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ARTICLE INFO ABSTRACT
Keywords: Addition of different types of phase change materials (PCMs) to cement-based materials for thermal energy
Thermal energy storage storage has been broadly investigated in the literature. Many studies have researched the addition of organic

Microencapsulated phase change materials
Biobased PCM

Paraffinic PCM

Reduced graphene oxide

Cement-based materials

PCMs and the thermal performance of the PCM-cement system. However, drawbacks such as leakage and poor
thermal conductivity of the PCMs have stimulated studies to improve thermal properties within the PCM-cement
system. Among the different solutions, addition of carbonous materials (such as graphite and carbon nanotubes)
to improve thermal conductivity of the PCMs have been investigated. In the current work, an innovative system
that contains microencapsulated PCMs (MPCMs) and purposely synthesized reduced graphene oxide (rGO) has
been designed and assessed. The addition of rGO has two aims. The first one is to speed up the heat storage/
release velocity by improving the thermal conductivity of the whole system. The second one is to improve the
electrical conductivity of the system in order to actively (by applying voltage) be able to turn on the thermal
storage/release feature. Up to the authors’ knowledge, this is a novel approach for the development of active
PCM-cement based thermal energy storage systems. Furthermore, in the present study, the use of paraffinic PCMs
was compared with that of biobased PCMs in order to provide a more sustainable solution to the design of
cement-based elements for buildings applications. A comprehensive thermal characterization (heat storage ca-
pacity, thermal conductivity and diffusivity) has been carried out as well as microstructural characterization.
Moreover, broadband dielectric spectroscopy was used to characterize the electrical conductivity of the novel
MPCM-rGO-cement system.

1. Introduction cement based materials has been studied, for example, to reduce early-
age fracture [1-3], freeze-thaw damage [4-6] and to improve thermal

Phase Change Materials (PCMs) are compounds that usually absorb comfort inside residential and tertiary buildings coupled with a reduced

or release large amounts of energy/heat at almost constant temperature energy consumption [7]. PCMs can be inorganic and organic in nature,
when their phase transitions (solid to solid, solid to liquid, and/or liquid and the use of both has their advantages and drawbacks [8]. The organic
to gas) occur. In the field of construction materials, addition of PCMs to PCMs show good chemical stability and high energy storage capacity,
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they are non-corrosive, they do not undergo supercooling, and they have
good nucleation rate. As drawbacks, they cannot be used at high tem-
peratures (>150 °C) and they have low density [59]. On the other hand,
inorganic PCMs can work in a wider range of temperature (—100 °C and
1000 °C) compared to the organic ones but they are often corrosive
materials and not appropriate for building applications [59].

To develop novel construction systems/elements (e.g., building en-
velopes) that could significantly cut back energy demands of buildings,
one strategy is to take advantage of the different properties of diverse
elements and materials and to integrate them altogether. For example,
much work has been done in the development of gypsum interior
wallboards with PCMs [9-19] adding latent heat storage capacity to the
other properties shown by gypsum. Another option is the design of el-
ements with cement-based materials and PCMs by combining the
properties of both materials [20-23]. In fact, cement-based materials
have a high sensible heat storage capacity which can be enhanced by
taking advantage of the latent heat storage capacity of the PCM material.
Furthermore, by playing with the amount of water to binder ratios and
additives, different density porous foam-concrete could be designed,
adding insulating properties to the element panel besides the energy
storage capacity. Combining these properties can help to improve the
thermal comfort and reduce energy expenditure, improving sustain-
ability in the long term.

A lot of research has been carried out on organic PCMs, especially
with oil derived paraffinic compounds [7 and references within]. Be-
sides the characteristics mentioned above, one of the downsides of these
paraffinic compounds, in terms of sustainability, is that they are ob-
tained from oil refinery and moreover, they are flammable. An
appealing alternative to these products is the use of bio-based com-
pounds that show large latent-heat properties as the paraffinic ones
[24]. These biobased PCMs are more sustainable and less flammable
than the paraffinic ones. Nevertheless, both, biobased PCMs and paraf-
fins, are difficult to integrate in building materials due to their poor
interaction and bad dispersion in mineral composites. Furthermore,
both types of PCMs also show low thermal conductivity [26,27,47],
which in addition to the low thermal conductivity of the cement-based
materials can further reduce the velocity at which heat can be stored
and/or released during the phase change. All these limitations and their
cost have prevented their widespread use in the building sector [59].
Regarding the low thermal conductivity, and in order to enhance it,
different research groups have used carbon-based materials [28], such
as carbon nanotubes [29] and expanded graphite as additions in the
cement-based mixes [30]. Among the carbon-based nanoparticles, gra-
phene shows extraordinary physical properties such as high electrical
conductivity (~106 S/m) [31], high surface area (>2000 mz/g) [32],
high elastic modulus (~1.0 TPa) [33], and high thermal conductivities
(~103 W/mK) [34]. In the literature, different studies can be found
where authors investigate the improvement of thermal properties of the
PCM with graphene addition [28 and references within]. In these
studies, only the PCM-graphene system was studied, and researchers
have observed an improvement in thermal conductivity when the gra-
phene was added [28,60,61]. In this regard, the authors of the current
work wanted to take advantage of the excellent thermal and electrical
conductivity characteristics of graphene in order to design and prepare a
PCM and a cement system with not only improved thermal conductivity
but also improved electrical conductivity with the aim of producing a
system whose thermal storage/release feature can be actively turned on.
However, graphene is hydrophobic, and it is not very compatible with
water and inorganic compounds [35]. To introduce graphene-like par-
ticles in hydrophilic materials such as cement paste, one strategy is to
firstly oxidize it, and then to partially reduce it in order to recover the
good thermal and electrical conductivity properties while maintaining
hydrophilicity. In the current study, reduced graphene oxide (rGO)
particles have been purposely synthesized to facilitate their dispersion
and added to the cement systems with the aim of improving the heat
storage/release velocity. Furthermore, the addition of rGO could also

Journal of Energy Storage 84 (2024) 110675

Table 1
Available thermophysical properties of the PCMs used in this work given by the
suppliers [36-38].

Phase change material ~ RT24  Nextek PureTemp25

(PCM) 24D

Peak melting 24 24 24
temperature (°C)

Heat storage capacity 160 >170 >187
J/g)

Thermal conductivity 0.2 - 0.15
(liquid) (W/(mK))

Thermal conductivity 0.2 - 0.25
(solid) (W/(mK))

Specific heat capacity 2 - 2.2
(liquid) (kJ/(kg*K))

Specific heat capacity - 1.99
(solid) (kJ/(kg*K))

Density (liquid) (kg/L) 0.88 - 0.86

Density (solid) (kg/L) 0.77 - 0.95

Thermal cycle stability — — - It is stable through 10,000 thermal
cycles (~27.4 years of continuous
daily usage)

provide thermoelectrical coupling to the paste, i.e., the temperature of
the composite could be raised by applying small voltages to the sample.
This feature would allow turning on the thermal storage/release feature
by actively melting or freezing the PCM.

In a previous work [53], the authors have studied the effect of the
addition of different percentages of one type of paraffinic micro-
encapsulated PCM (MPCM) combined with reduced graphene oxide in
the thermal storage properties of cement-based composite. As a
continuation of that study, the current work was aimed to study the
behavior of a bio-PCM embedded in cement-based materials and to
compare it to the more traditional and less sustainable paraffinic PCMs.
In this sense, cement-based materials with a bio-based MPCM (Pure-
Temp25, 20 % Vol.) have been prepared, characterized, and compared
to cement pastes with two paraffin-based MPCMs (RT24 and Nextek
24D, 20 % Vol.). Additionally, novel MPCM-rGO-cement systems have
been produced with the above mentioned phase change materials, and a
comprehensive thermal characterization (phase change temperature,
latent heat of fusion, thermal conductivity and diffusivity) of the cement
composites has been carried out to understand the effect of these MPCMs
in the thermal properties of the composites. Furthermore, the electrical
conductivity of the MPCM-rGO-cement systems has also been studied by
using broadband dielectric spectroscopy. Finally, morphological char-
acterization by using scanning electron microscopy (SEM) and mercury
intrusion porosimetry (MIP) was also performed to study the effect of
the MPCMs in the microstructure of the cement matrix.

2. Materials and methods
2.1. Materials

Ordinary Portland cement (CEM I 52.5R) was provided by Cementos
Lemona. The metakaolin (Centrilit NCII, an amorphous aluminosilicate)
was obtained from MC-Bauchemie. The admixtures Centrament Rapid
500 (accelerator), Centrament Stabi 520 (stabilizer, water retainer) and
MC-Powerflow 3195 superplasticizer were also provided by MC-
Bauchemie. The phase change materials used were two paraffins and
one bio-based compound. The paraffins were RT24, purchased from
Rubitherm GmbH, and Nextek 24D (Nx24), obtained from Microtek
laboratories. The biobased PCM was PureTemp25 (PT25) acquired from
PureTemp LLC. Nextek 24D product is already a microencapsulated
PCM whereas RT24 and PT25 were purchased as raw PCMs. Table 1
summarizes the main thermophysical properties of the PCMs according
to the suppliers.

The raw RT24 and PT25 PCMs were encapsulated by Follmann
GmbH & Co. KG for the current study. The microcapsules (MRT24 and
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Fig. 1. SEM images of reference paste (REF-1) (a), paste with 20 % MRT24 (P1-MRT24), the arrows point to microencapsulated MRT24 (b); paste with 20 % Nx24
(P1-Nx24), the circle shows agglomerated microcapsules (Nx24) and the arrows some pores (c).

MPT25) were in a form of a powder and based on the technology
SmartCaps, commercialized under the name Folco SmartCaps®. The
SmartCaps technology is proprietary of Follmann GmbH & Co. KG
(https://smartcaps.follmann.com/en/home-english/). The shell is
organic and composed from melamine-formaldehyde (MF) obtained
through polymerization technique. After the polymerization the solu-
tion is spray-dried to obtain the product in dry form. In the case of

Table 2

MRT24, the diameter dgg of the microcapsules is 12 pm and for MPT25
the size distribution is between 3 pm and 11 pm (information given by
Follmann). These sizes were confirmed in the current study by the im-
ages obtained by SEM (see supplementary material fig. S3). The Nextek
24D (Nx24) was purchased already microencapsulated. In the latter case
the shell is based on melamine-formaldehyde crosslinked with a cross-
linking agent which contains cyclic urea and a multifunctional aldehyde

Composition of the pastes. In the following the MRT24 and Nx24 series are denoted as P1-MRT24 and P1-Nx24, respectively. When rGO is added, the samples are
denoted as P1-MRT24-rGO and P1-Nx24-rGO, respectively, and P1-rGO when the paste contains only rGO. The corresponding reference pastes are denoted as REF-1a
and REF-1Db, respectively. In the same way, MPT25-based samples are denoted as: P2-MPT25, P2-MPT25-rGO and REF-2. The REF-2 paste with just rGO is designated

P2-rGO.

Components (g) REF- P1- P1- P1-MRT24- REF- P1- P1-Nx24- REF-2 P2- P2- P2-MPT25-
la 1GO MRT24 GO 1b Nx24 1GO 1GO MPT25 1GO

Cem I 52.5R 100 100 100 100 100 100 100 100 100 100 100

Centrilit NCII (metakaolin) 16.46 16.46 16.46 16.46 16.46 16.5 16.5 16.46 16.46 16.46 16.46

water 38.43 38.43 38.43 38.45 38.43 * 38.43

MRT24 19.3 19.3

Nx24 17.33 17.33

MPT25 17.31 17.31

rGO** 0.3wt%bcw 38.77 38.43 38.43

Accelerator 2.33 2.33 2.33 2.33 2.3 2.33 2.33 2.33 2.33 2.33 2.33

Superplasticizer 0.58 0.58 1.21 2.33 0.58 1 2.5 0.58 0.58 0.99 2.50

dispersion™**
Stabilizer 3.37 3.37 3.38 3.38 3.37 3.37 3.37 3.37 3.37 3.37 3.37

* The required water (38.44 g for w/b = 0.33) was added with the rGO dispersion.

™ GO is a 0.89 wt% water dispersion.

™" 35 % superplasticizer content in weight. The water content of the superplasticizer was not used for the calculation of the w/b ratio.
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and another crosslinker [54]. The synthesis method is proprietary of
Microtek Laboratories, Inc. [54]. The mean size of the microcapsules is
15-30 pm (provided by the supplier) (characterization by SEM in the
present study showed sizes between 5 and 40 pm, see Supplementary
material Fig. S3). Although all the shells contain a melamine-
formaldehyde based composition the formulation of shells of Follmann
(MRT24 and MPT25) and Microtek Laboratories, Inc. (Nx24) are
somewhat different and interact differently with the cement as it was
observed in the SEM analysis carried out in the current study (see Fig. 1).

The reduced graphene oxide (rGO) was synthesized for the current
study by Graphenea as a 0.89 wt% water dispersion. Graphene oxide
(GO) was first produced via Hummers modified method [39] from
graphite as a starting material. Then, the GO produced was dispersed in
water and thermally reduced in a reflux system to produce rGO. The
produced rGO was characterized by XRD, TGA and elemental analysis.
The XRD diffractogram (see Supplementary material, Fig. S1) shows no
crystalline peaks which is indicative of the formation of rGO. The TGA
thermogram (see Supplementary material Fig. S2) shows a weight loss
between 25 °C and 125 °C due to the loss of superficial water and
another weight loss between 125 °C and 300 °C which is related to the
release of CO, CO5 and water. Lastly, the elemental analysis carried out
of the rGO showed it contains 64.70 % of carbon, 1.13 % hydrogen,
32.31 % of oxygen, and 1.86 % of sulfur.

2.2. Paste and specimen preparation

Different cement pastes with 20 % in volume of MRT24, Nx24 and
MPT25 were cast with a water/binder (w/b) ratio of 0.33. Furthermore,
pastes containing 0.3 wt% rGO based on weight of binder (bwb) and 20
% in volume of MPCMs were also prepared. In Table 2 the composition
of the different types of pastes are shown.

The general mixing procedure of the pastes with only rGO (P1-rGO)
and with microencapsulated MRT24 and Nx24 with rGO (P1-MRT24-
rGO and P1-Nx24-rGO, respectively) and without it (P1-MRT24 and P1-
Nx24, respectively) are based on the one carried out in [53] but
adjusting the superplasticizer for the different MPCMs. To produce the
pastes with only the microencapsulated PCMs (P1-MRT24, P1-Nx24)
and the corresponding reference (REF-1), the cement and metakaolin
(Centrilit NCII) were mixed for 1 min at 300 rpm. Afterwards, water
with the superplasticizer was added and the whole paste was mixed for
1 min at 750 rpm. Next the stabilizer was added, and the mixing
continued for 30 s at 750 rpm, followed by the accelerator, mixing the
paste for 30 more seconds at 750 rpm. For the reference specimens (REF-
1) the paste was molded at this point. In the case of the pastes with the
MPCMs, the microcapsules were added after the mixing of the acceler-
ator, and the whole paste was mixed at 300 rpm for 1 more minute. In
the case of the pastes that contain the rGO (P1-rGO, P1-MRT24-rGO, P1-
Nx24-rGO) the mixing process is as follows. Cement and metakaolin
were mixed for 1 min at 300 rpm. Then, the rGO dispersion was added
and the whole paste was mixed for 1 min at 750 rpm. The addition of the
rGO dispersion provided the correct quantity of water for a w/b ratio of
0.33 as well as the correct amount of rGO to obtain a 0.3 wt% in the
paste. Next the stabilizer was added, and the mixing continued for 30 s at
750 rpm, followed by the accelerator, mixing the paste for 30 more
seconds at 750 rpm. For the specimens with only rGO addition (P1-rGO),
the paste was molded at this point. In the case of the pastes with the
MPCMs, the microcapsules were added after the mixing of the acceler-
ator, and the whole paste was mixed at 300 rpm for 1 more minute.

In the case of the paste with MPT25 with and without rGO, a larger
volume of paste was prepared in order to study the scale up of the mixing
procedure. The order of the addition of the different components was the
same as for the pastes with microencapsulated MRT24 and Nx24, but the
mixing was done in a bigger mixing machine and a lower mixing speed
was used. The mixing procedure was like the previous one but with the
following differences: firstly, the cement and metakaolin were mixed 1
min at 150 rpm; then, for the other steps, half of the speed of the
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Table 3
Dimensions of the different cast specimens.

Specimen dimension Characterization

Height (mm) Diameter (mm)
3 5 Differential scanning calorimetry
20 40 Hot disk, mercury intrusion porosimetry, SEM
20 12 Laser flash technique (LFA)
5 15 Electrical conductivity measurements

previous procedure was used, and to compensate that, the time of each
step was doubled. A reference paste was also prepared with this pro-
cedure (REF-2) and a paste with 0.3 wt% rGO (P2-rGO).

Once all the components were mixed, the pastes were molded,
wrapped in a cling film, demolded after one day, wrapped again in cling
film and cured for 28 days in a conditioned room under ambient con-
ditions (21.0 °C and 48.9 % relative humidity) after which the different
characterizations were carried out. In case of the samples for Differential
Scanning Calorimetry (DSC), the samples were cast directly into the
Concavus® crucibles for measurement and cured in there, to achieve best
possible contact between the sample and the sensor.

2.3. Characterization techniques

To perform a full thermal and morphological characterization,
different size and type of specimens were cast for each paste. In Table 3
the dimensions of the different specimens are shown.

Characterization of phase transition temperatures and melting en-
thalpies (latent heat capacity) was carried out via DSC. The employed
device was a NETZSCH DSC 204 F1 Phoenix®. Measurement definition,
data acquisition and evaluation are supported by the Proteus® software
package. The instrument allows for measurements in a broad tempera-
ture range of —180 °C to 700 °C. NETZSCH Differential Scanning Cal-
orimeters (DSC) meets the respective instrument and application
standards [55]. Temperature and enthalpy calibration of the system
were done for different heating rates, using a set of standards, involving
Adamantane, Biphenyl, Indium, Tin, Bismuth, Zinc and Phenyl] Salicy-
late, thereby covering a broad temperature range. To determine the
phase transition temperatures and enthalpies, the samples were
analyzed by subjecting each of them to heating and cooling cycles in the
temperature range from-25 °C to 60 °C at two different heating rates,
namely 5 K/min and 0.25 K/min under nitrogen atmosphere. The phase
transition temperatures were considered the peak temperature of cor-
responding endothermic peaks, measured at the low heating rate of 0.25
K/min, whereas the enthalpies corresponding to the transition were
calculated by peak integration and comparison of both heating runs,
with low and high heating rate, since the low heating rates are more
sensitive to signal noise of the instrument. However, to gain represen-
tative insights of the MPCM behavior, these low heating rates are
necessary for phase change transition investigation. For the measure-
ments, the procedure, including the respective heating rate tests
described in RAL-GZ 896 were followed.

The thermal diffusivities of the cement pastes were measured by
using the NETZSCH Laser Flash Apparatus (LFA 467 HyperFlash®). The
unit is equipped with a furnace, which can operate from —100 °C to
500 °C. The front surface of the sample is heated by a Xenon flash lamp
with variation of energy by voltage and pulse-length. The resulting
temperature increase on the rear face is measured by using an IR-
detector (InSb or MCT). The high data acquisition rate of 2 MHz al-
lows for reliable and accurate measurements of high conductive thin
materials. The patented ZoomOptics optimizes the detector’s field of
view to avoid distortions from edge effects. Various analysis models are
integrated in the software. The data can be corrected for finite pulse and
heat loss effects. The LFA 467 HyperFlash® operates in accordance with
national and international standards such as ASTM E-1461 and DIN EN
821. Thermal diffusivities of cement pastes were investigated between
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Fig. 2. (a) SEM Images of REF-2 paste. The paste shows a large porosity. (b) SEM images of P2-MPT25 paste. Besides the air pores, microparticles smaller than 10 pm
can be observed well dispersed throughout the paste which are the MPT25 microcapsules.

—15 °C and 45 °C in 10 K steps in order to achieve comparable results
with pastes involving MPCMs with different melting temperatures and/
or melting ranges in the related temperature range.

Thermal conductivities of the cement pastes were characterized by
transient plane source technique (also known as Hot Disk) [40]. Hot
Disk measurements were also used to estimate thermal diffusivities and
compared to the ones measured by LFA. According to measurements
made on common materials from polystyrene to aluminum, the accuracy
over the whole range of thermal conductivities is estimated at 2 % to 5 %
for isotropic materials with a reproducibility of 2 % [41].

The size of the sensor and of the different samples, the preparation of
the latter, the corresponding heating powers and measurement times
were carefully chosen according to the standard Hot Disk DIN-EN-ISO
22007-2:2021-05 [42]. Thus, the thermal conductivity measurement
of each cement paste was carried out on cylindrical-shaped samples (40
4+ 1 mm diameter and 20 + 1 mm thickness). A TPS 2500 S instrument
equipped with a Kapton sensor of 6.403 mm in radius (sensor type 5501
F1) was employed. The power applied to the samples was 80 mW during
80 s. All the samples were tested inside a climatic chamber Binder MKFT
115 E5 (£0.1 °C with a relative humidity fixed at 60 %RH for all the
experiments). The cement pastes were characterized at temperatures far
enough below and above the transition temperature range of the
MPCMs. Using the results of the DSC experiments (see Section 2.2), these
temperatures were chosen at 5 °C (T1) and 35 °C (T2). The reference
cement pastes, i.e., without incorporation of MPCMs, were also char-
acterized at the same temperatures. At least 3 measurements were car-
ried out for each sample by moving it between each test. The recorded
data was processed using the Hot Disk Software (version 7.4.0.10).

The electrical conductivities were measured by broadband dielectric
spectrometer Novocontrol Alpha-A+ in the frequency range of 10~1-10°
Hz. MPCMs and rGO were measured in powder, sandwiched between
parallel gold-plated electrodes, with a diameter of 20 mm and a sample
thickness of ~0.5 mm. Prior to data acquisition, the samples were kept
inside the instrument at 42 °C during 10 min to remove moisture from
the sample surface. Finally, the isothermal frequency scans were per-
formed on heating every 5 degrees over the 12-42 °C temperature range.
Sample temperature was controlled with a stability better than +0.1 K.
Scanning electron microscopy images were obtained with a FEI Quanta
200 ESEM (Environmental Scanning Electron Microscope) microscope.
The images were obtained by using a backscattered electron detector at

25.0 kV and 30 kV at low vacuum (60 Pa). Furthermore, this equipment
includes a Fluorescence Dispersive Energy Spectrophotometer (EDAX)
to analyze the elemental composition of a sample.

The porosity and pore size distribution of the different pastes were
characterized by MIP. The equipment used is an Autopore III from
Micromeritics Instrument Corp. MIP can detect pores between 66 nm
and 360 pm. During the measurement, mercury is progressively pushed
against the sample and forced to penetrate into the open porosity. As the
capacity of such metal to penetrate through a hole depends not only on
the pressure exerted but also on the size of the hole, the pore size dis-
tribution can be obtained applying the Washburn equation [43].
Although this methodology cannot predict with great accuracy the real
pore sizes, MIP can provide some useful parameters. One is the so-called
threshold diameter, which provides a measure of how restricted the
ingress of mercury to the interior of the specimen is. This parameter is
useful for having a comparative measure of the permeation capacity of
the samples. Another parameter is the total pore volume intruded by
mercury, which is a measure of the total porosity of the specimen [56].
Finally, MIP can determine the critical pore diameter (CPD), which is
defined as the pore diameter that corresponds to the modal pore fre-
quency [57], i.e., the most repeated pore size.

3. Results and discussion

The mixing dosages and procedure to prepare the different pastes are
shown in Table 2 and described in the Materials and methods section. As
it has been mentioned in other works [44] and observed in our previous
work [53] addition of 20 % and higher in volume of MPCMs reduces the
workability of the paste and larger amounts of superplasticizer than in
the reference pastes had to be added to the mixture to obtain a workable
paste. Furthermore, the addition of rGO also dried further the pastes,
reducing their workability and therefore the dosage of superplasticizer
had to be further increased to obtain good early age workability in the
pastes that contain MPCMs and rGO. Good workability was also needed
to properly fill the different molds, especially the small crucible for DSC
measurement. Nevertheless, this increase in superplasticizer quantity
did not delay seemingly the hardening process of the paste and the
specimens were hardened enough to be demolded after one day of
curing as in standard procedure.
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Fig. 3. SEM images of reference paste with 0.3 wt% rGO (based on cement) prepared at the same volume and using the same mixer as for the pastes with MPT25

microcapsules (a) and SEM images of paste with 20 % Vol. MPT25 and rGO (b).

3.1. Morphological and porosity characterization

The different samples were characterized by SEM to analyze the
dispersion of the microcapsules, their integrity, and the morphology of
the obtained paste. The SEM images of the MPCMs as well as the Cen-
tralit metakaolin and the rGO for comparison reasons are shown in the
supplementary material (Figs. S3, S4 and S5 respectively). The MRT24
microcapsules range between 1 and 5 pm in size and are visibly
agglomerated forming larger spheres (Fig. S3). The Nx24 microcapsules
on the other hand are a bit larger in size (between 5 and 40 pm), and
they do not tend to agglomerate (see Suppl. Mat., Fig. S3). The size of the
MPT25 microcapsules ranges also between 1 and 5 pm as in the case of
MRT24 and they also tend to agglomerate according to the SEM images
(see Fig. S3). This agglomeration indicates that the shell of the MRT24
and MPT25 are somehow different to the Nx24 shell even though the
three of them contain melamine-formaldehyde. This difference can be
due to the addition of other compounds that are added to increase the
strength of the shell. Moreover, the Centralit metakaolin as well as the
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Porc size diameter (pm)

Fig. 4. Pore size distribution of the different reference pastes prepared with the
two different procedures. REF-1 (a and b) were prepared at higher mixing speed
than REF-2.

rGO were also characterized by SEM to identify them once they were
added in the pastes. Metakaolin is made up of sharp particles of various
sizes (see Suppl. Mat., Fig. S4). Regarding the rGO, the images show
plate like particles that tend to agglomerate (see Suppl. Mat., Fig. S5).

In Fig. 1, the images of the reference paste (1a), P1-MRT24 (1b), P1-
Nx24 (1c) are shown, while Fig. 2 presents the reference paste, REF-2 (a)
and P2-MPT25 (b). In the case of the paste with 20 % in volume of
MRT24 (1b), the spherical particles of microencapsulated paraffin
dispersed in the matrix can be observed. The microcapsules are well
dispersed and distributed in the paste. The entire paste is filled with the
microcapsules. In the case of the paste with Nx24 (1c), pores of the size
of the microcapsules can be observed as well as the microcapsules. It
could be that these micropores are due to the space left by the micro-
capsules when the specimen was cut to be analyzed it by SEM. This
suggests that the interaction between the shell and the paste is poor, and
the microcapsules are not attached to the matrix. This result is in
contrast with the results obtained with MRT24. In this latter case, there
seems to be a better interaction between the shell and cement matrix.
This effect could be due to the chemical composition of the polymeric
shells as mentioned before, which are slightly different for MRT24 and
Nx24. The shell of MRT25 seems to be chemically more compatible with
the cement paste than the shell of Nx24. Furthermore, in the case of the
paste with Nx24, agglomeration of the microcapsules can also be
observed (see Fig. 1c). All the microcapsules have not been well
dispersed as it was in the case of the paste with the MRT24. Moreover, in
the case of Nx24, larger pores due to air can also be seen in the paste.

In Fig. 2, SEM images of the second reference paste (REF-2) and the
pastes with MPT25 are shown. The REF-2 paste shows a higher porosity
than REF-1. This could be due to the difference in mixing speed used to
prepare both references. The speed was much higher in the REF-1 case
which could have helped to get rid of the air bubbles formed in the
mixing process. Furthermore, the volume of pastes mixed in the second
case (REF-2, P2-rGO, P2-MPT25 and P2-MPT25-rGO) was larger,
possibly hindering the release of the air bubbles. In the case of the paste
with MPT25 a good dispersion of the microcapsules can be seen. No
agglomeration is detected. However, in this case, air pores can also be
observed in the paste, which could be a consequence of the mixing
process like in the case of the REF-2 paste.
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Fig. 5. Pore size distribution by volume of the pastes with the different MPCMs and pastes with MPCMS and rGO compared to their reference. a) REF-1a, P1-MRT24,
P1-rGO and P1-MRT24-rGO; b) REF-1b, P1-Nx24, P1-rGO and P1-Nx24-rGO and c) REF-2 and P2-MPT25, P2-rGO and P2-MPT25-rGO.

The SEM images of the pastes with 20 % in Vol. of MPCMs and rGO
show similar distribution of the MPCMs (each MPCM-rGO paste analo-
gous to the respective paste-MPCM). Furthermore, the dispersion of the
rGO was not observed in the paste. As an example, the SEM images of the
paste with 20 % MPT25 and 0.3 wt% rGO are shown in Fig. 3 (the SEM
images of the rest of the pastes are included in the Supplementary

material, Fig. S6). Image 3a is from the reference paste with rGO (P2-
rGO). This paste was prepared using the same volume and the same
mixer as in the case of the pastes with MPT25 (which was larger in
volume and with lower mixing speed than in the case of the other
pastes). No particles of rGO can be observed, but the paste seems to be
homogeneous and hydrated. Air pores can also be observed in the paste.
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Fig. 6. The DSC thermograms of MRT24, Nx24 and MPT25.

Image 3b shows the paste with MPT25 and rGO (P2-MPT25-rGO).
Again, the rGO particles cannot be observed. The microcapsules are well
dispersed, similar to the P2-MPT25 paste. As it was mentioned before,
these morphologies are very similar to the ones obtained in the pastes
with just the MPCM (Fig. 2b).

Mercury intrusion porosimetry, MIP, was carried out to study the
pore size distribution and total porosity of the different pastes. In Fig. 4
the pore size distribution of the reference pastes prepared using fast
mixing speed (750 rpm, see Materials and methods section) (REF-1a and

REF-1b) and lower speed (REF-2) are shown. The REF-2 paste shows a
wider pore size distribution than REF-1a and 1b, starting from bigger
pore sizes. Furthermore, REF-2 shows a larger porosity than REF-1a and
1b. When comparing REF-1a and REF-1b, they seem to have a similar
pore volume although the pore sizes are smaller in the case of REF-1b.
This result shows that there is a variability between pastes even
though they have the same dosage of the different constituents and they
have been mixed in the same way. In Fig. 5 the pore size distribution by
volume of all the pastes with respect to their reference paste are shown.
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Thermal properties of the MPCMs and the corresponding cement pastes without and with rGO measured by DSC. *Data provided by the supplier, in the case of RT24

and Nx24 no heating rate was given.

Samples Tonset @0.25 °C/min (°C) Tpeak @0.25 °C/min (°C) Cooling peak temp. @0.25 °C/min Melting enthalpy (J/g)
RT24* 21%* 24* 24* 160

Nx24* - 24* - >170

PT25* - 25 (@1 °C/min) - >187

MRT24 13 25 12 125 (@10 K/min)
Nx24 3 23 21 177 (@10 K/min)
MPT25 5 22 -4 153 (@10 K/min)
P1-MRT24 14 25 13 13 (@5 K/min)
P1-MRT24-rGO 14 25 13 14 (@5 K/min)
P1-Nx24 10 25 23 19 (@5 K/min)
P1-Nx24-rGO 10 25 23 19 (@5 K/min)
P2-MPT25 10 21 12 17 (@5 K/min)
P2-MPT25-rGO 11 21 12 17 (@5 K/min)

In all cases, when the MPCMs are added, the porosity of the pastes in-
creases. In the case of the pastes with just the rGO, no significant change
can be observed with respect to the reference paste. In general terms,
these results agree with the images of the different pastes obtained by
SEM (see Figs. 1, 2 and 3).

In conclusion, the trend observed with the samples containing
MPCMs and rGO compared to their reference shows that the addition of
the rGO does not change the morphology of the paste, whereas the
addition of MPCMs increases the porosity in all cases and in particular in
the case of Nx24, where the size distribution shifts to slightly higher
sizes, confirming the observations done by SEM. Similar results have
been reported in the literature. For example, Sam et al. [45] found that
the overall porosity increased when MPCM (in their case Nextek 37D)
was added and when its quantity was increased. Furthermore, the
addition of MPCM changed the pore size/structure of the paste.

3.2. Characterization of thermal and electrical properties

3.2.1. Thermal properties

DSC tests were carried out on the microencapsulated PCMs as well as
the cement-MPCM and cement-MPCM-rGO composites to study the
possible effects that the microencapsulation and rGO might have on the
thermal properties. In Fig. 6, the DSC thermograms of the three micro-
encapsulated PCMs (MRT24, Nx24 and MPT25) are shown. Both MRT24
and Nx24 show two phase change transition peaks, one with a lower
latent heat than the other one. In the case of MRT24, the peak temper-
ature of the lower latent phase change is around 1 °C, whereas the larger
latent heat melting transition is around 25 °C (main peak). In the cooling
phase, both transition phases are observed but shifted to lower tem-
peratures (temperature peaks at 12 °C and —6 °C). MRT24 shows a
relatively large hysteresis between the heating and cooling process. This
differs from the results of the phase change transition temperatures of
the raw material obtained by Sam et al. [25] and the ones provided by
the supplier (see Table 4). Sam et al. report a peak heating temperature
of 25 °C (24 °C in the case of the supplier) for the main melting peak,
which is similar to the peak temperature obtained for the micro-
encapsulated RT24 in this study. However, the peak cooling tempera-
ture they reported is 23.8 °C (24 °C provided by the supplier) which is
significantly higher than the one measured for the MRT24 in this study
(12 °C). This could indicate that the microencapsulation affects the
thermophysical properties of the PCM. In fact, studies can be found in
the literature where the authors report changes in the thermal response
of the PCMs due to encapsulation [46].

In the case of Nx24, a complex peak with two clear peak tempera-
tures can be observed (Fig. 6). For the heating, the first one around
15 °C, and the second around 23 °C. In the cooling process, the main
transition occurs around 21 °C (similar to the temperature in the heating
process), however the second transition shifts to much lower tempera-
tures (around 3 °C), resulting in a very broad recrystallization peak. In
this case, the main phase change transition, which could be of interest

for building applications, does not show a large hysteresis as opposed to
the MRT24 case. For this MPCM, no comparison to the raw PCM ma-
terial could be carried out since the product was acquired micro-
encapsulated. Eventually, the data provided by the supplier corresponds
to the assessed results in this study. In the case of MPT25, only one phase
transition can be seen in the heating process with a peak temperature at
22 °C. However, in this case, the phase change transition shifts consid-
erably in the cooling process. A double peak is observed, with a main
peak temperature at —4 °C and a small shoulder at —7 °C. This is quite
different to the results obtained for the raw material by Sam et al. [25]
and verified by the authors, where the peak temperatures of the heating
and cooling were showing only low hysteresis (Tpeak heating = 25.4 °C and
Tpeak cooling = 21.1 °C) and no additional peaks were observed. This
again shows that microencapsulation could modify the thermophysical
response of the material. It should be pointed out that the MPT25 shows
the largest hysteresis of all the MPCMs studied in this work between the
heating and the cooling process.

In Table 4, the peak melting temperatures and the latent heat of the
microencapsulated PCMs calculated from the DSC thermograms are
shown. In the MRT24 and MPT25 cases, the melting enthalpy is slightly
lower than in the case of the raw material. This is normal since the
microencapsulated product is not 100 % PCM and contains both the
PCM and the polymeric shell. From the obtained enthalpies, it is possible
to estimate the weight percentage of PCM in the microencapsulated
product. In the case of MRT24, the melting enthalpy is around 125 J/g,
which indicates a PCM content of ca. 78 % and for the MPT25 the
melting enthalpy is 153 J/g pointing to a PCM content of ca. 82 %. In the
case of Nx24, the peak temperature is very similar to the one given by
the provider, which is expected since the product is already
microencapsulated.

The different cement pastes with MPCMs and rGO were also char-
acterized by DSC to measure the phase transition temperature in the
heating and cooling process as well as the melting enthalpy of the pastes.
The latter is one of the main aspects of the current research, which aims
to study the appropriateness of the different MPCMs to be used in
cement-based panels for building applications. In Fig. 7, the thermo-
grams of the pastes with 20 % MRT24, Nx24 and MPT25 are shown. In
Table 4 the temperature onset, the heating and cooling peak tempera-
tures and melting enthalpy of all the pastes can be found. Nevertheless,
as MPCMs transitions occur over broad temperature ranges, with several
transitions overlaying, the onset temperatures cannot be precisely
determined. The latter are then reported for information, but the peak
temperatures have been retained as reference for the transition tem-
peratures in the following. P1-MRT24 and P1-Nx24 show similar phase
transition peaks (at similar heating and cooling peak temperatures) as
the equivalent MPCMs but with lower melting enthalpy since the
MPCMs are in a dosage of 20 % Vol. in the whole composite. However, in
the case of the P2-MPT25 the thermogram is different, especially in the
cooling part, to the thermogram shown by the MPT25. In the cooling
process, two main peaks can be observed at different temperatures, one



E. Erkizia et al. Journal of Energy Storage 84 (2024) 110675

P1-MRT24

DSC /(mWimg)
0047 Lexo Sample: P-20MRT24 01
Sample mass: 37.46 mg
Heating rate: 0.25 K/min
0.03 Gas Flow: 250 mi/min
Peak: 25.0 °C Atmosphere: Nitrogen
002
Peak: -0.8 °C
001
W—./\\ Onset*: 14,0 °C Area: 13.5 J/g .
0.00
v
-0.01
-0.02
0.03
-0.04
Peak: 12.6 °C
0.05
-10 0 10 20 30 40 50 60
Temperature /'C
P1-Nx24
DSC /(mWimg)
Lexo Sample: P-20MN¢24-rGO 01
1 Sample mass: 51.01 mg
0.031 Heating rate: 0.25 K/min
1 o Gas Flow: 250 mi/min
Reais2si6°C Atmopshere: Nitrogen
0.02
0.01 Onset*: 9,8°C
Area: 18.96 J/g
P A AN NAAAAN AN A A AR
0.00
-0.014
1 Peak: 9.5°C
0024
-0.03
Peak: 225 °C
0041
-0 [ 10 20 30 40 50 60
Temperature I'C
DSC /(mWimg)
Lexo
005
Sample: P-20MPT25 03
Sample mass: 41.58 mg
0.04 Heating rate: 0.25 K/min
Gas Flow: 250 mi/min
Atmosphere: Nitrogen
003
Peak: 20.5 °C
002
Onset*: 10,1 °C Area: 16.01 J/g
0.01 __E_M’—d«—/» .
ol
000
-0.01 N
Peakeiin e Peak: 12.4 °C
-0.02
-0.03
-0.04
10 0 10 30 40 50 60

20
Temperature °C
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10



E. Erkizia et al.

Table 5

Thermal conductivities at 5 and 35 °C of MPCMs, rGO, pure cement paste at w/b
ratio of 0.33 and pastes with and without rGO and three types of MPCMs. *The
pellets of Nx24 (made to measure thermal conductivity) lose their shape and
disintegrate, making it impossible to do the measurement.

Samples Thermal conductivity (W/m/K) Thermal conductivity (W/m/K)
@5°C @35°C
Average value Average value
rGO 0.518 @20 °C
MRT24 0.145 0.111
Nx24 0.2677 N.A*
MPT25 0.296 0.243
REF-1a 0.947 0.880
P1-rGO 0.869 0.838
P1-RT24 0.750 0.698
P1-RT24- 0.723 0.698
1GO
REF-1b 0.918 0.866
P1-Nx24 0.73 0.673
P1-Nx24- 0.725 0.666
GO
REF-2 0.732 0.713
P2-rGO 0.773 0.754
P2-PT25 0.600 0.578
P2-PT25- 0.551 0.547
GO

at 12 °C and the other one at around —1 °C.

It should be pointed out that the phase transition at 12 °C found in
the paste did not appear in the MPT25 thermogram. It is not very clear
the reason for this effect, but it indicates the importance of analyzing the
thermophysical properties of all the composites since unexpected
behavior can be observed. The second largest peak in the cooling process
is around —1 °C similar to the one found in the MPT25 thermogram and
another small peak is also observed at 1 °C. It should be underlined that
due to the peak at 12 °C, the hysteresis between the heating and cooling
peak is much lower in the case of the paste compared to the just MPT25
thermogram. Similar results were obtained in all pastes with the addi-
tion of rGO (see Supplementary material, Fig. S7).

When the different pastes are compared, the largest melting enthalpy
was observed in the pastes with 20 % Vol. Nx24D, which was expected
since for the same amount of mass the microencapsulated Nx24 showed
a higher heat storage capacity than the other microencapsulated PCMs.
The second largest thermal enthalpy is shown by the pastes with MPT25,
followed by the pastes with MRT24. The highest difference between
melting and cooling temperature peaks is observed for the pastes con-
taining MRT24 and MPT25. Interestingly, the P-MPT25 pastes have a
narrower temperature difference peaks than expected (taking into ac-
count the temperature difference between melting and solidifying
shown by the MPT25 on its own). In terms of latent energy storage, the
microencapsulated Nx24 give the best results, followed by the MPT25.
The Nx24 also shows the lowest difference between heating and cooling
peaks. In general, the addition of rGO does not have a large effect on the
latent heat (see Suppl. mat., Fig. S7).

3.2.2. Thermal conductivity and thermal diffusivity

In addition to a high energy storage capacity, thermal conductivity
and/or diffusivity are important parameters for assessing the ability of a
cement paste/PCM mixture to store and release this energy quickly. In
order to modify these parameters and thus obtain a more versatile final
mixture, rGO was added to the pastes. The thermal conductivities of the
pastes, without and with rGO, were characterized by the transient hot
disk method and their thermal diffusivity by the laser flash technique. In
the literature, high electrical and thermal conductivities (e.g., between
30 and 2600 Wm ™! K™!) have been published for rGO thin films [48],
but these types of materials show an anisotropic behavior, that is, the
thermal conductivity of the material varies depending on the direction
(in-plane or cross-plane) of conduction, usually having a high

11

Journal of Energy Storage 84 (2024) 110675

Thermal conductivity

® Pastes with MRT24 @5"C
a » Pastes with MRT24 @35°C

08
0.6

0 II II II II

04

Thermal conductivity (W/m/K)

REF-1a P1-0.31GO P1-20RT24 P1-20RT24-0.3rGO
Samples
b)
Thermal conductivity
12 ® Pastes with MNx24 @5°C

% T = Pastes with MNx24 @35°C
)

£

E

2 08

>

2 06

=}

g

s 04

=

E 02

QL

=

= 0

REF-1b PI-0.31GO P1-20Nx24 P1-20Nx24-0.3rGO
Samples
©)

Thermal conductivity

® Pastes with MPT25 @5°C

g
'E 1 u Pastes with MPT25 @35°C
=
= 0,8 ) "
Z
T 06
S s
=
g
5 04
=
E 0,2
7]
=
[_‘

0

REF-2 P2-0.31GO P2-20PT25 P2-20PT25-0.3rGO
Samples

Fig. 8. a) Thermal conductivity data obtained for the pastes with MRT24 with
and without rGO compared to their reference paste; b) Thermal conductivity
measured for the pastes with Nx24 with and without rGO compared to their
reference paste; ¢) Thermal conductivity data obtained for the pastes with
MPT25 with and without rGO compared to their reference paste.

conductivity in the in-plane direction and much lower in the cross-plane
direction [49]. For example, Renteria et al. [49] measured an in-plane
thermal conductivity of 61 Wm™! K™! and a cross-plane thermal con-
ductivity of ~0.09 Wm ! K~! in reduced graphene oxide films annealed
at temperatures up to 1000 °C.

Table 5 summarizes the results obtained for the different cement
pastes with MPCM and rGO. This table shows the very good reproduc-
ibility of the tests with a maximum standard deviation of 4 % of the
different average values (1 % in average). In addition, the adequacy of
the method was assessed by studying the residuals between the experi-
mental thermograms of all the tests carried out and the theoretical
model. In all cases, these residues can be assimilated to white noise,
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Table 6

Journal of Energy Storage 84 (2024) 110675

Thermal diffusivity of the pastes characterized by LFA and estimated by the Hot-Disk measurements.

Samples Ther. Diff. (mm?/s) LFA @5 °C Ther. Diff. (mm?/s) HD @5 °C Ther. Diff. (mm?/s) LFA @35 °C Ther. Diff. (mm?/s) HD @35 °C
Average value Average value Average value Average value
REF-1a 0.388 0.4138 0.365 0.3222
P1-rGO 0.379 - 0.352 -
P1-MRT24 0.29 0.3381 0.274 0.2921
P1-MRT24-rGO 0.295 0.3145 0.249 0.2789
REF-1b 0.395 0.5042 0.372 0.35
P1-rGO 0.371 0.4709 0.352 0.3675
P1-Nx24 0.33 0.3604 0.278 0.2994
P1-Nx24-rGO 0.317 0.3615 0.263 0.2991
REF-2 0.339 0.3362 0.319 0.2887
P2-rGO 0.322 0.3430 0.304 0.2894
P2-MPT25 0.272 0.2810 0.261 0.2457
P2-MPT25-rGO 0.282 0.2768 0.264 0.2579

centred on zero and of low amplitude (about 200 pK for a total tem-
perature rise of about 2 K).

Besides the pastes, the thermal conductivity of the MPCMs as well as
the rGO was also characterized. The microencapsulated PCMs show
expected thermal conductivities. For example, the thermal conductivity
of RT24 is reported to be 0.2 Wm ! k! [36], and in the case of PT25,
0.15 Wm! K! for liquid phase and 0.25 W/m™~! K! for solid phase
[38], all similar to the results obtained for the microencapsulated PCMs
in the current study. The rGO also shows a low thermal conductivity,
although it is larger than the ones shown by MPCMs. It is important to
mentioned that this low conductivity is probably due to the fact that the
prepared rGO pellet for the measurement is formed by randomly
distributed platelets (i.e., not ordered) and because of their strongly
anisotropic thermal conductivity behavior, the average thermal con-
ductivity measured is low.

In Fig. 8, the thermal conductivities measured at 5 °C and 35 °C are
plotted. Fig. 8a shows the thermal conductivities of the pastes with
MRT24 with and without rGO, Fig. 8b shows the conductivity of the
pastes with Nx24, with and without rGO and Fig. 8c shows the thermal
conductivities of pastes with MPT25 with and without rGO.

Strong variation in thermal conductivity can be observed between
REF-1 (a and b) and REF-2 which is probably due to the larger porosity
in REF-2. Nevertheless, the trend is similar in all the pastes when the
MPCMs are added. The thermal conductivities of the cement pastes
decrease when MPCMs are added, between 17 and 29 %. This result was
expected since the MPCMs have lower thermal conductivity [36,38]
than the paste (Table 5), leading to an overall decrease in the effective
thermal conductivity of the mixture. Unfortunately, the addition of rGO
has no significant impact on thermal conductivity of the cement pastes,
although it generally tends to slightly reduce the effective thermal
conductivity of the mixture (up to 8 %) except in the case of paste 2
where it increases slightly. This could be due to the fact that the addition
of rGO to REF-2 decreases somewhat the porosity (see Fig. 5¢). The low
thermal conductivity could be due to a bad dispersion of the rGO par-
ticles. Regarding the type of MPCM used, no significant impact was
observed; on average the resulting effective thermal conductivities
decrease of ca. 20 % when compared to the corresponding reference
cement paste. Nevertheless, it should be noted that the combination of
MPT25 and rGO leads to a significant decrease of ca. 29 % of the thermal
conductivity of the cement paste. The SEM images and porosimetry in
Section 2.1 can explain this variation by the higher porosity of this
mixture compared to the other ones. Finally, the thermal conductivities
of the cement pastes tend to decrease when temperature increases, a
behavior already reported in literature [50].

LFA was used to determine the thermal diffusivity of the pastes at the
same temperatures (5 °C and 35 °C). They were compared to the ones
estimated through the Hot-Disk thermal conductivity measurements. In
Table 6 the thermal diffusivity values obtained with LFA and the ones
estimated by Hot-Disk are shown. Furthermore, the results obtained by
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LFA of the different pastes are plotted in Fig. 9.

In general terms, the thermal diffusivity estimated by Hot-Disk is
slightly higher than the ones measured by LFA. The results show that the
thermal diffusivity decreases with the addition of the MPCMs. Overall,
the diffusivity is reduced between 16 % and 25 % at both temperatures
when MPCMs are added. The thermal diffusivity shown by the REF-2
paste is slightly smaller than the other references, but the reduction
when MPT25 is added follows the same trend as the other pastes.
Furthermore, the diffusivity is reduced with temperature increase. The
addition of rGO does not increase the diffusivity. These results are very
similar to the ones obtained for thermal conductivity.

3.2.3. Electrical conductivity

Electrical conductivity of the pastes was also measured by broadband
dielectric spectrometer to evaluate the effect of the added rGO. The
electrical conductivity was measured at room temperature in the fre-
quency range 0.2 Hz to 1 MHz. Fig. 10 shows the electrical conductivity
of the pastes as a function of frequency with the different MPCMs and
with and without rGO. The electrical conductivity of the reference pastes
measured at 50 Hz ranges between 2.1e-10 and 2.5e-9 S/cm. These are
low conductivities, and it is probably due to the movement of ions found
in the water within the pores of the paste [51,52]. Electrical conduc-
tivity of rGO at 42 °C was measured to be 1.0e-2 S/cm. The electrical
conductivity of the reference pastes are around 8 orders of magnitude
lower than the conductivity of rGO. Since electrical conductivity of rGO
is many orders of magnitude higher than a cement paste, it was expected
to see an improvement of this property in the cement paste mixed with
rGO. Unfortunately, this was not the case and in fact, the addition of the
rGO does not have much effect in the conductivity of the pastes and are
similar to the reference pastes. Furthermore, addition of 20 % of MRT24
and Nx24 with and without rGO does not seem to change much the
electrical conductivity of their pastes either. Only in the case of pastes
with MPT25, a larger increase of electrical conductivity can be observed,
especially in the paste with both additions (MPT25 and rGO), where the
electrical conductivity increases two orders of magnitude compared to
the reference paste.

However, these conductivities are still quite low and in the range of
ionic conductivity. The conductivity is probably due to the movement of
ions found in the water in the pores. These results suggest that the rGO is
probably not well dispersed in the matrix and therefore an increase in
electrical conductivity is not observed. It is well known that graphene
besides being hydrophobic, it tends to agglomerate, and different
dispersion techniques can be found in the literature [58]. Because of
that, the main purpose of synthesizing a reduced graphene oxide and
adding it as a water dispersion to the cement paste was to improve the
dispersion in the cement matrix. However, it seems that a good disper-
sion of the rGO was not achieved in this case.
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Fig. 10. Electrical conductivity measured at room temperature and different
frequencies of a) pastes with MRT24 and rGO (it was not possible to obtain the
electrical conductivity of P1-MRT24 because the sample broke during the
measurement); b) pastes with Nx24 with and without rGO and c) pastes with
MPT25 with and without rGO.

4. Conclusions

Cement pastes that contain 20 % in Vol. of three different micro-
encapsulated phase change materials (two paraffin based, RubiTherm24
and Nextek24, and one bio-based, PureTemp25) have been cast with a
water/binder ratio of 0.33. Furthermore, with the goal of improving the
charge/discharge response of the MPCM-pastes, 0.3 wt% reduced gra-
phene oxide (rGO) was added, and the characterization of the thermal
and electrical properties, as well as the energy storage capacity of all the
pastes was carried out, including the comparison between them. More-
over, the morphology of the pastes as well as the pore size distribution
have been characterized by scanning electron microscopy and mercury
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intrusion porosimetry. Two different paste volumes and mixing pro-
cedures have been used to prepare the pastes. Cement pastes that
contain RubiTherm24 (MRT24) and Nextek 24D (Nx24) were mixed at
smaller mortar volume and higher speed than the pastes prepared with
PureTemp25 (MPT25), which were done at higher mortar volume and
slower mixing speed with the aim of analyzing the scaling up of the
mixing procedure. This difference had an effect in the final porosity of
the pastes. Overall, the pastes mixed at higher speed showed a lower
porosity than the ones prepared at lower speed. As it was mentioned, the
addition of the MPCMs as well as rGO, has worsen the workability of the
pastes, and the use of a less powerful mixing could have produced a
more porous final paste. These results should be considered when
designing the scaling up of the process to produce large amount of
material.

Differences in the Differential Scanning Calorimeters thermograms
between the microencapsulated PCM (MRT24 and MPT25) and the raw
PCM were observed. In both cases, the cooling peak temperature of
MPCM is much lower than in the raw PCM (according to data from the
supplier and [45]). This delay in phase change transition might be due to
the insulating effect of the shell. This result indicates that microencap-
sulation can modify thermophysical properties of the PCMs. In the case
of the DSC thermograms of the pastes with MPCMs, with and without
rGO, they are very similar to the ones shown by the microencapsulated
PCMs, except in the case of MPT25. In the latter, the paste with MPT25
(with and without rGO) shows a similar heating peak temperature, but
the cooling peak temperature is higher than in the case of just MPT25
(12 °C vs —4 °C). It is not clear the reason of this result. However, it
suggests that in order to choose the right PCM for the thermal energy
storage (TES) application it is not only important to know the thermo-
physical properties of the PCMs but also the response when they are
microencapsulated and embedded in the material chosen for the TES
system.

Regarding the melting enthalpy, all the pastes have a similar melting
enthalpy, although the largest is shown by the paste which contains
Nx24 (19 J/g) followed by the paste with the bio-PCM MPT25 (17 J/g),
and finally by the paste with MRT24 (13 J/g). This was expected since
the microencapsulated PCM that showed the largest melting enthalpy
was Nx24 followed by MPT25 and then by MRT24. All samples show
displacement between melting and cooling peaks, being the largest one
shown by the pastes that contained MRT24, followed by the pastes with
MPT25 microcapsules. The lowest displacement was shown by the
pastes with Nx24.

Regarding the thermal conductivity and diffusivity, the reference
paste with higher porosity (REF-2) has a lower thermal conductivity and
lower diffusivity compared to the other reference pastes (REFla and
REF1b). This could be due to the larger porosity shown by REF-2.
However, all the pastes showed similar trend when MPCMs were
added, i.e., their addition reduced even more the thermal conductivity
and diffusivity of the composites. Furthermore, the addition of rGO does
not have a significant impact on thermal conductivity and diffusivity.
The low thermal conductivity could be due to a bad dispersion of the
rGO micro/nanoplatelets. Furthermore, rGO shows anisotropy in ther-
mal conductivity, having a larger conductivity in one direction (in-
plane) opposed to the other one (cross-plane) [49]. Therefore, a bad and
random distribution of the platelets could end up showing an average
low thermal conductivity in the whole paste. Moreover, the bad
dispersion could also be the reason for the low electrical conductivities
obtained when rGO was added to the different MPCMs pastes. It must
also be mentioned that in the current work the measurements of thermal
diffusivity carried out by both methods, Hot-Disk and Laser Flash
technique (LFA), are in good agreement. These results validated the Hot-
Disk as a good method for determining thermal diffusivity of these
materials.

To conclude, regarding heat capacity, the best MPCM is the paraffin
based Nx24 (highest thermal enthalpy and lowest peak temperature
displacement between melting and cooling), whereas the biobased
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MPT25 shows the next best behavior, but with a larger displacement
between heating and cooling peaks, this being no good for obtaining
complete heat absorption and release cycles (at similar room tempera-
ture). The current study underscores the importance of fully character-
izing and having information of the thermal properties of all the
elements (raw PCMs, MPCMs and their combination with cement com-
posites) in order to be able to evaluate the best PCM options for the
application sought for.
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