mixture, making it difficult to fabricate the specimen. The proposed
flow value indicates an easy level for casting obtained empirically.

The procedure used to manufacture the AAC/MWCNT and PC/
MWCNT composites is as follows: dry materials, i.e., fly ash and
GGBS, or PC were dry-mixed with MWCNT for one minute using
a mortar mixer (HJ-1150, Heungjin Testing Machine Co., Ltd., South
Korea). The alkali-activating solution or water was added to the
mixture, which was then mixed for an additional five minutes.
After mixing, the paste mixture was cast into 25 � 25 � 25 mm3

and 4 � 4 � 20 mm3 prismatic molds, and both were then sealed
with wrapping to prevent the alkaline solution or water from evap-
orating [16,22,23]. The specimens were cured at an ambient tem-
perature for 3 days and then exposed at four different
temperatures of 60, 100, 250, and 400 �C for an additional 24 h.
2.3. Experimental apparatus

The electrical resistance levels of specimens exposed to four dif-
ferent temperatures (60, 100, 250, and 400 ℃) were measured
using a digital multimeter (FLUKE-116, Fluke Co., USA), with the
Table 2
Mix proportion of AAC/MWCNT composite.

Specimen Slag (g) Fly ash (g) MWCNT (wt%)

AAC-0 500 500 0
AAC-0.3C 0.3
AAC-0.6C 0.6
AAC-1.0C 1.0
AAC-2.0C 2.0
AAC-3.0C 3.0

Table 3
Mix proportion of PC/MWCNT composite.

Specimen Cement (g) MWCNT (wt%)

C-0 1000 0
C-0.3C 0.3
C-0.6C 0.6
C-1.0C 1.0
C-2.0C 2.0
C-3.0C 3.0

3

measured electrical resistance converted in each case into the elec-
trical resistivity, as follows,

q ¼ R � A
L

ð1Þ

where q and R denote the electrical resistivity and the electrical
resistance, respectively. L is the spacing between the electrodes
(cm) and A is the cross-sectional area (cm2) of the electrode in con-
junction with the composite. An instrument manufactured by Hot
Disk (TPS-2500 s, Hot Disk Inc., Sweden) in isotropic mode and with
a 0.526 mm kaption sensor was used to measure the thermal con-
ductivity of each specimen. The compressive strength tests of the
composites were done using a UTM (Instron 5985, Instron, Co.,
USA) at 250 kN according to ASTM C 109 with a cross-head speed
of 0.01 mm/s.

Samples for the thermogravimetric analysis (TGA) and the X-ray
diffraction (XRD) and solid-state nuclear magnetic resonance
(NMR) spectroscopy assessments were powdered to pass a
64 mm. TGA was conducted using a TGA/DSC1/1600 LF instrument
(Mettler-Toledo) at a constant heating rate of 10 �C/min in N2. The
XRD data were recorded using an X’Pert Pro X-ray diffractometer
(Malvern Panalytical), a Pixel instrument, and an X’Celerator detec-
tor at 40 kV and 30 mA, with a step size of 0.026� 2h (796.4 s per
step). CeO2 as an external sample was used for the Rietveld
refinement-based quantification of the identified minerals and to
assess the amorphous phase content. The solid-state 29Si magic-
angle spinning (MAS) NMR spectra were obtained using an Avance
III HD instrument (9.4 T).

Mercury intrusion porosimetry (MIP) was conducted using an
AutoPore IV 9500 (Micromeritics Instrument Corporation) device
at room temperature and with a contact angle of 130�.

l-CT and SEM analyses were conducted to investigate the inter-
nal structure of the composites with the MWCNT. A l-CT (SkyScan
1172, Bruker Co., Belgium) analysis with 100 kVp X-rays was also
Alkali activator (g) Molarity (M) Flow (mm)

500 8.75 111.5 ± 11.5
526
575
625
750
875

Water (g) Superplasticizer (g) Flow (mm)

260 16 112.5 ± 12.5
300
350
460
610
800
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used to analyze the internal structure of cylindrical samples (/5
mm and length = 7 mm) with various contents of MWCNT (0,
0.3, 0.6, 1.0, 2.0, and 3.0 wt%). Evaluations were carried out at a
camera pixel size of 4 K � 2 K/9 lm and with an Al + Cu filter.
For the morphological study using SEM, the composites incorporat-
ing MWCNTwere dried in an oven at 60 �C for 24 h and then coated
with platinum.

In addition, the power factor, Seebeck coefficient, and electrical
conductivity of the specimens were measured at various tempera-
tures using a ZEM-3 instrument (M10, ADVANCE RIKO Inc., Japan)
to evaluate their potential as thermoelectric devices. Additionally,
a semiconductor characterization system (4200-SCS, Keithley Tek-
tronix Inc., USA) was employed to analyze the energy production
capacity of the thermoelectric modules.

3. Results and discussion

3.1. Electrical resistivity

Fig. 1 (Table A1) shows the electrical resistivity outcomes of the
PC/MWCNT and AAC/MWCNT composites at elevated tempera-
tures. It can be observed that the electrical resistivity of all speci-
mens decreased as the MWCNT content was increased, with no
significant decrease in the resistivity observed in the samples
when the MWCNT content exceeded 2.0 wt%. This is in agreement
with earlier findings [24] that the electrical percolation threshold
for cementitious materials incorporating MWCNT is between 0.3
and 0.5 wt% of MWCNT content; hence, no further improvement
in the electrical conductivity of cementitious composites could
be expected if the MWCNT content had been increased to the range
of 2.0–3.0 wt%. Interestingly, similar electrical trends were also
observed in the AAC/MWCNT composites.

The electrical resistivity of both the PC/MWCNT and AAC/
MWCNT composites did not significantly change from 60 to
250 �C, whereas it significantly increased at 400 �C. It should be
noted that some of the samples at elevated temperatures showed
exceptionally high electrical resistivity which could not be mea-
sured; there outcomes are therefore omitted from Fig. 1. The elec-
trical resistivity data of the AAC/MWCNT composites with an
increase in the temperature were generally well measured, while
those of the PC/MWCNT composites were not measurable at
400 �C. AAC is known to be more durable than PC, Especially, fly ash
Fig. 1. Influence of the temperature and MWCNT content on the electr

4

binder has a good fire resistance. The thermally induced phase trans-
formation and the evolution of the porosity of PC composites cause
changes in the internal structure, consequently, these changes were
adversely affected on the electrical properties of the composite [25,26].

3.2. Thermal conductivity

The thermal conductivity outcomes with respect to the temper-
ature are presented in Fig. 2 (Table A1). The thermal conductivity
of all specimens decreased with an increase in the temperature
and MWCNT content. Especially with regard to the PC/MWCNT
composites, the reduced range of the thermal conductivity accord-
ing to the MWCNT content was observed to be greater than that of
the AAC/MWCNT composites. The reduction in the thermal con-
ductivity of the composites at an elevated temperature was also
more prominent in the PC/MWCNT composites than in the AAC/
MWCNT composites. This result is due to the fact that the degree of
decomposition in the AAC binder material as elevated temperature is
less than that of the PC binder material. In this regard, the results of
thermal analyses are indicated at next section.

This observation can be explained by the mechanism of heat
transport through phonons in materials [27]. The thermal charac-
teristics of anisotropic materials are proportional to the phonon
mean-free path, and this is also a dominant factor affecting the
thermal conductivity of MWCNT-embedded ceramic composites
[28–31]. It is considered that dispersed MWCNTs in the PC and
AAC binders could cause interface scattering, i.e., Kapitza resis-
tance, reducing the mean-free path of phonon. The interface-
induced thermal junctions between the MWCNTs and binder
material leads to the phonon scattering phenomenon, serving as
a barrier to phonon transport [27,28,32]. In addition, the high tem-
perature environment of the specimens may reduce the phonon
mean-free path. The Umklapp process, also known as phonon–
phonon scattering, results in a lowering of the thermal conductiv-
ity of the specimens at high temperatures [27,32,33].

3.3. Compressive strength

The results of the compressive strength versus the exposure
temperature and the MWCNT content are presented in Fig. 3
(Table A1). The trends observed in the test results according to
the amount of MWCNT were similar regardless of the binder type.
ical resistivity of (a) PC/MWCNT and (b) AAC/MWCNT composites.



Fig. 2. Influence of the temperature and MWCNT content on the thermal conductivity of (a) PC/MWCNT and (b) AAC/MWCNT composites.

Fig. 3. Influence of the temperature and MWCNT content on the compressive strength of (a) PC/MWCNT and (b) AAC/MWCNT composites.

Fig. 4. Thermogravimetric analysis results of (a) PC and (b) AAC binders.
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Fig. 3 (a) and (b) indicate that the compressive strength of all spec-
imens decreased with an increase in the MWCNT content. How-
ever, the compressive strength trends of the two matrices against
the temperature showed a significant difference. The PC/MWCNT
composites were observed to exhibit less compressive strength
as the temperatures increased regardless of the MWCNT content.
On the other hand, the compressive strength of the AAC/MWCNT
composites increased while the temperature increased from
60 �C to 250 �C. However, when the temperature reached 400 �C,
the compressive strength of the AAC/MWCNT composites
decreased, becoming similar to that at 60 �C.

It is clear that the proposed mix proportion and manufacturing
process did not lead to the development of higher strength in the
specimens despite the increased content of MWCNT. This occurred
because the flow proposed in this study is set to be considerably
higher than those in previous studies [5,13,34]. Earlier published
papers [35,36] demonstrated that the components of AAC binder
started decomposing as reached exposed temperature of 400 ℃. The
present study focused on enhancing the thermoelectric function
of the composites rather than on increasing the compressive
strength. As a result, it was found that the electrical resistivity
was improved by adding MWCNT, whereas the thermal conductiv-
ity and compressive strength were decreased, showing an inver-
sely proportional relationship with the resistivity.
Fig. 5. X-ray diffraction patterns of (a) PC and (b) AAC, and mineralogical quantitative an
and (b) are as follows: a-alite, b- belite, c- calcite, f- ferrite, E- ettringite, P- portlandite,

6

In earlier work [22], the pore volume increases as the W/B ratio
increases. Thus, the decrease in the compressive strength as the
MWCNT amount is increased is attributed to the higher W/B and
activator/binder ratios used in this work compared to those in pre-
vious studies. It is important to note that the W/B ratio of the com-
posites (activator/binder for AAC) was increased until a desired
flow was reached by the two binders (Tables 1 and 2). The PC/
MWCNT composites were made with much less water due to use
of a superplasticizer; therefore, it is natural for PC/MWCNT com-
posites to exhibit higher compressive strength under the same
flow conditions. A superplasticizer was not added to the AAC/
MWCNT composites because the alkaline activator breaks the
polymer chain of the superplasticizer, causing it to fail to perform
its expected role [37,38].

3.4. Physiochemical analyses

In addition to the MWCNT content of the composite causing a
substantial change in the electrical resistivity, the thermal conduc-
tivity and the compressive strength, these properties were also
greatly affected by the exposure temperature and the binder
matrix used. This phenomenon can be attributed to the phase
evolution of the binder matrices (PC and AAC), which significantly
differ in terms of their characteristics and thermal behavior.
alysis based on Rietveld refinement for (c) PC and (d) AAC. The notations used in (a)
M- mullite, Q- quartz, H- hydrotalcite-like phase, and CSH- C-S-H.
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A series of experimental characterizations were conducted to pro-
vide more detailed information about the binder matrices, espe-
cially at elevated temperatures, and to discover the correlation
with the thermoelectric properties of the composites.

The TGA results of the PC and AAC are shown in Fig. 4. In the PC,
the three phases at 90 �C, 430 �C, 600 �C were observed a peak by
decomposition of C-S-H, Ca(OH)2, CaCO3 [39–41]. The DTG curve of
the AAC showed peaks at 90 �C, attributed to the dehydration of C-
A-S-H [42], indicating that the thermally induced change in the
Fig. 6. 29Si MAS NMR spectra of the PC and AAC: (a) and (b) present the results at an am
after exposure at a temperature of 400 �C. Deconvolution results are shown for compar
temperature. The experimental and simulated spectra are indicated by the dotted and s
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binder of AAC can be occurred due to the evaporation of chemically
and structurally bound water from the C-A-S-H gels.

The XRD pattern of the PC shown in Fig. 5(a) provides further
evidence of the structural degradation in the binder material due
to the thermal decomposition of ettringite and portlandite, which
initially appear but then vanish at the elevated temperature. The
crystallographic change in the AAC on the other hand is relatively
less pronounced. Specifically, peaks due to calcite are identified,
but with much less intensity in comparison with those in the
bient temperature for the PC and AAC samples, while (c) and (d) present the results
ison to show the structural changes occurring in (c) PC and (d) AAC at an elevated
olid lines, respectively, in (a)-(d).



Fig. 7. SEM micrographs of (a) PC/MWCNT and (b) AAC/MWCNT composites.

Fig. 8. Analysis of the internal structures of PC/MWCNT and AAC/MWCNT composites via micro CT: (a) typical 3D visualization of the AAC/MWCNT composite and (b) the
calculated porosity value.

H. Min Park, S. Park, In-Jin Shon et al. Construction and Building Materials 292 (2021) 123393
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XRD pattern of the PC. The mineralogical quantitative information
derived from the Rietveld refinement analysis shown in Fig. 5(c)
and (d) suggests that both PC and AAC undergo crystallization
(i.e., a reduction in the amorphous content), while the extent of
crystallization is higher in the PC, which implies that the extent
of the damage at the elevated temperature is likely higher in the
PC. The amorphous phase in the PC mainly consists of C-S-H-
type gels with a minor contribution from the AFm phases, while
unreacted fly ash and GGBS, as well as C-A-S-H gels, give rise to
the amorphous PC in the AAC.

The local Si environment in both the PC and AAC specimens was
probed by 29Si MAS NMR spectroscopy, as shown in Fig. 6, to reveal
the detailed characteristic of the amorphous phase as identified by
X-ray diffraction. The spectra of the PC showed resonance at
around �72 ppm due to the presence of anhydrous PC clinkers of
alite and belite, the intensity of which was increased by the ele-
vated temperature. This observation together with the decreased
intensity of the resonance at �77 and �84 ppm, attributed to the
Q1 and Q2 sites in C-S-H gels, indicates that the reaction products
thermally disintegrated into Q0 structures. In addition, it can be
inferred that the structural damage in the PC is not only due to
Fig. 9. Cumulative intrusion and log differential intrusion curves obtained by mercury in
(b), and in (c) and (d), respectively.

9

the decomposition of the portlandite, AFt, and AFm phases but is
also due significantly to the degradation of the C-S-H gels.

The spectra of the AAC showed resonance with a broad line-
shape due to the amorphous nature of the raw fly ash and GGBS.
Resonance of Q1, Q2, as well as Q2(1Al) was observed in the spectra,
suggesting that the dominant reaction products are C-S-H-type
gels with Al substitution in the paired and bridging sites. Although
this resonance due to the presence of the reaction products was
reduced by the elevated temperature according to the thermo-
gravimetric analysis and X-ray diffraction results, the thermally
induced reaction of fly ash and GGBS compensated for such losses
in the reaction products. This was also found in a previous study
[12].

SEM micrographs of PC/MWCNT and AAC/MWCNT composites
at various magnifications are presented in Fig. 7. The difference
in the matrix morphologies between the PC and AAC shown in
the SEM images is not noticeable. However, for the AAC sample,
it can be seen that it consists of larger particles due to the fact that
the unreacted slag powder is larger than the commercial PC parti-
cles. A difference from PC due to Al substitution in the slag is also
observed. MWCNT showed a difference in the degree of aggrega-
trusion porosimetry. The results for the OPC and AAC samples are shown in (a) and
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tion according to the content. When 3.0 wt% of MWCNT was con-
tained, a more aggregated MWCNT bundle was observed than that
of 2.0 wt%.

In addition, the 3D tomography outcomes of the composites
were analyzed by l-CT, as shown in Fig. 8. It was found that the
internal structure of the specimens through l-CT showed no sig-
Fig. 10. Comparisons of the electrical conductivity, Seebeck coefficient, and
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nificant differences among the composites; therefore, the 2.0 wt%
MWCNT-embedded AAC composite is presented in Fig. 8(a). The
calculated porosity values according to l-CT are shown in Fig. 8
(b). The initial porosity levels of the PC and AAC binders were
approximately 8 and 6%, respectively, and they decreased with
an addition of MWCNT. The decreased porosity levels were found
power factor of the (a) PC/MWCNT and (b) AAC/MWCNT composites.
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to increase again when the MWCNT content exceeded 0.5 wt%.
Interestingly, this content is equal to the percolation threshold of
the composites. It can be deduced that the nanoscale MWCNT
serves to fill the pores in the composites up to a level of 0.5 wt%.
However, when MWCNT is added in excess of the percolation
threshold, it serves to increase the porosity due to agglomeration,
interface, and dispersion issues [13]. It is also believed that this
phenomenon may have a positive or negative effect on the electri-
cal resistivity of the composites.

The MIP results of PC/MWCNT and AAC/MWCNT composites are
shown in Fig. 9. This technique is very useful to observe the pore
structure of a cementitious matrix. In particular, it allows one to
access to the capillary pore network, which may not be accessible
when using l-CT. The cumulative intrusion of mercury into PC/
MWCNT showed that there is an increase in the pore space avail-
able for mercury intrusion after exposure, suggesting increased
porosity upon exposure. This was not necessarily the case for the
AAC samples, with the results showing that mercury intrusion
rather decreased after exposure, implying that the pore structure
became complex and discontinuous under this exposure condition.
This observation is also clearly reflected in the log differential
intrusion curves, especially for the OPC samples, which showed
Fig. 11. (a) Schematic design of the AAC/MWCNT module, (b) relationship between the c
(c) variation of the short-circuit current, open-circuit voltage, and maximum power out
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an increased population of pores at approximately 1000 nm and
a shift of the dominant pores to those with diameters ranging from
approximately 50 nm to 70 nm. On the other hand, the log differ-
ential intrusion curves of the AAC samples showed no distinctive
change upon exposure, implying that the pore structures of these
samples are less affected by a thermal gradient in comparison with
the OPC samples.

3.5. Thermoelectric characteristics

The temperature dependency characteristics of the electrical
conductivity, Seebeck coefficient, and power factor characteristics
are plotted in Fig. 10 (a). Note that the composites with low elec-
trical conductivity, i.e., a MWCNT amount less than 1.0 wt%, were
not measurable. Fig. 9 (a) and (b) show that electrical conductivity
of all specimens increases with an increase in the MWCNT content.
In all cases, PC showed better electrical conductivity than AAC
when the same amount of MWCNT was incorporated. This is
attributed to the better dispersion of MWCNT given the use of
the superplasticizer [13,38].

Overall, the AAC/MWCNT composites were found to have a
higher Seebeck coefficient than the PC/MWCNT composites. For
urrent–voltage and power-voltage characteristics for the AAC/MWCNT module, and
put as a function of the temperature gradient.
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the PC/MWCNT composites, the performance of the Seebeck
coefficient gradually increased as the MWCNT content was
increased, whereas the AAC/MWCNT composites were observed
to have the highest value when MWCNT was incorporated at a rate
of 2.0 wt%. When 3.0 wt% of MWCNT is incorporated into AAC, the
result is rather worse, with the highest Seebeck coefficient of
22.6263 lVK�1 obtained for AAC/MWCNT composites with
MWCNT at a rate of 2.0 wt% at an exposure temperature of 50 �C.

The addition of MWCNT to the PC did not have much of an effect
on the thermoelectric properties, as shown in Fig. 10 (a). However,
it was observed that the addition of more than 2.0 wt% MWCNT to
AAC resulted in a considerably enhanced power factor. The AAC
composite containing 3.0 wt% of MWCNT did not show a signifi-
cant difference compared to when 2.0 wt% was added. The highest
value of the power factor is 0.0048 Wm-1K�2 for the AAC/MWCNT
composites with MWCNT at 2.0 wt% at a temperature of 50 �C.
3.6. Thermoelectric module

A thermoelectric module was also fabricated to evaluate the
energy production capacity of the proposed specimen. Based on
the present experimental results, it was considered that AAC as a
binder would have a greater effect on improving the thermoelec-
tric performance. In addition, the ideal content of MWCNT was
determined to be 2.0 wt%. The schematic diagram of the AAC/
MWCNT thermoelectric module used in this study is exhibited in
Fig. 11(a). The manufacturing procedure is described in Fig. 11
(a). A detailed sketch of the present thermoelectric module is also
shown in Fig. A1.

The electrical characteristics of the AAC/MWCNT module at
the temperature gradients used here are summarized in
Fig. 11(b) and (c). Fig. 11(b) shows the variation of the current–
voltage and power-voltage characteristics with temperature
differences between the hot and cold side (DT). It was observed
that the electrical characteristics of the present thermoelectric
module were improved when increasing DT . Fig. 11(c) presents
the variations of the short-circuit current (ISC), maximum power
output (Pmax) with the temperature gradient, and open-circuit
voltage (VOC).

It can be seen that the open-circuit voltage and short-circuit
current increase with an increase of the temperature. The open-
circuit voltage and power output were related to the temperature
difference between the hot junction and the cold junction of the
thermoelectric module. Regarding the temperature of the heat-
emission and heat-absorption sides, in this case Thot = 200 �C and
Tcold = 21.6 �C (DT = 178.4 �C), the thermoelectric module produces
a maximum power output value of 30.83 lW.
4. Conclusions

Here, we studied various physiochemical properties, specifically
the thermoelectric behavior of MWCNT-incorporated PC and AAC
composites. MWCNT-incorporated PC and AAC composites were
fabricated at various mix proportions and were exposed to differ-
ent temperatures to investigate the effects of both parameters on
the material characteristics of the composite. According to the
results, the AAC/MWCNT composite has good electrical and
mechanical properties when exposed to a high temperature. It is
considered that the AAC/MWCNT composite is more suitable as a
thermoelectric material than the PC/MWCNT composite, as the
electrical and thermal properties are directly affected by the ther-
moelectric characteristics. The main results of the present study
are summarized below:
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(1) The electrical resistivity of both the MWCNT-incorporated
PC and AAC composites did not change from 60 to 250 �C,
but they increased significantly at 400 �C. In addition, the
electrical resistivity of all specimens decreased as the
MWCNT content was increased, while that of samples with
MWCNT exceeding 2.0 wt% did not significantly decrease.

(2) The thermal conductivity of all specimens decreased with an
increase in the MWCNT content and the exposure tempera-
ture. It is considered that the MWCNTs dispersed in the PC/
MWCNT and AAC/MWCNT composites could cause interface
scattering, i.e., Kapitza resistance. In addition, phonon–pho-
non scattering was found to lower the thermal conductivity
of the specimens at high temperatures.

(3) The compressive strength of the PC/MWCNT composites
decreased with an increase in the MWCNT content and at
higher exposure temperature. However, the compressive
strength of the AAC/MWCNT composites increased when
the temperature was increased from 60 to 250 �C, and that
of all specimens decreased with an increase of the MWCNT
content.

(4) The highest value of the Seebeck coefficient was obtained with
an AAC/MWCNT composites with MWCNT incorporated at a
rate of 2.0 wt%.

(5) The thermoelectric module produces a maximum power output
of30.83lWwhenThot =200 �CandTcold =21.6 �C (DT=178.4 �C).
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Appendix A

Fig. A1. Additional information of the size of the fabricated ther-
moelectric module with 130 elements. A size of mold (PPS, Poly-
phenylene Sulfide) was selected in consideration of the
maximum size applicable to the hot plate, and the size and thick-
ness of the specimen considered the easy level for casting. The fab-
ricated module consists of a sandwich structure with thermal
paste, brass sheet, and kapton tape. Thermal paste was applied to
the uneven surface of each specimen for uniform heat absorption
and emission. The brass sheet was used to prevent damage due
to direct bonded between the thermal paste and the hot plate. In
addition, Kapton tape was attached to prevent a short circuit



Fig. A1. A sketch of thermoelectric module.

Table A1
Raw values of measurement data illustrated in Figs. 1–3.

Specimen Curing temperature (oC) Resistivity (O�cm) Thermal conductivity (W/mk) Compressive strength(MPa)

C-0 60 0.044 0.042 2.785
100 – 0.007 5.567
250 – 0.004 6.273
400 – 0.024 6.671

C-0.3C 60 0.018 0.015 8.976
100 0.035 0.008 1.501
250 0.015 0.014 3.748
400 – 0.014 2.708

C-0.6C 60 0.038 0.034 3.157
100 0.074 0.018 1.339
250 0.293 0.012 4.437
400 – 0.015 3.615

C-1.0C 60 0.010 0.034 5.584
100 0.056 0.007 0.301
250 0.052 0.010 0.710
400 – 0.011 0.729

C-2.0C 60 0.077 0.009 1.508
100 0.084 0.019 0.892
250 0.257 0.011 0.775
400 – 0.016 0.443

C-3.0C 60 0.068 0.012 0.628
100 0.020 0.007 0.383
250 0.090 0.007 0.431
400 0.088 0.008 0.442

AAC-0 60 0.017 0.033 0.685
100 0.003 0.008 1.523
250 0.013 0.017 2.178
400 0.035 0.011 1.111

AAC-0.3C 60 0.029 0.038 1.168
100 0.017 0.004 3.887
250 0.028 0.011 3.791
400 0.077 0.014 3.043

AAC-0.6C 60 0.012 0.007 3.235
100 0.017 0.006 2.429
250 0.078 0.004 1.367
400 0.024 0.009 1.789

(continued on next page)
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Table A2
Mix proportion of AAC/MWCNT composite (vol.%).

Specimen Slag Fly ash MWCNT Alkali activator Flow (mm)

AAC-0 416.67 925.93 0.0 0.86 111.5 ± 11.5
AAC-0.3C 0.2 0.91
AAC-0.6C 0.3 0.99
AAC-1.0C 0.6 1.08
AAC-2.0C 1.1 1.29
AAC-3.0C 1.7 1.51

Table A3
Mix proportion of cement/MWCNT composite (vol.%).

Specimen Cement MWCNT Water Superplasticizer Flow (mm)

C-0 317.46 0.0 0.26 13.33 112.5 ± 12.5
C-0.3C 0.2 0.3
C-0.6C 0.3 0.35
C-1.0C 0.6 0.46
C-2.0C 1.1 0.61
C-3.0C 1.7 0.8

Table A1 (continued)

Specimen Curing temperature (oC) Resistivity (O�cm) Thermal conductivity (W/mk) Compressive strength(MPa)

AAC-1.0C 60 0.043 0.007 5.396
100 0.015 0.010 2.095
250 0.030 0.005 2.276
400 0.030 0.027 0.579

AAC-2.0C 60 0.038 0.022 0.525
100 0.038 0.006 0.636
250 0.041 0.001 0.691
400 0.016 0.003 0.141

AAC-3.0C 60 0.049 0.037 2.097
100 0.023 0.001 0.354
250 0.028 0.022 0.836
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between the specimen and brass sheet. Each specimen was con-
structed with an electrically conductive layer by contacting the
nickel foil to induce the current flow.

Tables A1-A3. Raw data for providing additional information on
resistivity, thermal conductivity, and compressive strength shown
in Figs. 1-3.
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