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The prospect of nano-photocatalysts in cementitious systems is promising but the engineering application is still
limited, caused by the insufficient insights on durability properties during the service. Mortars with different
binders and photocatalysts are prepared and characterized to investigate the deterioration mechanisms of self-
cleaning performance upon simultaneous hydration/carbonation. Alterations in self-cleaning performance
driven by the change of microstructure, phase composition, and optical properties are analyzed. The drop in self-
cleaning performance is attributed to the higher band energy with surface modification, stronger “sheltering”
with solid volume increase, worsened mass transfer with reduction of gel pores, and retardation of chemical
equilibrium. TiO»-SiO, composite photocatalysts and microsilica were found to resist the deterioration of self-
cleaning performance upon hydration/carbonation by promoting mass transfer and chemical equilibrium and
limiting surface modification. Finally, a solution to alleviate the deterioration of self-cleaning property, with the
consideration on mechanical, erosion properties and cost issues, is proposed.

1. Introduction

Efforts have been devoted to functionalizing building materials in
recent decades [1-3]. Functions like air purification and self-cleaning
are empowered to cement-based composites by the application of
nanosized photocatalysts [4-7]. These two functions are extensively
studied in both lab-scale and real-scale, and the deterioration of pho-
tocatalytic properties has been observed during the engineering service
[8-10]. For lab-scale studies, cementitious specimens modified by
photocatalysts are generally sealed and cured for a certain period, before
further characterization and analysis [11-13]. However, carbonation
could already occur in engineering applications right after the
demoulding. The early-age carbonation inevitably affects the hydration
process, especially by the so-called “sheltering” effect of carbonation
products [9,14,15]. This gap could cause improper interpretation of
laboratory results to practice [14]. Hence, the synergistic effect of hy-
dration and carbonation, especially in the early stage (e.g. 7d and 14d),
should be well understood to promote practical applications.

The degradation in photocatalytic property upon hydration and
carbonation is generally attributed to two effects: 1) the “occupation”
effect of active sites by hydration/carbonation products at the early

stage, and 2) the “sheltering” effect of the dense layer on the photo-
catalyst surface due to the accumulation of hydration/carbonation
products [9,11,12,16]. However, these two effects can not explain the
durable photocatalytic property when rich reactive silica exists [11,17].
Kinetically, the photocatalytic performance is controlled by the semi-
conductor properties of photocatalysts (band energy, light absorption)
and TiOg-surrounded media (pH, microstructure, ion conditions, etc.)
[9,12,18-21]. With hydration/carbonation, these properties would be
significantly altered [9,11]. Self-cleaning performance, as the key
property of photocatalytic cementitious materials, has been extensively
investigated in photocatalysts synthesis and photocatalytic kinetics
[22-28]. However, the deterioration of self-cleaning performance upon
hydration/carbonation has been rarely investigated in depth [29].
Meanwhile, widely applied photocatalyst, anatase TiO,, has shown
two drawbacks: reduction of surface area due to the agglomeration
during wet mixing and high cost [12]. Low-cost composite photo-
catalysts (e.g. TiO2-SiO2) can be synthesized with desirable photo-
catalytic properties, by partially replacing TiO, with other fine particles
like nanosilica with exceptional surface properties [30,31]. The syn-
thesis of Ti0»-SiOy composites has attracted attention, and various
related works have been conducted, especially composite photocatalysts
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with the “TiO,@SiO5 Core-Shell” structure owing to the high photo-
catalytic activity [30,32-35]. However, current studies on the addition
of TiO,-Si0, composites to cementitious systems are mainly on the hy-
dration kinetics, mechanical properties, and early-stage photocatalytic
activity, rarely on durability issues [30,31,35]. The existence of reactive
silica in TiO2-SiO2 composites could affect the evolution of self-cleaning
performance upon hydration/carbonation. Nevertheless, this has not
been investigated. Meanwhile, the physical agglomeration of fine par-
ticles in cementitious systems can be restrained by the addition of sur-
factant Triton X-405, without change in hydration products [36,37].
Physicochemical changes of cementitious matrix upon hydration/
carbonation would considerably affect the photocatalytic performance.
However, the relationships between self-cleaning property and hydra-
tion/carbonation have not been systematically studied. Moreover, the
deterioration mechanisms, considering both photocatalysts and the
surrounding media caused by hydration/carbonation, are still missing.
Therefore, the synergistic effects of hydration and carbonation of
cement composites containing photocatalysts are studied in this study to
fill the gaps. Two series of mortars incorporating three photocatalysts
are prepared, processed, and characterized. Microstructure, phase
composition, optical property, and self-cleaning property of photo-
catalytic mortars under hydration and carbonation are analyzed and
discussed. The results are expected to reveal the deterioration mecha-
nisms of self-cleaning performance upon hydration and carbonation and
support the application of photocatalytic cementitious materials.

2. Materials & methods
2.1. Materials

2.1.1. Photocatalysts

One commercial photocatalyst Aeroxide P25 (Evonik Industries),
and two self-synthesized photocatalysts (nanoSiO»-TiO, composite, ST,
and SiO; aerogel-TiO, composite, AT) with the (pseudo) “TiO,@SiO2
Core-Shell” structure are investigated. The synthesis method has been
reported in our previous studies [13,38]. In this study, titanium (IV)
isopropoxide 97 % (Sigma-Aldrich) is used as the Ti-precursor, while
nanoSiO; (EuroSupport) and SiO5 aerogel (LC 3110, Cabot) are used as
the support. The performance of the synthesized photocatalyst using the
same recipe was also validated by our previous studies [11,13]. The
setup for photocatalysts synthesis and the synthesized composites are
shown in Fig. 1. It should be noted here that the ratio of TiO5 dosage of
P25:synthesized composites is 5:1.
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2.1.2. Mix design of mortars

CEM I 42.5 N Portland cement (ENCI), microsilica (920ED, Elkem),
and standard sand (Normensand) are used for mortar preparation. In
total, 2 series and 6 mixes are prepared, as shown in Table 1. Microsilica
as the binder is used to promote the pozzolanic reaction and transform
the CH to C-S-H. The minimum mass ratio of microsilica/cement is about
26.3 wt%, under the assumption that cement only contains CgS. This
simplification is validated by Naber's experiments [39-41]. There was
just a little CH remaining after 28d hydration when 25 wt% of OPC was
substituted by microsilica [11,41,42]. Photocatalysts are incorporated
with the dosage at 5 wt% of binders. The polycarboxylate-based
superplasticizer (SP) (ViscoFlow-37, Sika) is used to adjust the consis-
tency of the fresh mixtures. The non-ionic surfactant (Triton X-405, Dow
Chemical) at 0.5 wt% of binders is used for sufficient dispersion of
photocatalysts [36,43]. It should be noted here that the cement used in
this study has little sodium and no potassium to minimize the impact of
Na™ and K™ on the pH variation of the pore solution.

2.2. Mortar preparation

2.25 g of the surfactant is first mixed with 100 g of deionized water to
prepare the aqueous solution. Photocatalysts are mixed with the solu-
tion by an ultrasonic device for 30 min (20 =+ 3 °C). SP is mixed with the
residual water prior to sample preparation. The mixing of the mortars is
performed following the EN 196-1:2005 standard. After mixing, mortars
are cast into 4 x 4 x 16 cm® molds, then covered by plastic foils for 1d to
prevent moisture loss and CO5 exposure. After that, all samples are
demolded, plastic foil enclosed, and stored in a humidity chamber (>90
% RH, 20 °C) for curing (7d, 14d, and 28d). Samples with different
hydration ages combined with carbonation are set to investigate the
synergistic impact of hydration and carbonation. After curing, samples
of each mix design are cut into 10 slices (4 x 4 x 1 cmg). 5 slices are
immersed in isopropanol (200 mL each) to cease the hydration for
further characterization. The isopropanol is replaced after 1d and for
another 7d. Another 5 slices are sealed with self-adhesive aluminum
foils except for the 4 x 4 cm? surface and moved to the climate chamber
for accelerated carbonation.

2.3. Methodology

2.3.1. Light scattering analysis

The dispersion capacity of surfactant Triton X-405 of fine particles is
tested by the light scattering analysis (LSA). Before LSA tests, each
sample of 2 g fine particles is dispersed in two aqueous solutions (with/
without the surfactant). Then, the agglomeration and dispersion of fine

(b)

Fig. 1. (a) Setup for photocatalysts synthesis, (b) powders of raw materials and composites (silica aerogel powders of uniform thickness is transparent).
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Table 1
Mix design of mortars.
Group Sample Binder [g] Photocatalysts [g] Additive [%] Sand [g] w/b ratio
Cement Microsilica P25 NT AT SP X-405
Control Cp 450 / 22.5 / / 0.4 0.5 1350 0.5
Cn 450 / / 22.5 / 0.4 0.5 1350 0.5
Ca 450 / / / 22.5 0.4 0.5 1350 0.5
Hybrid Sp 337.5 112.5 22.5 / / 0.9 0.5 1350 0.5
Sn 337.5 112.5 / 22.5 / 0.9 0.5 1350 0.5
Sa 337.5 112.5 / / 22.5 0.9 0.5 1350 0.5

Note: C refers to cement; S refers to microsilica; p refers to P25 photocatalyst; n refers to TiO»-SiO, composite; a refers to SiO, aerogel-TiO,. For example, Cp is the
sample prepared by 450 g OPC and 22.5 g P25 photocatalyst; Sa is the sample prepared by 337.5 g OPC, 112.5 g microsilica, and 22.5 g SiO, aerogel-TiO,

photocatalyst.

particles in solutions are observed by the Mastersizer 2000 (Malvern).

2.3.2. Accelerated carbonation

Sealed slices are placed in the carbonation chamber for 28d, with
artificial conditions of 3 % CO; concentration, 65 % relative humidity
(RH), and 20 °C to conduct the one-dimensional accelerated carbonation
[11]. After carbonation, an aqueous phenolphthalein solution (1 wt%) is
used to observe the carbonation depth.

2.3.3. Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), & thermogravimetric analysis (TGA)

The phase composition of photocatalyst-blended mortars (PCBMs) is
analyzed by a XRD machine (D4, Bruker) and TGA (STA 449 F1 Jupiter,
Netzsch). The XRD machine runs with a Co tube (40 kV, 40 mA),
scanning interval of 0.02°/min, residence time of 0.5 s, and 26 from 10°
to 90°. About 50 mg of ground powders of each sample are heated from
40 to 1000 °C at the rate of 5 °C/min using Ny as the protective gas. An
FT-IR spectrometer (Frontier, PerkinElmer) is applied to analyze the
chemical bonds of the synthesized photocatalysts, from 1400 cm ™! to

4000 cm™! with a resolution of 1 cm ™.

2.3.4. Nitrogen adsorption/desorption (NAD) & mercury intrusion
porosimetry (MIP)

The specific surface area of raw materials and synthesized photo-
catalyst is analyzed by NAD (TriStar II 3020, Micromeritics) at —196 °C.
Samples are dried and degassed at 40 °C under N3 flow for 4 h, prior to
NAD tests. For MIP measurements, crushed pieces with the diameter of
3-4 mm are collected before and after carbonation, respectively. A
mercury porosimeter (AutoPore V, Micromeritics), working with the
absolute pressure from 0.7 kPa to 420 MPa (0.10 to 61,000 psia) and a
contact angle of 130° is used to identify the porosity and pore size
distribution.

2.3.5. Scanning electron microscope (SEM)

SEM is used to observe the microstructure and micromorphology.
Extracted specimens are gold-coated by a sputter coater (K550X, Emi-
tech) at a current of 65 mA (60 s). Micrographs are recorded by an SEM
EMU 220A (Jeol/Holon) with an accelerating voltage of 15 kV.

2.3.6. Optical & self-cleaning properties

The self-cleaning property is related to the optical property of the
mortar surface [44,45]. The diffused reflection spectra of mortar plates
are measured by a UV-VIS-NIR (Lambda 750, Perkin Elmer) with a 150
mm integrating sphere, at the range of 250-800 nm, with the scan speed
of 2nm/s [12,46-48]. The self-cleaning performance is characterized by
the discoloration test with a UV-VIS spectrometer (USB4000, Ocean
optics).

The top surface of mortars is polished with a series of SiC sandpapers
(P250, P400, P600, P1200, and P2500) before the characterization of
the self-cleaning property. The polished surface was firstly washed with
deionized water and then cleaned by a high-pressure blower to remove

the debris. Each processed surface is stained by spraying the Rhodamine
b (RhB) solution (0.1 mM) and then put in a dark environment for
overnight natural drying at about 20 °C. For one RhB-stained surface, 9
evenly distributed points are tested 4 times and the average color value
is used. Samples are exposed to a UV lamp at the density of 10 + 0.05 W/
m? (0, 15, 45, 105, 225, 345, 1365, 1785, and 2800 min), and then the
discoloration of the sample is directly obtained by measuring the test
points with the spectrometer. In this study, the wavelength range of
380-780 nm and the CIE Lab color a* for RhB are adopted [11]. The
discoloration of a* is calculated by:

@

where ¢ is the color change of the mortar surface [%], a* O is the
value of a* before UV irradiation, a* tis the value of a* at t with UV
irradiation.

@p=1(d"9g—da" )/a" yx 100%

3. Results
3.1. Chemical bonds of synthesized photocatalysts

Fig. 2 shows the FT-IR spectra of the synthesized photocatalysts.
Absorption peaks at 947 cm ™! and 965 cm ! are observed, while the
absorption peak in the range from 900 cm™! to 975 cm™! can be
recognized as the Ti-O-Si bonds [49]. The shift of the FT-IR peaks might
be attributed to the variation of Ti-O-Si bond angles, due to the different
hybridization of bridging oxygen [50].

Intsensity [a.u.]

1 I 1 T T 1
4000 3600 3200 2800 1200 800 400

Wavenumber [cm™]

Fig. 2. FT-IR spectra of the synthesized photocatalysts.
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3.2. Specific surface areas

The specific surface areas (SSAs) of fine particles are shown in
Table 2. SSA has been confirmed to have considerable impacts on
cement hydration [51], formation of hydration products [52], and
photocatalytic efficiency [53,54]. For example, nanosilica with a higher
SSA is involved in cement hydration with a higher priority than
microsilica with a smaller SSA [55,56]. Hence, it is reasonable to assume
that particles with different SSAs would influence the physicochemical
changes upon hydration and carbonation, as well as the self-cleaning
property [57].

3.3. Porosity & pore size distribution

The self-cleaning property of PCBMs is dependent on the micro-
structure, phase composition, phase distribution, and optical properties.
All mortar samples are fully penetrated by CO, after the 28d accelerated
carbonation as shown in Fig. S2. Samples without the accelerated
carbonation are labeled as “NC”, and samples with accelerated
carbonation are labeled as “AC”.

Pores in cementitious materials are generally classified into four
categories: gel pores (<10 nm), medium capillary pores (10-50 nm),
large capillary pores (50 nm-1 pm), and macropores and entrained air
pores (>1 pm) [52]. Before carbonation, the gel and capillary pores were
refined with hydration as shown in Fig. S3a [36,43]. The pore volume of
the Sa at the 30-300 pm range is lower than the Cp after 7d hydration,
attributed to the “filler” effect of microsilica. From 7d to 28d, more C-S-
H gel is generated from the pozzolanic reaction of microsilica with solid
volume expansion, which refines the pore structure [83]. Porosities of
all samples decrease but average pore diameters get coarser after
carbonation. This is attributed to the depletion of gel and capillary pores
upon carbonation as shown in Fig. S3b.

Surfactant Triton X-405 as a typical foaming agent would introduce
air bubbles into the cementitious matrix. It is proved that surfactant-
induced pores in the mortar matrix are generally bigger than 150 pm,
which mainly affects the macrostructure [37]. Porosity increase in Cp is
observed from 7d to 28d hydration which might be attributed to 1) the
slight randomness of macropore numbers and 2) the considerable
impact of macropores (pore radius, r) on the pore volume and porosity
(V = 4/3nr*) (Table 3).

The pore size distribution of all PCBMs changes in the 4-100 nm
range (see Fig. 3a). An overall tiny decrease of pore volume in Cp
(cement+P25) is observed, while the pore volume increases in the <7
nm range and decreases in the 7-100 nm range in Sa
(cement+microsilica+-AT). The pore volume of Ca (cement+AT) shows
a linear assembly of Cp and Sa, due to the existence of silica aerogel. Gel
and capillary pores in pure cement mortar slightly change, while more
gel pores are generated with fewer capillary pores thanks to the
pozzolanic reaction of microsilica, with the hydration from 7d to 28d. It
is found upon carbonation in Fig. 3b: 1) the pore volume decreases at
both gel and capillary scales, 2) the smaller the pore diameter, the more
dramatic the pore volume decrease, and 3) the higher the reactive silica
content, the higher the decreased extent. It is caused by different C-S-H
contents after 28d hydration.

Generally, the addition of nanoparticles can refine the pore structure
[60,61]. It is proved that, after 28d hydration, the 5 wt% of TiOg

Table 2
The specific surface area of powders.
Material NanoSiOy Si0, ST AT P25 Microsilica
aerogel
SSA 275.8 + 7159 + 199.6 482.9 50 20 + 10"
[m?%/ 13.8 43.3 +116  £37 +
gl 15°

2 Provided by the manufacturer (BET method).

Cement and Concrete Research 162 (2022) 107009

addition can refine the pore structure in all diameter ranges, while the 1
wt% of TiO, addition can only refine the pore structure in the >100 nm
range [60]. That indicates the refinement of pore structure in <100 nm
range of AT- and ST- blended samples (1 wt% TiOg) is mostly attributed
to the “photocatalyst silica” and microsilica (if used).

3.4. Phase composition

The self-cleaning property of PCBMs is affected by the effective
exposure of TiO, particles on the surface, while the hydration and
carbonation products could shield TiO particles and alter the properties
of the surrounding media. To observe the phase evolution upon hydra-
tion and carbonation, XRD, TGA, and SEM analyses are utilized to
characterize the phase composition.

Similar mineral composition and hydration products are observed in
uncarbonated mortars (Fig. 4a): 1) several peaks dominated by quartz
ascribing to the sand, 2) main cement clinkers including CS, CsS, and
C3A, 3) main crystallized hydrates including CH and AFt, and 4) TiO5 in
all samples [12,16]. The CH content (20 = 20.96°) is almost unchanged
in the hybrid group with the increase in hydration age, while the
increased amount of CH is observed in the control group. Similar results
are also reported in other studies [11,41,42]. Similar composition and
carbonation products are observed in the carbonated mortars (Fig. 4b):
1) the peak intensity of calcite (20 = 34.24°) of the control group is
stronger than in the hybrid group, 2) CH and cement clinkers (C,S and
C3S) are almost invisible due to carbonation. From these results, it is
concluded that there is no vaterite and aragonite after the 28d acceler-
ated carbonation.

TGA data are analyzed to further study the phase composition of
PCBMs with different treatments. DTG curves in Fig. 5 show tempera-
ture ranges of mass loss for mortars before and after carbonation. The
amorphous calcium carbonate in uncarbonated samples is attributed to
the inevitable COy exposure of the sample surface during the mixing,
casting, and characterizations. The mass loss in the 400-800 °C range
corresponds to the decarbonization of calcium carbonates for carbon-
ated samples [11,39,62-64]. Thermal decomposition temperatures of
amorphous CaCOj3 and calcite overlap in a broad range, but amorphous
CaCO3 decomposes at a lower temperature [11,39,65,66]. Therefore,
the 400-650 °C range is assigned to the decomposition of amorphous
CaCOg3, while 650-800 °C is assigned to calcite, based on the DTG
curves. More mass loss of amorphous CaCOs in the hybrid group and
more mass loss of calcite in the control group are observed, caused by
different C-S-H content before carbonation (Fig. 5b). Meanwhile, more
amorphous CaCOj is observed in hybrid samples with the increase in
hydration age, which is attributed to the increased C-S-H content in
hybrid samples upon hydration. It means that the addition of reactive
silica and age of carbonation considerably influence the phase compo-
sition upon carbonation, owing to the different carbonation behaviors of
hydration products and cement clinkers.

The stochastic uncertainty of TGA tests for mortar samples has been
discussed due to the use of sand use [65,67]. A mass loss-based
normalization that can semi-quantitatively determine the mass loss of
certain phases with certain mass loss temperature ranges is adopted
[65]. The normalized mass loss of a certain phase is calculated by:

Mg = (Mg —my2) /my x 100% )

where, My, x is the normalized mass loss of phase x [%], m,. is the
mass ratio of the sample at the temperature when phase x starts the
decomposition obtained from the TGA curve [%], my o is the mass ratio
of the sample at the temperature when phase x ends the decomposition
obtained from the TGA curve [%], m; is the total mass loss ratio of the
sample for the whole heating process obtained from the TGA curve [%].

The normalized mass loss (CH of uncarbonated samples and calcite
of carbonated samples) is calculated and summarized in Table 4. The
calculation is based on the decomposition temperature ranges
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Table 3
Changes of microstructure upon hydration and carbonation.
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Condition Sample Porosity [%] Total pore volume (V) [ml/g] Total pore area (A) [m%/g] Average pore diameter (4 V/A) [nm]
Hydration Cp-7d-NC 24.82 0.1368 7.910 69.19
Ca-7d-NC 30.28 0.1780 8.107 87.83
Sa-7d-NC 29.46 0.1785 13.983 51.07
Carbonation Cp-28d-NC 27.67 0.1198 2.088 88.76
Ca-28d-NC 29.89 0.1445 2.851 80.62
Sa-28d-NC 24.27 0.1290 4.474 47.12
Cp-28d-AC 23.27 0.1566 7.056 229.55
Ca-28d-AC 25.69 0.1755 8.705 202.79
Sa-28d-AC 23.44 0.1400 11.883 115.36

Note: the MIP profiles of the accumulative pore volume are included in Supplementary Materials (Fig. S4).
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Fig. 3. The differential pore size distribution upon (a) hydration and (b) carbonation of PCBMs.

determined by DTG curves. CH is accumulated in the control group
(cement + photocatalyst) with the increase in hydration age, which is in
line with XRD results. Meanwhile, a lower content of CH in samples with
composite photocatalysts is observed compared with P25-addition
samples and is more visible in AT-blended samples. It confirms the
involvement of nanosilica and silica aerogel in the pozzolanic reaction
as described in Section 3.2.1. The reactivity of the three reactive silicas is
ordered as: silica aerogel > nanosilica > microsilica. More TiO5 particles
(of AT- and ST-blended samples) are then “encapsulated” with porous C-
S-H gel due to in-situ pozzolanic reaction of nano silica and silica aer-
ogel, with the increase in hydration age. Calcite, poorly crystalline C-S-
H, and amorphous CaCOs are the main carbonates according to
Table S1, Table S2, and Fig. 6b. More amorphous CaCOsg is generated
when C-S-H with a low Ca/Si ratio is carbonated as expected.

Fig. 6 shows the SEM images of the 28d-hydrated Cp and Sp before
and after carbonation. Before carbonation, rich crystallized phases (AFt
and CH) and less C-S-H gel are observed in Cp, while compact C-S-H gel
and less crystallized CH are observed in Sp. Upon carbonation, dense
“flaky-shaped” and “cluster-shaped” crystallized phase (calcite) and

porous C-S-H gel are observed in both Cp and Sp, while the C-S-H gel in
Sp with microsilica is more porous [11,68]. C-S-H gels turn to be more
porous with a lower Ca/Si ratio after carbonation due to the “decalci-
fication” [68]. These observations are in line with the analyses of phase
composition by XRD and TGA.

3.5. Optical properties

UV-VIS-NIR reflection spectra of PCBMs before and after carbonation
are measured. The band energy (Ey) is calculated from spectra, based on
Tauc's plot method [69]. The Kubelka-Munk optical absorption coeffi-
cient F[R(4)] is first calculated by:

FIR()] = [1 - R() ] /2R(3) @)
then, Eg is obtained by (Tacu's plot):
FIR(A) Jho = (ho — E,)" C))

where, R(1) is the reflectance of the mortar plate [%], n is the constant
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Fig. 4. XRD patterns of PCBMs (a) before and (b) after carbonation.

that depends on the type of transition (2 for indirect transition, 1/2 for resistance against the deterioration caused by carbonation than samples
direct transition), h is the Planck constant (6.63 x 10~3% J.s), v is the using pure cement as the binder, and 4) the composite photocatalyst
photon's frequency [1/s]. For TiOj-contained compounds, indirect with silica aerogel shows better resistance against the deterioration
transition (n = 2) is generally considered and discussed [70-72]. caused by carbonation/hydration than the nanosilica one. These results

The activation of photocatalysts is related to the UV absorption ca- indicate the dosage of TiOy (5 %/1 %), binder mix (cement/
pacity [73]. For non-transparent objects like cementitious mortars, the cement+microsilica), and composition of synthesized photocatalyst
UV absorptance can be obtained based on the reflection spectrum (silica aerogel+TiOz/nanosilica+TiO3) affect the deterioration of UV
(absorptance = 1-reflectance). A higher UV absorptance indicates a absorption capacity upon carbonation and hydration. A higher dosage
stronger UV absorption capacity. To compare the UV absorption ca- (5 %) of TiOy, the substitution of cement with microsilica, and silica
pacity of different PCBMs, the average UV absorptance (pyy) of each aerogel composited photocatalyst can improve the resistance to the
sample in the 250-400 nm band is defined and calculated by: deterioration of UV absorption capacity upon hydration and carbon-

" ation. It must be borne in mind that the change of matrix color upon

S1—=R(A)m hydration/carbonation could also alter the UV absorption capacity of

Py = 5) PCBMs to some extent, according to “Planck's blackbody radiation law”

mn [74]. However, the change in UV absorption should be mainly attributed

where, 4 is the wavelength [nm], R(2) is the reflectance, m is the count of to the photon transition of TiO, particles, because of the sheltering of
the reflection spectrum measurement at the UV range. hydration/carbonation products on TiOy surfaces.

It is found in Fig. 7: 1) carbonation causes more drop in the UV ab- Band energies of photocatalyst-blended mortars are calculated and
sorption capacity than hydration, 2) P25-blended samples have the summarized in Fig. 8. The band energy of PCBMs (2.83-3.04 eV) is
highest UV absorption capacity and show better resistance to the dete- lower than TiO3 (~3.2 eV), which was observed in other studies [12,75].
rioration upon carbonation/hydration than composite photocatalysts- The reduction of band energy is attributed to the disorder of the elec-
blended samples, 3) samples with the microsilica addition show better tronic structure of semiconductors through the creation of defects

[12,76]. However, the defects (surface modification) do not always
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Fig. 5. DTG curves of PCBMs (a) before and (b) after carbonation.
Table 4 materials [14,20,35,77]. However, most of them focused only on the
able

Normalized mass loss of CH before carbonation and calcite after carbonation.

Sample  Normalized mass loss of CH [%] Normalized mass loss of calcite [%]
7d 14d 28d 7d 14d 28d

Cp 9.93 + 11.34 + 13.53 + 28.21 + 35.21 + 36.05 +
0.05 0.11 0.19 0.93 0.03 0.18

Cn 835+ 9.44 + 10.51 + 25.84 + 31.97 + 31.55 +
0.11 0.18 0.08 0.08 0.11 0.11

Ca 7.29 + 8.01 + 891 + 24.93 + 31.64 + 31.17 +
0.25 0.28 0.08 0.40 0.63 0.08

Sp 6.72 + 5.49 + 4.99 + 18.91 + 19.86 + 13.69 +
0.14 0.09 0.06 0.03 0.06 0.18

Sn 5.42 + 4.06 + 4.00 + 16.24 + 16.58 + 12.34 +
0.04 0.07 0.04 0.09 0.08 0.16

Sa 5.04 + 3.80 + 3.75 + 15.52 + 15.84 + 12.43 +
0.04 0.02 0.10 0.06 0.17 0.06

Note: m,.; and m,,; are 400 °C and 465 °C for CH, 650 °C and 800 °C for calcite.

guarantee the drop of band energy [77,78]. The accumulation of hy-
dration/carbonation products might bring higher band energy. The in-
crease in band energies by hydration/carbonation indicates fewer
photons (less energy) can be utilized in photocatalysis after hydration
and carbonation. The band energy of PCBMs increases differently upon
hydration (ages) and carbonation: 1) the band energy is more sensitive
to hydration than carbonation, 2) the band energy of the control group is
more sensitive to hydration/carbonation than the hybrid group, and 3)
the band energy of ST-addition (nanosilica+TiO5) is more sensitive to
hydration/carbonation than AT-addition (silica aerogel+TiO2) samples
within groups. The higher band energy indicates higher energy (of
photons) to trigger the photocatalytic reaction. Therefore, the increase
of band energy means the deterioration of the photocatalytic property
when photocatalysts are applied in buildings. Some studies were con-
ducted to investigate the band energy of photocatalytic cementitious

impact of catalysts, while the impact of hydration, especially carbon-
ation was ignored. The increase of band energy could be attributed to
the (over-) surface modification of TiO; particles by nano-sized hydra-
tion/carbonation products as electronic impurities [12,77]. These re-
sults reveal that the nano-sized hydrated/carbonated impurities might
destruct the electronic structure, drift conduction/valance bands, and
disturb the light absorption and charge separation of (modified-) TiO5
particles [77,78]. It could be concluded that crystalized phases (mainly
CH and calcite) affect more the semiconductor properties than amor-
phous phases (mainly C-S-H) in PCBMs, which might be ascribed to the
more stable and consistent optical properties and electronic structure of
crystallized phases than the amorphous ones [79].

3.6. Discoloration process

RhB on the surface will be degraded by the photocatalytic reaction
with the UV exposure, as presented in Fig. 9. There are three stages of
the discoloration process visibly identified as: 1) active stage with rapid
color change, 2) transitional stage with slight color change, and 3) stable
stage with almost no color change. Most dye should be oxidized in the
active stage to prevent the accumulation of pollutants on the surface.
The accumulated pollutants would cover the photocatalyst surface and
then retard further degradation if a sustained pollution source exists. In
recent studies of photocatalytic cementitious materials, there is no clear
definition of the active stage, but it should be imperative based on the
analysis above [12]. The discoloration process of different samples is
similar, and a* of all samples is relatively stable after 345 min UV
irradiation (Fig. 9 and Fig. S7). Meanwhile, different final color changes
are observed at the stable stage after long-time UV irradiation, which
means partial RhB could not be oxidized by the photocatalytic reaction.
Therefore, ¢;—105 min and @;—2800 min are utilized as indicators to better
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compare the self-cleaning efficiency for the active stage and final
discoloration performance, as concluded in Fig. 10.

Overall decreases and similar variations at ¢¢—105 min and @¢~2800 min
are both observed upon hydration and carbonation in Fig. 10. This in-
dicates both hydration and carbonation harm the discoloration effi-
ciency of the active stage and the final discoloration rate. In detail, the
performance drops with the increase of hydration age prior to carbon-
ation. The differences between samples become smaller after
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Fig. 8. Band energy of PCBMs before carbonation and after carbonation.

carbonation. =~ Meanwhile, samples of the hybrid group
(cement-+microsilica) show better resistance to the deterioration of self-
cleaning performance (both active and stable stages) caused by hydra-
tion/carbonation than samples of the control group. At the same time,
P25-blended samples always demonstrate the best performance, while
AT-blended samples perform better than ST-blended samples. These
results are in line with the observation of the optical property.
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4. Discussions

The self-cleaning property of PCBMs will be debilitated by hydration
and carbonation according to the analyses in Section 3. The “occupa-
tion” of active sites by nano-sized hydration/carbonation products at the
early stage and the “sheltering” effect of hydration/carbonation prod-
ucts are difficult to interpret, especially when SCMs are utilized. For
example, in this study, the self-cleaning performance of AT-blended
samples is expected to be the worst based on these theories due to the
high specific surface area of AT, but it is in contrast with the experi-
mental observation. Hence, new mechanisms are proposed in this study
to better demonstrate the deterioration of the self-cleaning property
caused by hydration and carbonation.

The increase of band energy and the decrease of UV absorption ca-
pacity are attributed to the surface modification of TiO;, particles by the
nano-sized hydration/carbonation products in Section 3.5. Initial vari-
ables between samples in this study are the reactive silica and the dosage
of TiOo. It is easy to understand that a matrix with a higher dosage (5 %)
of TiO5 can perform better than the one with a smaller dosage (1 %),
because of the higher initial exposure of TiO3 and the “dilution” effect on
the negative impacts when TiO, particles are well dispersed. So, dis-
cussions will mainly be focused on hydration/carbonation products,
photocatalyst properties, and surrounding media. These properties are
affected by reactive silica (microsilica, photocatalyst@nanosilica, pho-
tocatalyst@silica aerogel).

4.1. Deterioration mechanism of self-cleaning performance upon
hydration

More CH crystals and high Ca/Si C-S-H gels are generated and
adhered to the photocatalyst surface, with a higher pH environment
around photocatalyst particles in OPC-based matrixes [80,81]. Mean-
while, the pH is lower with the (increased) SCMs addition and could
decrease to <13 for the blends with high silica fume substitution (>20
wt%) [82-85]. The surrounding media of TiO particles are C-S-H and
CH for control samples (28d) and low Ca/Si C-S-H for hybrid samples
(28d) before carbonation (Section 3). After carbonation, the surround-
ing media for TiO particles are low Ca/Si C-S-H and calcite for control
samples (28d) and low C-S-H, silica gel, and amorphous CaCOs for
hybrid samples (28d). However, these phases possess different mass
transfer capacities which could affect the photocatalytic reaction
[12,86]. For example, calcite is denser than amorphous calcium car-
bonate, which limits the mass transfer and then the photocatalytic
performance. Meanwhile, the oxidization of HoO5 to OH- and OH™ will
be retarded if rich OH™ exists considering the kinetic balance [87]. This
indicates the high pH also contributes to the drop in photocatalytic ac-
tivity from the perspective of chemical equilibrium. In addition, the
microstructure of the surrounding media concerning the mass transfer of
pollutants also affects the photocatalytic efficiency [9,46].

The gel structure of C-S-H is the dominant factor affecting the micro-
mass transfer for photocatalytic oxidation. More low Ca/Si C-S-H is
formed to replace the CH which is originally adhered to the photo-
catalyst surface when reactive silica exists, leading to the formation of
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more gel pores and the drop in pH around TiO, particles. Low Ca/Si C-S-
H is much more porous than the crystallized CH, which allows a better
mass transfer and alleviates the deterioration of self-cleaning perfor-
mance [88]. The above discussion can explain why samples with
microsilica show higher resistance to the deterioration of self-cleaning
performance than samples using pure OPC.

The pozzolanic reaction occurs preferentially with nanosilica and
silica aerogel, attributing to their high SSAs, for samples using com-
posite photocatalysts. The “TiO2@SiOy Core-Shell” structure of AT and
ST is further reconstructed as TiO, particles and TiOy-surrounded C-S-H.
The gel structure of AT-contained samples is more porous than ST-
contained samples, attributed to the intrinsic porous frame structure
of silica aerogel. This indicates a better resistance to the deterioration of
self-cleaning performance upon hydration, which is in line with the
observation in Section 3.3. The deterioration mechanism of self-cleaning
performance by hydration and carbonation is summarized in Fig. 11 and
further explained in the following sections.

Fig. 12a shows the changes of photocatalysts and their surrounding
conditions of different initial compositions upon hydration. The dete-
rioration of PCBMs is attributed to four factors: 1) band energy (nano-
sized surface modification), 2) “sheltering” effect, 3) chemical equilib-
rium, and 4) gel mass transfer. The alleviation effects of microsilica and
“photocatalyst@silica” can be explained by these factors. Three groups
are plotted in Fig. 12b for a better expression: I. Cement + P25, II.
Cement + MS + P25, and III. Cement + MS + AT. With the increase of
reactive silica content (0 — 25 % wt% MS — 25 % wt% MS + 4 wt%
photocatalyst@silica), the deterioration of self-cleaning performance is
retarded.

At the 7d age:

o the pH, CH content, and Ca/Si (of C-S-H) of the OPC-based matrix are
the highest among the three groups, which indicates the highest OH™
concentration, strongest “sheltering” effect/surface modification,
and worst gel mass transfer.

with the substitution of microsilica (25 wt%), the pH and Ca/Si
become lower, and more C-S-H gels with more porous structure are
produced, which indicates lower OH™ concentration, less “shel-
tering” effect/surface modification, and better gel mass transfer.
the photocatalyst@silica is preferentially transferred as the porous
“photocatalyst@CSH" (low Ca/Si) when AT photocatalyst is used
with microsilica (25 wt%). This indicates the lowest OH™  concen-
tration, further reduced “sheltering” effect/surface modification, and
further enhanced gel mass transfer.

With the increase in hydration age (7d — 28d):

all matrixes are surrounded by more hydrates with the enhanced
“sheltering” effect and surface modification.
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e the pH becomes lower and more C-S-H gels (more porous) exist for
groups II and III, which indicates the lower OH™ concentration and
better mass transfer that can alleviate the deterioration of photo-
catalytic properties to a certain extent.

e the pH becomes higher in group I, which indicates higher OH™
concentration and results in a worsened deterioration.

4.2. Deterioration mechanism of self-cleaning performance upon
carbonation

Calcium carbonates (amorphous and calcite) are produced from the
carbonation of cement grains and hydrates upon carbonation. CH is
generally transformed to calcite with solid volume increase, while C-S-H
is partially carbonated as calcite and C-S-H (lower Ca/Si), according to
Section 3.2.1. An overall stronger “sheltering” effect is formed after a
28d CO;, treatment (3 %) in all samples as shown in Fig. 13. The matrix is
more pH neutral after carbonation, indicating the changed mass transfer
and chemical equilibrium of the surrounding media. More calcite crys-
tals could further modify the optical properties of TiO, particles [79].
Hence, the enhanced “sheltering” effect, gel structure refinement (worse
mass transfer), and retarded photocatalytic reaction result in lower
photocatalytic activity. It manifests as the increment of band energy,
drop of UV absorption, and deterioration of self-cleaning performance
upon carbonation.

Less calcite is generated in samples with microsilica, while more
amorphous calcium carbonates are generated especially visible for 28d
samples, due to the massive production of C-S-H (Table 4). Carbonation
products of C-S-H gel are low Ca/Si C-S-H gel, silica gel, and amorphous
calcium carbonate (partially as calcite). From SEM observations, the gel
structure is more porous even though the volume of gel pores decreases,
which could alleviate the deterioration of mass transfer. Meanwhile,
more low Ca/Si C-S-H gels are retained in hybrid samples after
carbonation, due to the thermodynamic priority of high Ca/Si C-S-H and
the lower limit of Ca/Si ratio for the “decalcification” process [89,90].

Besides, the “TiO2@C-S-H Core-Shell” structure is reconstructed by
carbonation. The photocatalyst@C-S-H would be carbonated to multi-
phase (C-S-H gel, silica gel, and calcium carbonates [91]. The micro-
structure of the new photocatalyst@C-S-H is more porous than the
carbonated C-S-H of hybrid samples with P25 addition. Affecting factors
(surface modification, sheltering effect, gel mass transfer, and chemical
equilibrium) upon carbonation, originally caused by microsilica and
photocatalyst@silica are summarized and presented in Fig. 13c.

4.3. Interaction of hydration & carbonation

The impact of hydrates carbonation at different hydration ages is
systematically discussed above. Therefore, only anhydrous cement
phases are considered in this section. Carbonation takes the kinetic
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Fig. 11. The deterioration mechanism of self-cleaning performance of PCBMs.
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priority over hydration and the stable carbonation products are mainly
calcite (partially as C-S-H), gibbsite, silica gel, and Fe(OH)s, for anhy-
drous cement grains (e.g. C3S, CaS, C3A, and C4AF) in a humid CO»-
riched environment [14,15,92,93]. This is also validated by the TGA
results (Fig. 5b and Table 4), while more calcite is observed in hybrid
samples upon carbonation after 7d and 14d hydration than 28d. Then,
the optical and self-cleaning properties are altered, as presented in
Sections 3.5 and 3.6. Therefore, the early carbonation (7d and 14d)
might exacerbate the deterioration of self-cleaning properties as shown
in Figs. 9b and 10, which could be attributed to the decrease of C-S-H
content (weakened gel mass transfer and stronger “sheltering” effect).
Generally, the carbonation of cementitious materials is treated as a
diffusion-controlled process, and the COy partial pressure of the
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accelerated carbonation (3 %) is about 100 times of the natural process
(0.03 %), which indicates a much slower CO5 penetration and carbon-
ation speed in nature [15,39,94]. However, self-cleaning is a surface
property, and the mortar surface is quite easy to be naturally carbonated
with the appearance of amorphous CaCO3 and then calcite (the early
carbonation product of CH [15]) as shown in Fig. 5a. Therefore, the
negative effect of early natural carbonation could be also alleviated by
utilizing reactive silica in the application, to promote the instantaneous
secondary hydration of CH [68].

4.4. Solution and further works

The substitution of cement with microsilica is proved to be an
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efficient approach against the deterioration of self-cleaning performance
caused by hydration and carbonation, which is concluded as “matrix
resistance”. The “TiO,@SiOy Core-Shell” structure can further prevent
the drop in self-cleaning performance, which is concluded as the
“intrinsic resistance” of composite photocatalysts. Taking all the anal-
ysis and discussion into consideration, an appropriate solution should
consider: 1) a sufficient net TiO, dosage, 2) a hybrid binder (cement +
reactive silica) design, and 3) a (pseudo) “core-shell” structure of pho-
tocatalyst by using fine reactive silica (for example silica aerogel) as the
support.

It should be noted that the mechanical property and erosion resis-
tance of cementitious materials are also of considerable significance for
engineering applications. The overdose of microsilica would harm the
mechanical property and erosion resistance capacity in long-term ser-
vice, as well as cause cost issues [41,62,66]. So an optimal dosage of
reactive silica is necessary to ensure simultaneously sufficient self-
cleaning performance, mechanical property, and erosion resistance. At
the same time, the property like core/shell ratio (mass and thickness)
and shell porosity of the “TiO,@SiO2 Core-Shell” photocatalyst is also
worth further investigation.

5. Conclusions

This study attempts to understand the deterioration mechanism of
photocatalytic cementitious materials upon simultaneous hydration and
carbonation. Two series of photocatalytic mortars using two binders and
three photocatalysts are fabricated, characterized, and analyzed to
identify the evolution of phase composition, microstructure, optical
properties, and self-cleaning performance. The detailed conclusions are
drawn as follows:

1. Deterioration mechanisms of self-cleaning performance upon hy-
dration and carbonation, concerning properties of photocatalysts
(UV absorption, band energy, “sheltering” effect of TiOy particles)
and their surrounding media (gel mass transfer and chemical equi-
librium), are proposed.

2. The increased band energy is ascribed to the surface nano-
modification of hydration/carbonation products, with the drifting
of conduction/valance bands of TiO, particles. Crystallized phases
(CH and calcite) with more stable and consistent optical properties
and electronic structure could have a stronger modification capacity
than the amorphous ones. A stronger “sheltering” effect is attributed
to the accumulation of hydration/carbonation products, especially
the crystallized phases (mainly portlandite and calcite) with compact
structures. The worsened gel mass transfer property is caused by the
reduction of gel pores. The chemical equilibrium of photocatalytic
reaction is affected by pH (OH™ concentration) and a low pH is
beneficial.

3. More low Ca/Si and porous C-S-H gels are generated with microsilica
substitution due to the pozzolanic reaction. This results in the
enhanced resistance to the deterioration of self-cleaning perfor-
mance on hydration, reflected by lower band energy, weaker “shel-
tering”, better mass transfer, and lower pH compared to OPC-based
samples.

4. Low Ca/Si “photocatalyst@C-S-H" with a more porous structure
could be preferentially formed by the in-situ pozzolanic reaction of
“photocatalyst@silica” around TiO5 particles owing to the high SSA.
The porous “photocatalyst@C-S-H” could limit surface modification
and “sheltering” effect, enhancing the gel mass transfer. The extra
reduction of OH™ concentration could promote the chemical equi-
librium as well.

5. The “sheltering” effect becomes more evident in all matrixes due to
the solid volume increase of carbonation products upon carbonation.
Meanwhile, C-S-H gels surrounding the TiO, particles become more
porous in hybrid samples due to decalcification, which can alleviate
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the negative impacts. For samples blended with composite photo-
catalysts, the alleviation impact is enhanced.

6. The early carbonation of non-fully hydrated cementitious matrixes
might hurt the self-cleaning property, and the deterioration is more
visible in the OPC-based matrix. Reactive silica can be utilized to
promote the instantaneous secondary hydration of CH to C-S-H, then
alleviate the deterioration.

7. A mixture recommendation including proper TiO, dosage (5 wt%),
hybrid binders (cement + reactive silica), and composite photo-
catalyst (fine reactive silica as the support) is proposed to realize a
better resistance to the deterioration of self-cleaning property upon
hydration/carbonation.
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