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This study aims to understand the impact of carbonation on the photocatalytic self-cleaning and radiative cooling
properties of autoclaved cement composites. The composites are prepared with varying silica contents and
sources, with and without alumina addition under autoclave conditions. The phase composition, microstructure,
optical properties, and photocatalytic self-cleaning performance are systematically characterized and analyzed.
Outdoor measurements are conducted to validate the cooling performance of the material under ambient con-
ditions. Cracking behaviors during autoclave/carbonation treatments and the performance degradation in
functionalities upon carbonation are observed. The cement/nanosilica/alumina ternary system demonstrates the
best overall performance, considering productibility during autoclave curing, effectiveness, and carbonation
durability of functionalities. C-A-S-H minerals, mainly Al-Foshagite, in this system, serve as precursors for the
generation of y-Al;O3 upon carbonation, mitigating the deterioration of photocatalytic properties. The findings
are expected to provide new insights for the development and engineering practice of functional cementitious

materials for durable cooling applications.

1. Introduction
1.1. Research background

In recent decades, radiative cooling technologies have gained global
attention and have been extensively studied thanks to their significant
potential for energy-free cooling and potential contributions to carbon
neutrality [1]. Radiative cooling relies on both a high solar spectral
reflectance (Rgyp, A~0.3-2.5 pm) and a high atmospheric window
spectral emissivity (eaw, A~8-13 pm) to maximize thermal dissipation
through the long-wave infrared atmospheric transparent window to the
universe and minimize solar energy gain [2].

Concerns have also been raised regarding the sustainability and
durability of commercially developed organic radiative coolers [3-5].
The fabrication of organic radiative coolers often involves the use of
toxic volatile solvents like tetrahydrofuran and dimethylformamide [6,
71, and the release of volatile organic compounds (VOCs) during their
service can pose health risks [4]. Moreover, the weak ultraviolet (UV)
resistance of polymeric materials limits their applicability due to the
degradation under long-term solar irradiation [8].

To address the aforementioned issues, inorganic radiative coolers for

building applications have also been developed [1,9-11]. Among these,
autoclaved cementitious pastes have been found to significantly increase
Rgqun and radiative cooling performance by promoting microstructural
and phase composition alterations of the cementitious matrices [1].
Cementitious cooling pastes are manufactured using white cement, sil-
ica, alumina, and whitening agents under autoclave conditions. The
main hydration products are amorphous and crystalline C-S-H phases.
The types and contents of crystals in the generated C-S-H are deter-
mined by the properties and content of silica sources [12]. Additionally,
the addition of aluminum sources (alumina and aluminum-bearing
SCMs) under autoclave conditions can lead to the formation of
aluminum-substituted C-S-H (C-A-S-H) and aluminum-based minerals
(e.g., hydrogarnets) in cementitious systems [13,14]. The Mie reso-
nances between the incident solar irradiation and the nano- and
micro-hydrate particles promote Mie scattering on the cooler surface,
which could further increase Rgyp.

Additionally, by incorporating TiO» nanoparticles into cementitious
matrixes, the photocatalytic self-cleaning mechanism driven by the UV
band of solar irradiation has been empowered [14,15]. It is expected to
resist the contamination of a cooler surface during service, thereby
achieving durable and efficient radiative cooling. The contribution of
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aluminum incorporation to the photocatalytic properties of cementi-
tious materials has been revealed in previous studies [14,16]. However,
(alumino-)silicate cement pastes, as a kind of cement-based material,
would undergo carbonation when exposed to the ambient environment
for long-term service [17,18]. The impact of carbonation on autoclaved
cement pastes with silica addition could be magnified due to its higher
amount of calcium silicate hydrate (C-S-H) phases than normal
cement-based materials [1,19]. Changes in microstructure and phase
composition driven by carbonation could consequently impact their
optical properties for photocatalytic self-cleaning and radiative cooling
[1,20,21].

Previous research has demonstrated that the carbonation behavior
(kinetics and products) of C-S-H is influenced by the Ca/Si ratio, metal
incorporation (e.g. the substitution of Si atoms in C-S-H by Al atoms),
and existing phases [22-25]. The Ca/Si ratios of C-S-H were found to
affect the decalcification process, and the presence of quartz has been
shown to induce the generation of vaterite rather than calcite during
carbonation curing [1,15,26,27]. The aluminum incorporation in C-S-H
could also alter its carbonation kinetics [22,28]. Hence, it is reasonable
to assume that the silica crystallinity (source), Ca/Si ratio, and alumina
addition could impact the carbonation kinetics and products [14].
Consequently, the radiative cooling and photocatalytic self-cleaning
performance of aluminosilicate cement pastes are affected [15,26].

Furthermore, autoclaved aluminosilicate cement pastes may exhibit
different carbonation kinetics due to their distinct phase composition
compared to normal cementitious systems [14,22,24,29,30]. Research
investigating the effects of carbonation on the radiative cooling and
photocatalytic self-cleaning properties of aluminosilicate cement pastes,
as well as the influencing factors mentioned above, has not been re-
ported. Therefore, studying the carbonation behaviors of aluminosili-
cate cement pastes and their impact on the physical and chemical
properties is crucial for understanding the durability and engineering
potential of multifunctional cementitious materials.

1.2. Scientific significance

Given the importance of an efficient self-cleaning mechanism for
long-term efficient radiative cooling and the inevitable carbonation
during service, this study aims to reveal the evolution of photocatalytic
self-cleaning and radiative cooling properties of aluminosilicate
cementitious pastes, with different physicochemical properties, upon
carbonation. Specifically, the roles of silica (content and source),
alumina, and the combination of silica and alumina on the carbonation
durability of functionalities of multifunctional cementitious materials
will be systematically investigated.

To achieve these goals, photocatalytic cement pastes are prepared
with varying silica contents and sources, with and without alumina
addition under autoclave conditions. The phase composition, micro-
structure, optical properties, and photocatalytic self-cleaning perfor-
mance of the prepared pastes are characterized and analyzed using
multiple techniques. On-site outdoor measurements are conducted to
validate the cooling performance of the materials.
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2. Materials and methods
2.1. Materials and sample fabrication

White Portland cement (CEM I 52,5 R, Aalborg White, 76 wt% C3S,
16 wt% CsS, 5 wt% C3A, 1 wt% C4AF), micro quartz powder (SF500,
SIKRON, ds¢ = 5 pm), nanosilica (>99 %, EuroSupport), a-alumina (>99
%, Sigma Aldrich), and anatase titania (>99 %, Sigma Aldrich) are used
for sample preparation. Contents of quartz, nanosilica, and alumina are
adjusted to modify the C-S-H properties (Ca/Si ratio and aluminum
incorporation) of the final products (Table 1). The photocatalyst is kept
at 5 wt% of all mixes. XRD patterns and crystallinity of quartz and
nanosilica can be found in our previous study [14]. The water-to-powder
ratio (W/P) of 0.4 is used for all recipes, while the
polycarboxylate-based liquid superplasticizer (SP, ViscoFlow-3000,
Sika) is applied to ensure workability when nanosilica is used. To bet-
ter observe and understand the impact of original cement chemistry on
the radiative cooling and self-cleaning properties of aluminosilicate
cement pastes, additional whitening agents (rutile TiO,, calcite, and
BaSO,) are not used in this study.

Due to the varying particle size ranges of raw materials, different
analytical devices are utilized. The particle size distributions (PSD) of
cement, quartz powder, and alumina are determined using Mastersizer
2000 (Malvern), while the PSD of nanosilica and TiO, nanoparticles is
determined using Zetasizer Nano (Malvern). The results are presented in
Fig. 1.

Before sample preparation, the pre-mixing (200 rpm, 2 min) of dry
powders is conducted using a planetary ball mill (Pulverisette 5, Fritsch)
for better homogeneity. SP dispersions are prepared by mixing SP with
25 wt% deionized (DI) water with a magnetic stirrer for 30 s. Milled
powder mixtures are first mixed with 75 wt% DI water at low speed for
60 s with a high-speed mixer (KitchenAid). The SP dispersion is then
added to the bowl, mixed at low speed for 60 s, and then at high speed
for 60 s. After mixing, paste slurries are cast into molds (4 x 4 x 16 cmg),
covered by plastic foils to prevent moisture loss and CO5 exposure, and
then cured at 20 + 0.5 °C for 24 h. The hardened specimens are then
demolded and cured under hydrothermal conditions (~13 atm,
~190 °C, ~8 h). After autoclave, specimens are cut into slices (4 x 4 x 1
cm?). Some slices are dried in a vacuum chamber at 40 °C for 24 h for the
characterization of uncarbonated samples. Other slices are saturated in
DI water for 24 h to eliminate the impact of internal moisture and then
moved to the climate chamber for accelerated carbonation.

In this study, a constant COy concentration of 3 % is maintained
throughout the carbonation process, the temperature is kept constant at
20 °C, the relative humidity is kept at 60 %, and a total duration of 14
d is applied.

2.2. Methodology

2.2.1. Phase composition

To characterize the phase composition of as-prepared aluminosili-
cate cement pastes, crushed paste pieces are milled using an XRD mill
(McCrone, Retsch) and subsequently sieved to obtain particles below 40
pm in size. The mineral composition of aluminosilicate cement pastes is

Table 1
Mix design of cooling aluminosilicate cement pastes.
Sample Materials [wt.%] W/P SP/P [%]
Cement Quartz Nanosilica Alumina Titania
Al 95 / / / 5 0.4 /
A2 76 19 / / 5 0.4 /
A3 57 38 / / 5 0.4 /
A4 57 19 / 19 5 0.4 0.7
A5 76 / 19 / 5 0.4 2.7
A6 57 / 19 19 5 0.4 4.1
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Fig. 1. Particle size distribution of raw materials.

determined using an XRD instrument (D4, Bruker), performed with a
cobalt tube (Ko of 1.78897 and Koy, of 1.79285), an accelerating voltage
of 40 kV (15 mA), an interval of 0.02°/s, a residence time of 0.5 s, and
the 20 range set from 10 to 90°. Thermogravimetric analysis is con-
ducted using a TGA device (STA 449 F1 Jupiter, Netzsch). Approxi-
mately 50 mg of each sample, in the form of ground fine powders, is
heated from 40 to 1000 °C at a heating rate of 5 °C/min, with nitrogen
used as the protective gas. The chemical bonds present in the samples
are analyzed using an FTIR spectroscopy system (Frontier, PerkinElmer)
equipped with an attenuated total reflection (ATR) crystal (GladiATR,
PIKE technologies). The scanning range covered from 400 cm™'-4000
cm ! with a resolution of 1 cm™?, enabling the identification of specific
chemical functional groups.

2.2.2. Microstructure

Crushed species are sieved (3-4 mm) for MIP measurements. The
Mercury porosimeter (AutoPore V, Micromeritics), working with a
pressure between 14 kPa and 228 MPa, the surface tension of mercury of
485 N/m, and a contact angle of 130°, is applied in this study.

The fine paste particles sieved below 40 pm are dried and degassed at
40 °C under Nj flow for 4 h. Subsequently, the processed powders are
analyzed using a porosimeter (TriStar II 3020, Micromeritics) to deter-
mine the Brunauer-Emmet-Teller (BET) specific surface area (SSA) at
—196 °C under an N5 environment.

For SEM analysis, crushed thin pieces are put on holders and then
coated with a thin layer of gold using a sputter coater (K550X, Emitech).
The sputter coater applied a current of 30 mA for 30 s, resulting in the
deposition of a conductive gold layer on the surface. The observation is
conducted using microscopy (Phenom ProX, Thermo Fisher Scientific)
operating at an accelerating voltage of 15 kV. The coupled energy-
dispersive spectrometer (EDS) is utilized for quantitative analysis. It is
noted that EDS analysis is typically applied to flat surfaces, particularly
for the element mapping of a large area, because rough surfaces can
cause a shadowing effect that may affect the accuracy of the analysis. in
this study, However, the phases investigated by EDS are both crystals
with clear morphologies and edges in SEM. Hence, the shadowing effect
is not a concern in this situation when the spectrum acquisition for
different spots is applied on these crystals.

2.2.3. Optical properties

Solar reflection spectra are measured using a UV-VIS-NIR spectro-
photometer (UV-3102 PC, Shimadzu) equipped with an integrating
sphere model (MPC-3100, Shimadzu). The spectra are recorded within
the wavelength range of 300-2500 nm, with a scanning interval of 1 nm.
Mid-infrared emissivity spectra (A~8-13 pm) are obtained using an FTIR

spectroscopy (Frontier, PerkinElmer) equipped with an integrating
sphere (IntegratIR, PIKE technologies). The spectra are recorded within
the wavenumber range of 4000 cm ! to 560 cm !, with a resolution of 1
em™!. The calculation of solar spectral reflectivity (Rgy,) and atmo-
spheric window spectral emissivity (e,y) follows:

2.5 ym

028 ym LMR(A)d2
2.5 ym I(/’L)dj.

0.28 ym

Rgyn = Eq. 1

13 1 G ()Ig(A, T)dA

—-8m Eq. 2
I (4, T)d2

Eaw = 13 ym
8 ym

G
. Eq. 3

e —1)

(4, T)=

Where A is the wavelength [nm], R()) is the reflectance spectrum, I(\) is
the global solar intensity spectrum at sea level from Ref. [31], o(4) is the
absorptivity spectrum, Iz(4,T) is the thermal emission spectrum of the
blackbody at temperature T, C; is 3.743 x 1071 W m?, C, is 1.4387 x
102mK.

Furthermore, the optical band energy is determined using Tauc plot,
which is a general method of determining the optical band gap in
semiconductors, by applying the absorption spectra over the UV-VIS
range [32].

2.2.4. Photocatalytic self-cleaning performance

To avoid the impact of moisture level on photocatalytic properties,
polished slices are saturated with DI water by immersing them for 24 h
and then naturally dried overnight (20 + 1 °C), and then stained by
Rhodamine b (RB) solution (0.1 mM), and then naturally dried in a black
box overnight (20 + 1 °C) [33]. Stained slices are irradiated by a UV
lamp (10 W/m?) the wavelength ranges from 300 nm to 400 nm,
centered at 345 nm, at 0 min, 10 min, 30 min, 120 min, 600 min, and
2400 min. And then the surfaces are scanned by a UV-VIS spectrometer
(USB 4000, Ocean optics) equipped with a halogen light source
(HL-2000-FHSA, Ocean Optics). CIE a*, which is the dominant coordi-
nate of dye RB in the CIE Lab color space, is collected with 60 scans after
each radiation time of each slice, and the average is used [30]. The
discoloration rates/self-cleaning performance (¢,) at different irradia-
tion times are calculated by:

ap — a;

P =""""tx 100 %

Eq. 4
aop 4
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Where ag is the a* before UV irradiation and a, is the a* after t min UV
irradiation.

2.2.5. On-site cooling performance measurement

The field measurements are conducted on the SolarBEAT Roof at the
Vertigo Building (51.44641°N, 5.48511°E), TU Einhoven (https://www.
tue.nl/en/research/research-labs/solarbeat/). The cooling performance
of aluminosilicate cement paste slices (4 x 4 x 1 cm®) is determined by
the experimental setup as depicted in Fig. 2. The measurement setup
consists of the following components:

1. Insulation boxes: Three insulation boxes, each with dimensions of 10
x 10 x 10 cm?, are utilized. These boxes are constructed with a steel
base and aluminum foil, along with three insulation layers. Each
insulation layer had a thickness of 2 cm. The thermal conductivities
of the extruded polystyrene (XPS, JACKODUR Plus 300 Standard,
Jackson insulation) layer and silica aerogel (IC3100, Cabot) layers
are 0.027 W/(m-K) and 0.012 W/(m-K), respectively. The insulation
layers and reflective foil are employed to minimize the thermal gain
of boxes, while the steel base ensures stability.

2. Pyranometer and sun tracker: A pyranometer (MS802, EKO In-
struments) is used to measure solar radiation, while a sun tracker
(STR220, EKO Instruments) is employed to precisely track the
movement of the sun.

3. Wind sensor: A wind sensor (V200A Ultrasonic, Lufft) is utilized to
measure wind speed.

4. Thermistor sensors: Three high-accuracy thermistor sensors (NTC,
SENSOR DATA, +0.05 °C) are employed to measure the internal
temperature.

5. Data logger: A data logger model SQ2040 (Grant) is used to collect
and record the data from the various sensors.

All the data are collected with an interval of 1 min. To prevent heat
convection between the air and the cooling slice, a transparent poly-
ethylene (PE) film is placed above the cooling slice, maintaining a 0.5
cm gap. An infrared camera (B360, FLIR) is used to capture thermal
images. It is important to note that the default emissivity of 0.9, distance
of 1.0 m, and air temperature of 25.0 °C are utilized for surface tem-
perature measurements. Obtained IR photos are processed by the
assembled software (ThermaCAM Researcher Professional 2.8 SR-1) for
background and area temperature acquisition.

Furthermore, it should be noted that all measured temperatures,
both surface and internal, of the cooling slices installed on the insulation
boxes are intended to demonstrate the cooling performance of the pre-
pared materials. Further field studies are necessary to assess the actual
performance of these materials in real engineering practice.
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3. Results
3.1. Crack formation upon autoclave curing and accelerated carbonation

Crack formation is a major failure pattern for cementitious materials
[34]. In this study, visible cracks are observed in some samples upon the
hydrothermal hydration and accelerated carbonation (Fig. 3). After the
autoclave treatment, A5 with a high volume of nanosilica addition (19
wt%), presents structural failure and breaks into two parts with a typical
expansion cracking. Meanwhile, no cracks are observed in A6, although
A6 is also prepared with 19 wt% of nanosilica and an additional 19 wt%
of a-alumina. These results demonstrate that the use of a-alumina could
prevent the crack formation of aluminosilicate cement pastes upon
autoclave curing, when the high-volume nanosilica is used.

Following the accelerated carbonation, cracks in carbonated A2
make the slice fragile which could not keep the structural integrality,
while visible cracks are observed in A3 but with a good structural
integrality. These results demonstrate that the increase in quartz content
does not always promote the formation of cracks upon carbonation.
Unreactive fillers could also play an important role in preventing crack
formation, as no cracks were observed in our previous study when
unreactive whitening agents were used upon autoclave and accelerated
carbonation [1]. Hence, more of the unreactive quartz works as fillers in
A3.

According to the results above, silica source and alumina addition
significantly affect the cracking behavior upon hydrothermal hydration
and accelerated carbonation. As a result, the discussion of radiative
cooling and photocatalytic self-cleaning properties in this study will
focus on samples A1, A4, and A6, where cracks are not observed. The

A

1cm
A2 A3 —

Fig. 3. (a) Sample A5 with cracks upon autoclave curing and (b) Samples A2
and A3 with cracks upon carbonation.

4 PE film
i——]
T sensor—- ©
<

-/CHC
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Fig. 2. Schematic of the on-site cooling performance measurement setup.


https://www.tue.nl/en/research/research-labs/solarbeat/
https://www.tue.nl/en/research/research-labs/solarbeat/

D. Liu et al.

mechanism of crack formation, concerning the silica source, hydration
kinetics, carbonation kinetics, and aluminum incorporation, will be also
discussed in the subsequent sections, considering the phase composition
and microstructure evolution upon autoclave treatment and accelerated
carbonation.

3.2. Phase composition

3.2.1. Phase composition before carbonation

Fig. 4 presents the XRD patterns of uncarbonated aluminosilicate
cement pastes, revealing the crystalline phase composition. The peaks
located around 26 = 21.059° and 26 = 39.895° are indications of the
presence of calcium hydroxide (portlandite), and they are predomi-
nantly intense in sample Al. The peaks of portlandite are diminished in
other samples due to the high-temperature pozzolanic reactions
following the addition of reactive oxides (nanosilica, quartz, and
alumina). This is in line with the thermogravimetric results as the con-
tent of portlandite in sample Al is much higher than in other samples.
Another significant observation is the peak at around 26 = 29.494°,
attributed to anatase TiO,, which is a consequence of the incorporation
of the photocatalyst. Additionally, quartz (260 = 31.017°) is detected in
samples A2, A3, and A4, with varying peak intensities (A4 > A3 > A2).
The results indicate that, under autoclave conditions, Ca(OH), prefer-
entially reacts with alumina rather than quartz and alumina can stoi-
chiometrically bind more calcium than quartz. Hydrogarnet minerals,
including katoite (26 = 20.388°/37.705°/46.626°), and hibschite (20 =
20.737°/38.367°/47.463°), are identified in samples Al and A4. The
close diffraction angles of katoite and hibschite are attributed to similar
crystal structures. The peak intensities of hydrogarnets in sample A4 are
much higher than in sample Al, which is attributed to the different
aluminum availability. The aluminum may originate from aluminum-
bearing clinkers (1.63 wt% Al,O3 of unhydrated cement) as well as
additional alumina.

Furthermore, crystalline C-S-H (20 = 34.225°/37.400°) and various
C-S-H minerals, including jaffeite (20 = 35.957°/36.798°), tobermor-
itell A (20 = 33.767°/34.936°), jennite (20 = 34.225°/35.677°),
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tobermorite 14 A (20 = 33.812°/34.683°), and foshagite (20 = 35.265°),
have been identified across different samples. The close diffraction an-
gles (20 = 32.5°-37.5°) of these C-S-H phases are also attributed to their
similar crystal structures.

The presence of C-S-H phases across different samples is included in
Table S1. In sample Al, the presence of jaffeite, crystalline C-S-H, and
tobermorite 11 A are observed. Sample A2 exhibits tobermorite 14 A,
tobermorite 11 A, and jennite. In sample A3, tobermorite 11 A and
tobermorite 14 A are observed. The dominant C-S-H mineral changes
from jaffeite (A1) to tobermorite 14 A (A2), and then to tobermorite 11
A (A3), in tandem with the Ca0:SiO5 stoichiometric ratio varying from
4:1 to 1.6:1, and then to 0.9:1, when cement is replaced by quartz. This
discrepancy could be attributed to the average coordination number of
water molecules available to the Si-O tetrahedron, according to the
different SiO5:H50 stoichiometric ratios of these C-S—H minerals as
shown in Table S1. With the co-use of quartz and alumina, crystalline
C-S-H and jaffeite are observed in sample A4. Samples A5 and A6
exhibit similar patterns, with the presence of foshagite and crystalline
C-S-H. Tobermorite 11 A is observed in sample A6, but tobermorite 14
Ain sample A5, which is also in line with the discussion on H20 avail-
ability above, concerning the Basal spacing of tobermorite crystals [35].
Meanwhile, alumina and other aluminum-bearing phases are not
detected by XRD, which indicates that aluminum is completely incor-
porated into the C-S-H phases, with the generation of C-A-S-H phases
(amorphous + crystalline).

The TGA and DTG results, as depicted in Fig. 5 and detailed in
Table S1, offer insights into the phase composition and thermal
decomposition behavior of different samples. Amorphous C-S-H gel
exhibits gradual mass loss due to the release of loosely bound and
interlayer water, occurring over a broad temperature range from 40 °C
to 200 °C. Under autoclave conditions, the crystallinity of C-S-H could
be slightly increased [1,14]. Hence, the poor-crystalline C-S-H neces-
sitates an additional depolymerization process, resulting in a higher
decomposition temperature of 320 °C [36]. The incorporation of
aluminum causes amorphous C-A-S-H gel to decompose at higher tem-
peratures compared to C-S-H, within the range of 40 °C-600 °C [35].
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Fig. 4. X-ray diffraction patterns of uncarbonated aluminosilicate cement pastes.
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The mass loss observed between 450 °C and 550 °C can be attributed to
the dehydroxylation of portlandite, with sample Al displaying more
pronounced mass loss in this range compared to other samples. The
thermal decomposition of C-S-H minerals may involve two distinct
steps, commencing with dehydration at lower temperatures and fol-
lowed by dehydroxylation at higher temperatures [36]. Dehydration
temperatures may vary in different literature sources. For example, the
dehydration temperature from jennite to the metastable phase (meta-
jennite) was described as 100-250 °C in one literature [36] and
70-90 °C in another [37]. Tobermorite phases exhibit mass loss begin-
ning at 80 °C and extending up to 600 °C. As the temperature increases,
the crystal structure of tobermorite changes, marked by the gradual loss
of interlayer water molecules and a decrease in Basel spacing. The

thermal decomposition temperatures for other phases are as follows:
jaffeite at 550-800 °C and foshagite at 650-800 °C [38-40]. Different
decomposition temperature ranges of hydrogarnets have been reported
in various studies [41,42]. Based on the DTG curves as shown in Figs. 5
and 7, hydrogarnets in this study could decompose between 200 and
500 °C.

With the addition of a-alumina and different silica sources, different
phase compositions are observed, especially the different C-S-H phases.
Different phase compositions are expected to further affect optical
properties for radiative cooling and carbonation behaviors. Discussions
will be given in the subsequent sections.
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3.2.2. Phase composition after carbonation

The X-ray diffraction patterns of samples subjected to carbonation
are depicted in Fig. 6. Distinct polymorphs of calcium carbonates are
observed in different samples. Calcite is present in all samples except for
sample A3. Among these samples, sample Al exhibits the highest
diffraction intensity of calcite, emphasizing the role of portlandite in
calcite formation, as the direct precursor. Additionally, two other
polymorphs, vaterite, and aragonite, are observed in all samples. Most
C-S-H mineral phases, except for tobermorite 11 A, display disappear-
ing peaks in all samples, indicating the different carbonation kinetics of
different C-S-H minerals. Tobermorite 11 A is observed in all samples,
except for sample A4, which demonstrates the higher carbonation
resistance of tobermorite 11 A than other C-S-H phases. Hydrogarnets
are deemed stable under accelerated carbonation (3 % CO>), a conclu-
sion supported by both XRD and TGA results. Intriguingly, a new phase,
gamma-alumina (y-Aly03), in carbonated sample A6 is detected with the
XRD analytical software (HighScore Plus). However, the strong overlap
of diffraction peaks of calcite and y-Al,O3 renders this evidence weak.
Nevertheless, SEM and EDS observations, as depicted in Fig. 1le,
confirm the presence of gamma-alumina in carbonated sample A6.

According to TGA and DTG results, the different polymorphs of
calcium carbonates are determined by decomposition temperatures
(Fig. 7). The mass loss between 730 °C and 850 °C is assigned to calcite.
Aragonite and vaterite, as the metastable calcium carbonate minerals,
decompose at lower temperatures of 660-730 °C [43,44]. The decom-
position temperature range of amorphous calcium carbonate is lower
than the crystalline ones, which is determined as 400-660 °C. After
carbonation, C-S-H is also observed in all samples, which is attributed
to the existence of the critical Ca/Si ratio for the decalcification of
C-S-H gel [44]. It is important to note that the overlapping decompo-
sition temperatures (400-500 °C) of hydrogarnet and amorphous cal-
cium carbonate can affect the temperature-based mass calculations.
Therefore, sample A4 is excluded from the mass calculation.

The contents of distinct calcium carbonate phases are presented in
Table 2. Among these phases, amorphous calcium carbonate emerges as
the dominant calcium carbonate phase, with the content ranking as
follows: A2 > A3 > Al > A6. This finding diverges from observations on
general OPC-based materials, where calcite typically dominates as the
major calcium carbonate polymorph. This discrepancy could be attrib-
uted to the increased contents of C-S-H phases in autoclaved cement-
based materials (with silica) [1]. The content of vaterite/aragonite in
samples Al, A2, and A6 is similar and higher than in sample A3. Con-
cerning calcite, sample Al exhibits a significantly higher content
compared to samples A2 and A6, while sample A3 displays a notably low
calcite content of approximately 0.80 wt%.

In addition to microstructural refinement, the generated carbonation
products could also precipitate on the surface of TiOy nanoparticles,

Cement and Concrete Composites 152 (2024) 105626

Table 2
Contents of calcium carbonates based on TGA-DTG results.

Sample Content [wt.%]
CaCO3 (amor) Vaterite/Aragonite Calcite Cumulative
Al 21.59 9.61 19.70 50.91
A2 30.57 10.27 5.18 46.02
A3 24.91 4.93 0.80 30.64
A6 21.59 10.64 4.93 37.16

resulting in a sheltering effect and the occupation of active sites, which
may influence the photocatalytic properties [45]. Additionally, crys-
talline calcium carbonates may exert a stronger impact due to their
denser microstructure compared to the amorphous forms [15].

In addition to the conventional carbonation kinetics observed in
C-S-H phases, the results presented in Section 3.2.1 and Section 3.2.2
may reveal one distinct carbonation kinetic for Al-foshagite. This
particular kinetic appears to be a novel finding and has not been pre-
viously reported. By tracing the element aluminum, y-Al;O3 could
potentially originate from aluminum-bearing phases, including amor-
phous C-A-S-H, crystalline C-A-S-H, and Al-foshagite. The incorporation
of aluminum in crystalline C-S-H and foshagite has been determined by
EDS analysis, as shown in Fig. S1. However, previous studies on the
carbonation of amorphous and poorly crystalline C-A-S-H in cement-
based and geopolymer-based systems have not identified y-Al,O3 as a
carbonation product [46,47].

It can therefore be inferred that high-crystalline C-A-S-H minerals,
mainly Al-Foshagite, with a relatively higher Al/Si molar ratio, gener-
ated under autoclave conditions, serve as the aluminum source for
v-Al;03 generation upon carbonation. This suggests that Al-Foshagite is
the major precursor responsible for the generation of y-Al,O3 upon
carbonation. This transformation from a-Al;O3 to y-Al,Os3, facilitated by
Al-Foshagite as an intermediate, is significant. Unlike a-Al03, y-AlO3 is
known for its excellent adsorption and catalytic properties as a typical
porous medium. Therefore, as a good catalytic support, the generated
v-Al;03 may partially compensate for the degradation in photocatalytic
performance caused by carbonation, a topic that will be discussed in the
following sections.

Meanwhile, a limited decrease in SSA is observed with the genera-
tion of y-Al,03 (alongside the generation of silica gel) upon carbonation
(Table S2). This indicates that y-Al03 and silica gel are porous and can
provide more active sites than other carbonation products.

3.3. Microstructure

In cementitious systems, pores are typically categorized as follows:
1) gel pores (GP) with diameters below 10 nm, 2) medium capillary
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Fig. 7. TGA-DTG curves of carbonated aluminosilicate cement pastes.
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pores (MCP) with diameters ranging from 10 nm to 50 nm, 3) large
capillary pores (LCP) with diameters ranging from 50 nm to 1 pm, and 4)
macropores (MP) with diameters exceeding 1 pm [15]. These categories
are believed to make distinct contributions to the photocatalytic and
radiative cooling properties of cementitious materials, based on funda-
mental principles in photocatalysis and radiative cooling [1,14].

3.3.1. Microstructure of aluminosilicate cement pastes before carbonation

Fig. 8 shows the cumulative and incremental pore size distributions
of uncarbonated aluminosilicate cement pastes, while porosity and
average pore diameter are presented in Table 3. With the addition of
quartz addition (from Al to A2), the microstructure is refined with a
decreased porosity, average pore diameter, and LCP volume. Mean-
while, the same GP volumes are observed in samples A1 and A2, with a
decrease in the volume of large capillary pores of sample A2. The hy-
drothermal pozzolanic reaction between quartz and alkali is considered
to promote the generation of C-S-H phases, thus increasing the volume
of gel pores. This anomaly could be attributed to the different contri-
butions of the C-S-H phases to gel pore volume, as different dominant
C-S-H minerals are observed in samples Al and A2. With the further
addition of quartz (from A2 to A3), the porosity slightly decreases
however the average pore diameter decreases by 57.1 % (from 28.7 nm
to 12.3 nm). The decrease in the volume of large capillary pores in
samples A2 and A3 is attributed to the “filling” effect of unreactive
quartz particles.

The microstructure of sample A4 is considerably coarsened with a
porosity of about 42 % and an average pore diameter of above 100 nm
with a great increase in large capillary pore volume. Similar results were
observed in our previous study when a high volume of alumina was used
with the generation of a high amount of hydrogarnet. With the substi-
tution of cement by 18 wt% nanosilica, samples A5 and A6 present
similar porosities and average pore diameters. The extra substitution of
cement by alumina slightly increases the large capillary pore volume.

Fig. 9 displays different phases with varying morphologies in
different samples before undergoing the carbonation process. It is noted
that different magnifications were applied to better observe distinct
phases and morphologies. Sample Al exhibits distinct clusters of jaffeite
and partially reacted portlandite. This suggests potential reactions for
the production of jaffeite, possibly involving portlandite as a necessary
precursor [48]. Samples A2 and A3 present different morphologies of
tobermorite. Sample A2 showcases nanocrystal whiskers, while sample
A3 displays microcrystal flakes. Nanosized whiskers, as seen in sample
A2, are expected to provide more active sites for photocatalytic re-
actions. The morphologies of C-S-H minerals are not completely the
same as reported in the previous study [14]. It demonstrates that the
Ca0/Si0, ratio of raw materials also affects the morphology of
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generated C-S-H minerals.

Sample A4 is profiled by hydrogarnet particles with a diameter of
about 1 pm. Particles of this size can effectively scatter solar irradiation,
which is a favorable property for radiative cooling [1]. Sample A5 fea-
tures nano foshagite whiskers and cracks. The extension and growth of
these microcracks lead to the structural failure of sample A5 upon the
autoclave curing. The mechanism behind crack formation will be dis-
cussed further in Section 4.1. Sample A6 exhibits a honeycomb-like
structure composed of Al-foshagite/crystalline C-A-S-H. This
morphology is similar to that observed in synthesized semi-crystalline
C-A-S-H [49]. Comparatively, the Al-foshagite honeycomb shows
smaller pore diameters, indicating a potentially higher impact as a
photocatalytic support. Additionally, the presence of pores with a
diameter of about 1 pm is advantageous for scattering solar radiation
[1]. The morphology of the C-A-S-H crystals observed in this study dif-
fers somewhat from that observed in previous studies, which may be
attributed to variations in the Ca/Si ratios of the raw materials [50].

3.3.2. Microstructure of aluminosilicate cement pastes after carbonation

After carbonation, the expected refinement in porosity for all ma-
trixes occurs (Table 3). The larger variation in porosity for A2 compared
to A3 can explain the more pronounced cracking observed in sample A2
upon carbonation.

Upon carbonation, substantial decreases in surface area and medium
capillary pores are observed in samples Al and A4, while sample A6
retains approximately half of its medium capillary pores and about 80 %
of its surface area as presented in Fig. 10 and Table S2. The reduction in
medium capillary pores can significantly impact the photocatalytic
properties of the aluminosilicate cement pastes, as these pores play a
crucial role in the mass transport of photocatalytic reactions [15,26].
Additionally, the reduction in surface area could negatively affects the
photocatalytic properties by lowering the amount of active sites to
initiate photocatalytic reactions [49].

Fig. 11 presents SEM images of samples subjected to carbonated
aluminosilicate cement pastes. Sample Al displays a profile containing
calcite (cubic), vaterite (packed particles), aragonite (fibrous), and
amorphous phases (e.g. amorphous CaCOs and silica gel). In sample A2,
both calcite and aragonite are observed. Sample A3 exhibits uncarbo-
nated tobermorite 11 A, with carbonation products (amorphous CaCO3
and silica gel) precipitating on the edges of the tobermorite crystal
flakes. This observation suggests that the carbonation of tobermorite 11
A follows a dissolution-precipitation process. The relatively low solu-
bility of tobermorite 11 A may explain its high resistance to carbonation,
as crystalline tobermorite 11 A is less soluble than amorphous C-S—H gel
[35,51]. Amorphous carbonation products precipitated on hydrogarnet
particles are observed in sample A4. y-Al,O3 crystals are observed in

18 wt.%nanosilica

0.32
18 Wt.%AL0, ——
_ IBweRALS | m R
18 wt.% rt:
w quartz -
0.24 - pum 18 wt.%quartz
_— I mp
LCP
0.16
MCP
18 Wt.%ALO,
B ——
0.08 - GP
0.00 T T T T T T

A1l A2 A3 A4 A5 A6

Sample

Fig. 8. (a) Cumulative pore size distribution and (b) Pore volumes of uncarbonated aluminosilicate cement pastes.
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Table 3
MIP porosity, average pore diameter, and skeletal density of aluminosilicate cement pastes.

Sample Porosity [%] Average diameter [nm] Skeletal Density [g/mL]

Uncarbonated Carbonated Uncarbonated Carbonated Uncarbonated Carbonated

36.4 16.4 31.1 60.2 2.37 2.22
321 14.2 28.7 20.6 2.15 2.12
31.6 23.2 123 18.9 2.15 2.21
41.8 33.4 104.5 481.4 2.63
38.4 / 14.9 / 212

26.2 21.7 2.10

Fig. 9. SEM profiles of uncarbonated aluminosilicate cement pastes.
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Fig. 10. (a) Cumulative pore size distribution and (b) Pore volumes of carbonated aluminosilicate cement pastes.

carbonated sample A6, which is aligned by the EDS element analysis
(EDS spectrums are concluded in Fig. S2) and consistent with the XRD
analysis.

The significant evolution of micromorphologies upon carbonation
could alter the microstructural, micromechanical, and optical proper-
ties, especially for A2 and A6. The carbonation of jaffeite to calcite in A1
causes decreases in SSA and porosity, which contributes to the degra-
dation of photocatalytic activity (Table 3 and Table S2). It demonstrates
the two negative impacts induced by microstructural refinement: 1) the
reduction of active sites available for photocatalytic reactions and 2) the
limitation of micro mass transport. Compared to A3, A2 presents a more
destructive microstructure with big calcite crystals (>2 pm) and massive
microcracks, while A3 reserves partial microcrystals of tobermorite.
Meanwhile, a higher content of calcite in A2 than in A3 is observed by
TGA, as the generation of calcite holds higher solid volume expansion
than other calcium carbonate polymorphs (Table 2) [17]. Hence, it is
concluded the volume expansion caused by calcite generation could
contribute to the different cracking patterns of A2 and A3.

Upon carbonation, the micro-sized honeycomb-like microstructure
of C-A-S-H phases in A6 transforms into a profile consisting of amor-
phous gel and y-Al,O3 crystals. The elimination of micro-sized honey-
combs could reduce the Mie scattering capacity of A6, thereby
contributing to the drop in Rgy,. The refinement of the microstructure
affects the mass transport for photocatalytic reactions, but the porous
structure of amorphous gel and generated y-Al,O3 can compensate for
the loss in photocatalytic performance to some extent [28].

3.4. Optical properties

The optical properties of aluminosilicate cement pastes can affect
both the photocatalytic self-cleaning and radiative cooling properties.
The optical band gap energy can affect the photon utilization efficiency
thus influencing the photocatalytic performance, where the radiative
cooling power is determined by Rgyn and €,y [42,67]. Samples A2 and A3
are excluded from the analysis of optical properties, thanks to the
cracking upon carbonation.

3.4.1. Optical band gap energy

Fig. 12 presents the UV-VIS spectrums and Tacu’s plots of alumino-
silicate cement pastes Al, A4, and A6, with the band gap energies
summarized in Table 4. These spectrums show different extents of
variation upon carbonation, which could be mainly attributed to
carbonation-induced phase changes. For sample Al, carbonation in-
volves two major processes: (1) portlandite is almost completely
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carbonated to CaCOs, and (2) decalcification of C-S-H phases to form
amorphous C-S-H (with a low Ca/Si ratio), CaCOs, and silica gel. In
samples A4 and A6, the C-(A)-S-H phases are carbonated. Due to the
existence of the critical Ca/Si ratio for C-S-H decalcification, C-S-H can
not be entirely decomposed by carbonation [17]. Additionally, sample
A4 contains significant amounts of carbonation-stable phases (hydro-
garnet and unreacted quartz). Based on this analysis, the extent of
variation in the spectrums should rank as A1 > A6 > A4. This ranking
aligns with the observations in Ry and &,y as shown in Figs. 12 and 13.

Band gap energy is considered an important parameter to predict the
photocatalytic activity, however, the band gap energies of measured
aluminosilicate cement pastes vary between a narrow range (3.03 eV
(A~409 nm) - 3.07 eV (A~404 nm)) before and after carbonation in this
study (Fig. 12 and Table 4). The results indicate the photocatalytic ac-
tivities between aluminosilicate cement pastes in this study are less
affected by the band gap energy, but more by phase composition and
microstructure, which will be discussed further in the following sections.

3.4.2. Optical properties for radiative cooling

Carbonation has varying effects on the optical properties of the
aluminosilicate cement pastes, with Ry, being more sensitive to
carbonation compared to ey, as depicted in Fig. 13. In general,
carbonation leads to a decrease in Ryy. Specifically, Ry, decreases by
approximately 2.5 % for sample A1, 0.5 % for sample A4, and 1.1 % for
sample A6 (Table 5). In contrast, upon carbonation, &, increases by
roughly —2.0 % for sample Al, while the corresponding values for
samples A4 and A6 are around 0.2 % and 0.4 %, respectively.

Before carbonation, sample Al exhibits the best radiative cooling
performance. However, it also displays the lowest durability against the
deterioration of radiative cooling optical properties caused by carbon-
ation. After carbonation, all samples show a Rg, of about 88.8 %, with
the e,y of samples A4 and A6 exceeding that of A1 (92.8 % for Al, 94.0
% for A4, and higher for A6). Considering the slow carbonation speed in
a real environment, sample Al is still the best option in terms of radi-
ative cooling. The superior durability of samples A4 and A6 against
carbonation-induced changes in radiative cooling properties also sug-
gests that they are good alternatives for long-term applications.

Meanwhile, cementitious coolers with R, and &,,, both above 0.9
are prepared without the addition of whitening agents, as optical pa-
rameters of samples Al and A6 ensure their high-performance radiative
cooling, as presented in Fig. S4. This suggests that the whitening agent is
not necessary for producing high-performance cementitious radiative
coolers.

In previous studies, nano and micro pores and particles were
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Fig. 11. (a-e) SEM images of aluminosilicate cement pastes carbonated and (f) Atomic concentration of elements of detected spots of y-Al,O3.

considered to affect the optical properties for radiative cooling of
cementitious radiative coolers, as well as other radiative coolers [1,52].
In this study, uncarbonated sample A4 (10%/g-10'2/g) exhibits a higher
amount of pores in the solar range compared to uncarbonated Al and A6
(107/g-10'%/g) (Fig. S5 and Fig. S6). However, sample A4 shows the
lowest Ry, among all tested samples (Table 5). This demonstrates that
the pore number of uncarbonated samples has a limited impact on Rgy,
and &,y, likely due to their low and close magnitudes that cannot trigger
effective Mie scattering [1]. After carbonation, the microstructure of all
samples is considerably refined, and the differences of pore numbers
between all samples are further narrowed (Table 3 and Fig. S6). The
impact of pores on Mie scattering is further restricted.
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3.5. Photocatalytic self-cleaning performance

The discoloration process of the samples exhibits different patterns
before and after carbonation, as illustrated in Fig. 14. The observations
on CIE a* are summarized below:

1. For samples Al and A4, both before and after carbonation, the CIE a*
value rapidly decreases within the first 120 min and continues to
decline, albeit at a slower rate, after 2400 min. Given this trend, the
RB-stained surfaces of these two samples will be completely cleaned
if exposed to UV irradiation for a sufficient duration (e.g., for A6, it is
about 300 min). Additionally, sample A1l exhibits much greater drop
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Table 4 evident from the XRD patterns and TGA-DTG curves. These results could
able

Optical band energy of samples Al, A4, and A6 before and after carbonation.

Sample Band gap energy [eV]
Uncarbonated Carbonated
Al 3.07 3.04
A4 3.05 3.05
A6 3.05 3.04

in photocatalytic properties compared to sample A4 (the drop in ¢, —
2400min for 20.3 % for sample A1l and 8.0 % for sample A4).

. Sample A6: Before carbonation, the CIE a* value is slightly below
0 after 600 min, indicating that the RB dye on the A6 surface is
completely degraded. This means that sample A6 exhibits superior
photocatalytic self-cleaning performance before carbonation, and its
intrinsic color is reflected by a CIE a* slightly below 0 (Fig. S3).

To represent the photocatalytic self-cleaning performance at the
early and late stages, ¢t — 30min and @¢ — 2400min are adopted. The per-
formance deterioration caused by carbonation in samples A1 and A4 is
evident, with different effects on each sample and stage. In addition to
microstructural refinement, the decline in photocatalytic performance
of these materials could be attributed to the sheltering effect and the
occupation of active sites by carbonation products (mainly calcium
carbonates) when carbonation occurs on the phases (portlandite and
C-S-H phases) around photocatalyst particles [15,45].

According to Table 2, a significantly higher amount of calcium car-
bonates, especially calcite, is generated in sample Al compared to
sample A6 after carbonation. Although the total content of calcium
carbonates in carbonated sample A4 has not been quantified in Table 2,
a reasoned conclusion can be made here that carbonated A4 has the
lowest amount of calcium carbonates based on the results and analysis
provided in the preceding sections. Additionally, the lowest amount of
calcite is observed in sample A4 among all carbonated samples, as

12

also explain the distinct variation in photocatalytic properties of samples
caused by carbonation.

After carbonation, the performance of samples Al and A4 decreases
by 20.3 % and 8.0 %, respectively, at the late stage. In contrast, the
photocatalytic performance of A6 is slightly enhanced at the early stage
after carbonation (from about 28.0 % to 29.4 %), which is different from
previous studies [15,53]. It could be attributed to the generated y-Al;Os3,
which has superior catalysis activity and may provide a supporting ef-
fect to the overall photocatalytic self-cleaning [47]. A higher
self-cleaning efficiency at the early stage indicates a faster removal of
surface contaminants, which can prevent the accumulation of pollutants
when the building facade is exposed to a persistent source of
contamination.

These results highlight the different photocatalytic discoloration
processes in three mixes, stemming from distinct underlying kinetics.
These kinetics are influenced by the physical and chemical properties,
such as microstructure (surface area and pore structure) and phase
composition, especially the properties of photocatalytic supporting
phases (C-S-H phases and y-Al,03). Based on the fundamental princi-
ples of photocatalysis and the physicochemical results above, short
summaries are given as follows:

1. The refinement of microstructure, along with the sheltering effect
and the occupation of active sites by carbonation products, are
believed to be the major factors affecting the photocatalytic prop-
erties of as-prepared materials upon carbonation. The refinement of
microstructure influences the mass transport and the amount of
active sites, the sheltering effect limits the photon adsorption ca-
pacity of photocatalysts, and the occupation of active sites lowers the
possibility of initiating photocatalytic reactions.

. The deterioration of photocatalytic self-cleaning performance caused
by carbonation can be limited and/or even compensated by 1)
increasing the carbonation resistance of the matrix and 2) regulating
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Fig. 13. (a—c) UV-VIS-NIR reflection spectrums and (d-f) Mid-infrared emission spectrums of samples A1, A4, and A6 before and after carbonation.

Table 5
Optical properties of samples Al, A4, and A6 for radiative cooling.

Sample  Solar reflectivity/Rgun [%] Emissivity of atmospheric window/e,,,
[%]
Uncarbonated  Carbonated  Uncarbonated  Carbonated
Al 91.52 88.73 94.79 92.83
A4 89.27 88.82 93.81 94.00
A6 90.79 88.72 94.02 94.39

the carbonation products with
catalytic support (e.g. y-Alx03).

3. The photocatalytic kinetics are controlled by distinct factors at
different stages. In the early stage, the photocatalytic activity is
dominated by the utilization efficiency of photogenerated electron/
hole pairs. This efficiency is mainly affected by active sites, which are
directly related to surface area and the micromorphology of photo-
catalytic supporting phases. With the increase in reaction time, the
mass transport through the medium capillary pore (10-50 nm) is
more important, with the accumulation of reaction products.

the generation of better photo-

The co-use of alumina and nanosilica considerably promotes the
incorporation of C-S-H phases. The incorporation of aluminum in
foshagite meanwhile provides a useful carbonation mechanism with
v-Al,O3 generation against the deterioration of photocatalytic self-
cleaning performance. Hence, the hybrid recipe comprising cement
(57 wt%), nanosilica (19 wt%), alumina (19 wt%), and titania (5 wt%)
in terms of basic photocatalytic properties and durability.

3.6. Outdoor cooling performance

The outdoor measurements commenced at 10:00 a.m. on August 15,
2023, and lasted for one week. These measurements were conducted
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under various weather conditions, and the results are illustrated in
Figs. 15 and 16. Considering the similar optical properties for radiative
cooling, A1 was adopted for the outdoor measurement. For this study,
both uncarbonated Al and carbonated A1 were employed.

During the outdoor measurements, it is observed that the interior
temperatures inside the test boxes exhibit a wider range of variation
compared to the outdoor air temperature. These temperature changes
are dominated by solar irradiance. Specifically, a sub-ambient interior
cooling of about 4.1 °C lower than the air temperature during the
nighttime (8:00 p.m.-8:00 a.m. (next day)), and a near-ambient interior
temperature of about 2.5 °C higher than the air temperature during the
daytime (8:00 a.m.-8:00 p.m.) are obtained. This finding underscores
the effectiveness of mid-infrared thermal radiation provided by the
tested aluminosilicate cement paste cooling slices, resulting in an inte-
rior cooling effect of approximately 4.1 °C in the given experimental
setup. For the 7 d outdoor measurements, overall sub-ambient cooling,
with average interior temperatures lower than the outdoor ambient
temperature, is observed as shown in Fig. 16a.

Specifically, the sub-ambient cooling is quantified as approximately
—1.6 °C for uncarbonated A1 and -1.1 °C for carbonated Al (Fig. 16a).
This observation aligns with the predictions made in Section 3.4, where
it is anticipated that carbonation would lead to a reduction in radiative
cooling performance. The surface temperature measurements also show
similar results for different cooling slices. In comparison to a floor made
of ordinary cement mortar according to the IR photos in Fig. 16b and c,
the prepared aluminosilicate cement pastes, whether carbonated or not,
can offer a significant surface cooling effect, reducing the surface tem-
perature by approximately 15.0 °C, indicating considerable energy-
saving potential for building cooling.

Additionally, the presence of precipitation, rainwater (on 8/19/
2023), is found to impact the radiative cooling performance (Fig. 15).
Rainwater can alter the optical properties of the local atmosphere and
create a thin water layer above the PE film. These alterations in atmo-
spheric optical properties can limit the thermal radiation exchange
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Fig. 14. (a-b) The variation of CIE a*, (c) The variation of discoloration rate, and (d) Discoloration rates at t = 30 min and t = 2400 min of samples A1, A4, and A6

with UV irradiation.
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Fig. 15. (a) Interior temperatures, (b) Solar irradiance, (c) Wind speed, and (d) Precipitation during the outdoor measurement.

between the cooling slice and the universe. Moreover, the presence of
the water layer significantly affects the thermal conduction between the
surface of the PE film and the cooling slice, as well as the surrounding
air. Consequently, rainwater has a notable influence on the overall heat
exchange between the cooling slice and the air or the environment.
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These findings highlight the importance of considering environmental
conditions, including weather and precipitation, when assessing the
radiative cooling performance of materials in real-world outdoor
settings.
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Fig. 16. (a) Box chart of interior temperatures and (b-c) Infrared photos of aluminosilicate cement pastes under sun exposure (03:00 p.m. on Aug/18/2023).

4. Discussions
4.1. Crack formation mechanisms
1. Crack formation upon autoclave curing

Comparing sample A5 with sample A6, the substitution of cement by
alumina is found to prevent crack formation when nanosilica is used
under autoclave conditions. A similar phenomenon was initially hy-
pothesized to be a result of the incorporation of aluminum into C-S-H,
which could increase its alkali binding capacity and limit the pozzolanic
reaction with volume expansion [54]. However, the results of this study
cannot support the aforementioned hypothesis as the hydrothermal
hydration does not follow the kinetics at room temperature. Notably,
sample A2, which uses the same silica content as sample A5, does not
exhibit visible cracks during the autoclave treatment. The similar reac-
tion degree of silica for samples A2 and A5 is confirmed, according to the

1d ambient curing —)

early stage of autoclave

XRD analysis as the quartz peak intensity in sample A2 is quite low.
Hence, the crack formation and inhibition mechanisms of aluminosili-
cate cement pastes upon autoclave should consider the synergistic ef-
fects of silica source/reactivity and aluminum incorporation.

Cracks generated upon autoclave curing could be attributed to 1)
solid volume expansion upon hydrothermal hydration and 2) gas vol-
ume expansion with free water gasification. Samples A2 and A5 show
similar skeletal densities while sample A5 shows a higher porosity (38.4
% & 32.1 %), which suggests that solid volume change is not the primary
reason for the cracking upon autoclave. Therefore, the volume expan-
sion caused by free water gasification is the major reason. The mecha-
nisms for crack formation and inhibition upon autoclave are presented
in Fig. 17. Per the model developed by Quercia et al., it is evident that
nanosilica particles exhibit a higher water demand compared to an
equivalent quantity of micro quartz particles to maintain the workability
of cement pastes [55]. Following 1 d of ambient curing, distinct water
distribution behaviors are achieved in samples A5 and A2. In the case of

—
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Fig. 17. Schematic of the crack formation mechanisms upon autoclave treatment.
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sample A5, more water molecules are physically adsorbed onto the
nanosilica particle surfaces, resulting in fewer free water molecules
within the pores. Conversely, sample A2 displays the opposite trend.
Hence, it is suggested that 1) using amorphous reactive silica with a
lower surface area and 2) using better dispersion methods (e.g.
pre-ultrasonic dispersion and stronger superplasticizers) to lower water
demand, thus limiting the risk of cracking during autoclave.

Upon initiation of autoclave treatment, a series of interconnected
processes transpire, guided by heat transfer. Notably, the high-
temperature pozzolanic reaction and gasification initiate from the sur-
face and propagate toward the core. This progression accompanies the
generation of C-S-H minerals and involves the desorption of physically
bound water as well as the gasification of free water. Nanosilica can
swiftly establish a denser crystal layer, a process that requires relatively
less time compared to quartz. This denser crystal layer subsequently
increases the release resistance of gaseous moisture, leading to the
generation of internal stress surpassing the matrix’s rigid threshold,
consequently resulting in cracks.

The incorporation of aluminum yields the formation of C-A-S-H
phases within the Al-enriched nanosilica system, contributing to solid
volume shrinkage [56]. This shrinkage process effectively compensates
for the volume expansion stemming from water gasification, thereby
averting the formation of cracks. Therefore, the cracking of
cement-silica pastes during autoclave curing can be inhibited by two
methods: 1) using the silica source with a lower reactivity and 2) using
the reactive aluminum source to promote the C-A-S-H generation.

2. Crack formation upon carbonation

The formation of cracks in cementitious materials due to carbonation
is typically associated with the volume expansion of carbonation prod-
ucts, primarily calcium carbonates [18,34]. Research by Morandeau
et al. suggests that the transformation of cement hydrates into different
calcium carbonates can result in varying degrees of volume expansion
[57]. It was believed that calcite caused more significant volume
changes than vaterite and aragonite, with amorphous CaCO3 contrib-
uting the least. Therefore, based on this understanding and the data
provided in Table 2, one would expect that sample Al should exhibit the
most cracks, followed by sample A2, and then sample A6.

However, the experimental results contradict the aforementioned
prediction. This inconsistency could be attributed to the different solid

Cement and Concrete Composites 152 (2024) 105626

volume changes induced by the carbonation of distinct hydrates.
Carbonation of amorphous C-S-H (high Ca/Si ratio) in all samples leads
to the formation of amorphous C-S-H with a low Ca/Si ratio, amorphous
silica gel, and calcium carbonates. Studies have shown that the
carbonation of amorphous C-S-H is not considered a significant factor in
the cracking of cement-based materials [17,18]. Hence, the carbonation
of crystalline C-S-H phases emerges as the primary cause of cracking in
aluminosilicate cement pastes upon carbonation in this study.

Based on the phase composition analysis in Section 3.2.1, the
principal crystalline C-S-H phases in samples A2 and A3 are tobermorite
14 A and tobermorite 11 A, respectively. An EDS analysis of the major
crystalline phases in uncarbonated samples indicates that tobermorite
14 A in sample A2 and tobermorite 11 A in sample A3 have similar Ca/Si
ratios of about 0.8 (Fig. 18a). This also suggests the lower quantity of
major crystalline C-S-H phase in A3 as it contains lower amount of
reacted raw materials than A2.

Meanwhile, as discussed in Section 3.2.2, tobermorite 11 A presents
a higher carbonation resistance than other C-S-H phases. These results
also highlight that the carbonation of tobermorite induces a substantial
solid volume expansion compared to other C-S-H phases. Consequently,
the different cracking behaviors upon carbonation of samples A2 and A3
are attributed to the varying solid volume expansion resulting from the
carbonation of different amounts and carbonation resistance of tober-
morite 11 A tobermorite 14 A, as depicted in Fig. 18b.

Therefore, the Ca/Si ratio of raw materials should be taken into ac-
count for the durability of cement pastes when quartz is used, as quartz
is the direct precursor for tobermorite generation in cementitious sys-
tems under autoclave conditions [58]. It is noted not the unreactive
quartz in A2 and A3 serves as filler and volume stabilizer, and A3 con-
tains more unreactive quartz. Additionally, the addition of alumina is
found to mitigate cracking in aluminosilicate cement pastes upon
carbonation, primarily due to the strong calcium bonding capacity of
aluminum atoms, which limits the reaction of quartz, therefore the
generation of tobermorite.

4.2. Impact of aluminium incorporation

In cementitious systems, various sources of aluminum can impact the
properties and performance of materials. These aluminum sources
include aluminum-bearing cement clinkers (such as C3A and C4AF),
clays (e.g., metakaolin), supplementary cementitious materials (e.g., fly
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ash), and alumina. In this study, alumina is chosen as the source of
aluminum due to its consistent chemical and physical properties. The
results and discussions presented above indicate that aluminum incor-
poration plays a significant role in shaping the evolution of phase
composition and microstructure of aluminosilicate cement pastes during
hydrothermal curing and carbonation processes. This, in turn, affects the
quality, functional effectiveness, and carbonation durability.

alum. incorp.

solid volume shrinkage

s .CASH
cement + nanosilica + Al,O3(a) amor
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carbonation resisting carbonatable
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cracking mechanisms are analyzed, as well as the role of alumina
addition. The detailed conclusions are drawn as follows:

o With the increase in the CaO/SiO ratio of the cement-quartz binary
system, the reaction degree increases but the Basal spacing of
tobermorite crystals decreases. It could be attributed to different
stoichiometries of Si-O tetrahedrons and H,O molecules available

alum. incorp.

cement + quartz + Al O3 (a)

autoclave

alum. incorp. low cont

The addition of alumina presents positive impacts on material
properties and performance. Here are two scenarios in which alumina is
used in combination with other materials to enhance the properties of
aluminosilicate cement pastes:

1. Alumina used with nanosilica (Eq. (4)): When alumina is used with
nanosilica, it can lead to solid volume shrinkage as C-A-S-H phases
are generated. This can limit cracking by compensating for volume
expansions caused by the fast reaction kinetics of nanosilica and
water gasification under autoclave conditions. The micro-sized ho-
mogeneous honeycomb structures produced can serve as excellent
photocatalytic supports, enhancing the photocatalytic self-cleaning
performance. Additionally, the carbonation of crystalline C-A-S-H
phases produces y-Al,O3, which compensates for the decrease in
photocatalytic self-cleaning performance caused by changes in
microstructure and phase composition upon carbonation.

2. Alumina used with quartz (Eq. (5)): When alumina is introduced
alongside quartz, the differences in their dissolution rates lead to the
formation of a solution with a much higher AlO3/Si0%™ mole ratio
compared to OPC-based systems. In this Al-enriched system, the
AlOF~ and SiO4~ monomers are more likely to form hydrogarnet
instead of tobermorite. This results in more carbonation-stable
phases and fewer carbonation-sensitive phases, thus enhancing the
carbonation resistance of the material,

In both scenarios, the addition of alumina plays a critical role in
shaping the phase composition and microstructure of aluminosilicate
cement pastes, leading to improved material properties and perfor-
mance, especially the photocatalytic self-cleaning performance and
carbonation resistance.

5. Conclusions

To comprehend the impact of carbonation on photocatalytic self-
cleaning and radiative cooling properties, as well as the carbonation
mechanism of multifunctional cementitious materials. Multifunctional
cement pastes are prepared with different silica contents and sources,
with and without alumina addition under autoclave conditions. The
phase composition, microstructure, optical properties, and photo-
catalytic self-cleaning performance of as-prepared materials are char-
acterized and analyzed. Onsite outdoor measurements are performed to
validate the cooling performance of as-prepared materials. Based on the
obtained results, the autoclave-induced and carbonation-induced

— hydrogarnet + quartz + CSH phases(low )
——— =
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solid volume stable
hydrogarnet + quartz + CC(low) + SiO, gel(low) Eq. 5
N—— ——

alum. incorp.

for coordination with Ca®" ions.

e Alumina facilitates much faster dissolution and reaction kinetics
than quartz, and a high Al/Si ratio could promote the generation of
hydrogarnet and limit the dissolution/reaction of quartz and the
generation of tobermorite, thus contributing to the higher cracking
resistance of quartz-based cement pastes upon carbonation.

e The co-use of alumina and nanosilica under the autoclave condition
facilitates the generation of microporous C-A-S-H phases. By the
carbonation of C-A-S-H minerals, the dealumination achieves the
phase transition of Al,Os, from the a-phase to the y-phase. The
generated y-Al;03 could compensate for the drop in photocatalytic
self-cleaning performance caused by carbonation.

Compared with the photocatalytic self-cleaning properties, the op-

tical properties for radiative cooling are more stable upon carbon-

ation, especially &, After carbonation, the developed composites
can still provide effective radiative cooling, with a long-term sub-

ambient cooling of 1.10 °C (the average of 7 d measurements) and a

surface cooling of about 16.0 °C compared with the standard mortar

floor.

e The cement/alumina/nanosilica ternary system is determined as

optimal in this study, considering the optical properties for radiative

cooling, and photocatalytic self-cleaning properties, as well as the
producibility and durability.

The cracking upon autoclave curing could be attributed to the fast

reaction kinetics of nanosilica and the volume expansion of water

gasification. The co-use of alumina and nanosilica, as well as the
addition of unreactive fillers, could eliminate cracking during auto-
clave treatment.
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