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A B S T R A C T

The self-cleaning performance of photocatalytic cement paste is related to the dispersion of nano-TiO2 in the
hardened matrix. This work aims to study the influences of Portland cement hydration on the self-cleaning
behaviour of acidic anatase TiO2 hydrosol modified hardened Portland cement paste (HPCP), and the working
mechanisms. The presence of TiO2 hydrosol results in the retardation of hydration at early age and better self-
cleaning performance of HPCP. The additional surface defects of TiO2 in HPCP are the main reason of self-
cleaning performance enhancement. The morphology and the pore size distribution of hydration products also
contribute to the enhancement of self-cleaning performance by the surface electron capture effect, which are
supported by the analyses of Confocal Raman Microscopy and Scanning Electron Microscope. A new mechanism
is suggested to explain the role of photocatalytic property and cement hydration on the enhancement of self-
cleaning performance of HPCP with different concentration of TiO2 hydrosol.

1. Introduction

Cementitious materials, especially those exposed to outdoor condi-
tions, are directly and continuously exposed to many pollutants (e.g.
organic, inorganic and particulate matter) and microorganisms under
different weather. These pollutants can aggravate the deterioration
process of concrete structures and cause important changes in the
materials properties, like aesthetic and physical properties degradation
[1,2]. Nano TiO2-based photocatalysis has proved to be a promising
technology for the efficient degradation of a range of organic com-
pounds (e.g. volatile organic compounds) and inorganic compounds
(e.g. NOX and SO2), in busy canyon streets [3,4], road tunnels and
urban environments [5], etc.

Due to the different synthesis process, nanodispersed TiO2 hydrosol
[6–10] and TiO2 nano- powder [11–14] present different agglomeration
morphology and surface charge distribution in aqueous solutions. In

general, the TiO2 particles in hydrosol are positively charged and the
hydrodynamic diameter is < 100 nm [6,9,15–18]. Though the crystal
size of TiO2 particles in nano powder is in nano scale, it is difficult to
obtain the nano dispersed TiO2 suspension by re-dispersing nano
powders in water [19]. Moreover, the surface charge of nano TiO2 is
influenced by the pH of system. According to several studies, the iso-
electric point of TiO2 nano powders [20–23] and hydrosols [9,24]
varies in the pH range of 5–6.8, meaning the positively charged TiO2

nano particles will become negatively charged when the pH is higher
than the isoelectric point. As to the strong ionic alkaline system of ce-
ment-based materials, the surface charge and agglomeration behaviours
of nano TiO2 should be influenced in theory. In addition, cement hy-
dration involves a collection of coupled chemical processes of dissolu-
tion, diffusion, growth, nucleation, complexation and adsorption, each
of which occurs at a rate that is determined both by the nature of the
process and by the state of the system at that instant [25]. Based on the

https://doi.org/10.1016/j.cemconres.2020.106156
Received 8 November 2019; Received in revised form 2 June 2020; Accepted 7 June 2020

⁎ Correspondence to: Q. Yu, Department of the Built Environment, Eindhoven University of Technology, 5600 MB Eindhoven, the Netherlands.
⁎⁎ Correspondence to: P. Feng, Jiangsu Key Laboratory of Construction Materials, School of Materials Science and Engineering, Southeast University, Nanjing

211189, PR China.
E-mail addresses: q.yu@bwk.tue.nl (Q. Yu), pan.feng@seu.edu.cn (P. Feng).

Cement and Concrete Research 136 (2020) 106156

0008-8846/ © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/BY/4.0/).

T

http://www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2020.106156
https://doi.org/10.1016/j.cemconres.2020.106156
mailto:q.yu@bwk.tue.nl
mailto:pan.feng@seu.edu.cn
https://doi.org/10.1016/j.cemconres.2020.106156
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cemconres.2020.106156&domain=pdf


previous studies [26–30], the nano TiO2 powders are often understood
as accelerating the cement hydration because of the filler effect or
nucleation effect. Since the TiO2 particles are positively charged in
hydrosol and negatively charged in water suspensions made of nano
powders, there may exist different factors that can influence the hy-
dration process of cement, particularly at early age. Moreover, due to
the inorganic or organic acids being selected as the peptizators in the
synthesis process of TiO2 hydrosol [9], the catalogue of surface banded
functional groups might be influenced by the different peptizators,
which might also influence the cement hydration process.

The dispersion of nano TiO2 and the aggregation morphology af-
fected by cement hydration products on the surface of hardened cement
paste is the key factor to the self-cleaning performance of the modified
cement paste. Many studies [31–36] have investigated photocatalytic
and self-cleaning performances, mechanic properties and durability of
cementitious materials modified by nano TiO2 powders in relatively
large dosages. Most results reveal that typically w.t. 3%- 5% of TiO2

nano powders (of cement) modified cement-based material presents
satisfying photocatalytic performance, indicating the lower concentra-
tion of TiO2 nano powders cannot have good photocatalytic perfor-
mance in cementitious materials. These may be caused by the faster
recombination of photo excited electrons and holes on the surfaces of
agglomerated TiO2 particles [37]. Unlike the TiO2 nano powders, TiO2

hydrosol catalysts can be easily separated, collected and re-dispersed
for continuous reuse because of its sensitivity to pH value and elec-
trolyte strength of medium [15–18,21,22]. Some research results show
that nanodispersed TiO2 hydrosols exhibit high photochemical re-
activity, even superior to nano TiO2 powders in aqueous environment
[7,10]. The stable TiO2 hydrosols have the great specific surface areas
and high photocatalytic property, which have been used to prepare
coatings [7,38]. The preparation of cement paste is the reaction be-
tween water and cement clinkers, and the TiO2 hydrosol can be blended
into water, like superplasticizers, without agglomeration, which means
nano TiO2 particles via hydrosols may be easily and well dispersed in
cement paste matrices.

Some studies [39,40] suggested hypotheses of self-cleaning me-
chanism concerning TiO2 nano powders modified mortar, for example
the chemical composition of cement seems to prevail over the effect of
the optical parameters and electronic band structure for mortar made of
slag cement; the final microstructure of the material influenced the
photocatalytic property of mortar. The research on the self-cleaning
performance of TiO2 hydrosol modified Portland cement paste is also
rare, let alone explaining the self-cleaning mechanism of TiO2 hydrosol
in hardened cement paste [41]. Moreover, because of the potential
concerns about the negative effects of low pH induced by the TiO2

hydrosol, few works have studied the effects of the surface charge and
surface functional group of nano TiO2 on the Portland cement hydra-
tion process.

This work aims to study the influences of surface bonded functional
groups of TiO2 hydrosol on cement hydration process, and the self-
cleaning performance of cement paste modified by nano dispersed TiO2

hydrosol in very low dosages, measured at different hydration ages. The
possible self-cleaning enhancement mechanism of TiO2 hydrosol mod-
ified cement paste are suggested in the view of semiconductor prop-
erties of TiO2 in hardened cement paste and morphology of cement
hydration products.

2. Experimental

2.1. Materials

2.1.1. Nano dispersed TiO2 hydrosol
TiO2 hydrosols are synthesized based on the precipitation-peptiza-

tion methods [42] but at the lower temperature (40 °C), because the
TiO2 hydrosol presents smaller hydrodynamic particles size synthesized
at lower temperatures [6]. Titanium tetra-isopropoxide (TTIP, 97.0%)
purchased from Sigma-Aldrich. Acetic acid glacial (CH3COOH, 99.6%)
and absolute ethanol (C2H5OH, 99.9%) purchased from VWR Chemi-
cals, and deionized water (18.2 MΩ.cm) are used in the preparation
process. The physical and chemical parameters of synthesized TiO2

hydrosol are listed in Table 1. To evaluate the crystal type and specific
surface area of TiO2, the TiO2 xerogel is made by drying hydrosol with
unhindered shrinkage at 105 °C for 24 h.

2.1.2. Sample preparation
CEM I 52.5 R cement and tap water are used to prepare the cement

paste. The water to cement mass ratio is 0.4. The samples are wet mixed
for 4 min before moulded in 4 cm × 4 cm × 4 cm moulds and covered
with plastic sheet. Different amounts of TiO2 hydrosol are mixed in
mixing-water before added into the cement. The TiO2 to cement mass
ratios are 0%, 0.01%, 0.05% and 0.10%, respectively. After 1 day of
curing, the samples are demoulded and cured in the climate chamber
(RH > 95%, 20 °C) until the test ages.

2.2. Methods

2.2.1. Particle size and zeta potential evaluation
The TiO2 hydrosol samples are tested three times by a Zetasizer

Nano Series (Malvern Panalytical, United Kingdom) applying the dy-
namic light scattering (DLS) principle. The basic distribution of particle
size obtained from a DLS measurement is intensity. The Zetasizer Nano
Series calculates the zeta potential by determining the electrophoretic
mobility and then applying the Henry equation. The electrophoretic
mobility is obtained by performing an electrophoresis experiment to the
sample and measuring the velocity of the particles using laser Doppler
velocimetry. Prior to the test, the initial hydrosol is diluted in distilled
water for 100 times.

2.2.2. Hydration heat measurement
The calorimetry test is performed using an isothermal calorimeter

(TAM Air, TA Instruments, United States) at 20 °C. Cement is firstly
mixed with distilled water and TiO2 hydrosol, then the resulting paste is
injected into an ampoule that is then sealed by a lid and loaded into the
calorimeter. The heat flow is recorded for 140 h.

2.2.3. X-ray diffraction pattern
The phase compositions of TiO2 xerogel and TiO2 modified cement

paste samples are investigated by comparing X-ray diffraction (XRD)
pattern (Bruker D4 PHASER, Philips, The Netherlands) with a Co tube
(40 kV, 40 mA). A typical run is made with a step size of 0.02°/min and
a dwell time of 0.5 s.

2.2.4. Spectral analysis
ATR-FTIR is used to analyse the functional groups around the

Table 1
The physical and chemical parameters of nano TiO2.

Hydrodynamic size ± SD
(d. nm)

Zeta potential (mV) Polydispersity Index Crystal pattern BET specific surface area (m2/g) Absorption average pore width(nm)

Hydrosol 18.92 ± 6.358 43.4 0.114 – – –
Xerogel – – – Pure anatase 244.75 5.76
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surface of the TiO2 particles in hydrosol. A Fourier-transform infrared
spectroscopy (FTIR) spectrometer (PerkinElmer, United States)
equipped with an attenuated total reflectance (ATR) accessory
(GladiATR, PIKE technologies, United States) is used here. Liquid
samples are dropped evenly onto the surface of the ATR Ge crystal, and
the FTIR spectra are recorded from 400 to 4000 cm−1 at a resolution of
4 cm−1 by 32 scans. For each scanning, the spectrum is collected by
subtracting the original spectrum from the air background spectrum.
Then, the obtained spectra are baseline corrected.

The reflectance spectra of TiO2 modified hardened cement paste
samples at 28 days are measured by the UV-VIS-NIR spectrophotometer
(Perkin Elmer Lambda 750), the tested range is 200 nm to 800 nm,
2 nm per second. To meet the test requirement, the paste samples are
cut into slices with the thickness of 1 cm.

The distribution of phases at the surface of hardened cement paste
at 28 days is observed by Confocal Raman Microscopy (Witec
alpha300S, Witec, Ulm, Germany). Raman spectra are recorded over a
spectral range from 0 cm−1 to 3900 cm−1. Confocal Raman measure-
ments are accomplished using a 532.306 nm excitation laser with the
power of 30.159 mW. The scan area is 20 μm × 20 μm, the size of the
Raman images is 20 × 20 pixels with the integration time per pixel of
2 s. The collected Raman spectra are analysed by using WITec Suite 5.2
software (Witec, Ulm, Germany). For the process of the results obtained
by CRM, ‘cosmic ray removal’ and ‘background subtraction’ are per-
formed.

2.2.5. Thermal-gravimetric analysis
The thermal-gravimetric (TG) analysis is conducted using a STA 449

F1 instrument, cement paste samples are heated up to 1000 °C from
40 °C at the rate of 10 °C/min with nitrogen as the carrier gas. Before
the test, samples at the age of 1 day, 3 days, 14 days and 28 days are
crushed and immersed in acetone for 7 days and then dried in the oven
at 40 °C to cease the further hydration.

2.2.6. Nitrogen adsorption/desorption (NAD) test
In this study, the Brunauer, Emmett and Teller (BET) method, which

is the mostly used method to deduce the internal specific area of pores
based on the multi-molecular adsorption assumptions, is used to mea-
sure the specific surface area of cement paste containing different do-
sages of TiO2 hydrosols. The pore size distribution from the adsorption
isotherm was evaluated by the Barrett-Joyner-Halenda (BJH) inter-
pretation. Nitrogen sorption isotherm experiments are carried out at
77 K temperature by a NAD device of type TriStar II 3020 with the
nitrogen pressure range up to 950 mmHg and the measurement range of
the specific surface area is from 0.01 m2/g, nitrogen unit. The cement
paste samples at 1 day and 28 days are dried at 40 °C and degassed in an
external degassing station at 40 °C under N2 flow for 4 h. In these de-
gasing conditions, the microstructure of early hydration products in the
cement pastes is not affected.

2.2.7. Scanning electron microscope (SEM) analysis
The cement paste samples are prepared based on the process de-

scribed in Section 2.1. The paste samples are cut into thin slices at 1 day
and 28 days, and the hydration of the samples for SEM tests is ceased
for the further hydration. Before the tests, all the samples are sputtered
by gold for enhancing the electrical conductivity. In order to obtain the
microstructure of the samples with different concentrations of TiO2

hydrosols, micrographs are recorded by using a Quanta 250 FEG
scanning electron microscope (ThermoFisher scientific, USA) with
secondary electrons detector at an accelerating voltage of 15 kV.

2.2.8. Self-cleaning performance characterization
Rhodamine B(RB) is an organic dye, the chromophoric group of

which has the maximum lightweight absorption at about 554 nm [43].
Normally, the RB water solution presents the colour of red to violet red,
and the dried RB film on solid materials also presents the same colour.

Since the chromophoric group of RB molecules can be destroyed by in
the photo-degrading process [44,45], the colour change of dried RB
film on the surface of hardened cement paste can be used to interpret its
degradation. In this study, the self-cleaning ability of the TiO2 hydrosol
modified HPCP is evaluated by colorimetric analysis of the degradation
of Rhodamine B (RB).

Before tests, the paste top surfaces are polished by SiC sandpapers to
obtain a relatively smooth surface with the roughness in the range of 10
to 14 μm. Each surface area of paste sample is stained by painting
600 μL of 0.1 mM RB aqueous solution. Then the samples are kept
overnight in dark at room temperature for drying. For each coated
specimen, 9 points are tested for the colorimetric tests and each point is
tested 4 times. The samples are exposed to a UV lamp (10 ± 0.05 W/
m2) to simulate UV light in natural conditions, and the discoloration of
the stains is monitored.

The reflected colour measurements are taken directly on the surface
of each point on each sample at different illumination time with a
spectrometer (USB4000, Ocean optics, United Kingdom), which is op-
timized for the 380–780 nm wavelength range and analysed mathe-
matically to yield colorimetric quantities like xyz, RGB or L*a*b*. In
this study, the percentage of discoloration is expressed with the co-
ordinate of the dominant colour of dye a*, value of the CIE Lab colour
space for RB [34,35] [46], according to:

= ×%colour change a a
a

1000 t

0 (1)

Where, a0
⁎ is the value of a* at time 0 before irradiation, at

⁎ is the
value after t minutes irradiation.

3. Results

3.1. Dispersion and surface functional group of TiO2 in hydrosol

Fig. 1 presents the ATR-FTIR spectra of the TiO2 hydrosol and
xerogel. The measured solid content of TiO2 particles in hydrosol is
about 1.54%, the majority parts in hydrosol are water and acetic acid.
As the red curve shown in Fig. 2, the main absorbance peaks are –OH of
water and –COO− and –C–OH of acetic acid, the typical peaks of TiO2

are covered by those strong peaks. So, the spectrum of TiO2 xerogel
reflected the functional groups on the nano TiO2 particles much clearer.
As the black curve shown in Fig. 2, the strong C]O peak near
1527 cm−1 [47,48] of TiO2 xerogel is assigned to carboxyl groups on
the surface of TiO2, resulting from the acetic acid used in the peptiza-
tion process [7]. The appearance of vibrations around 1440 cm−1 in the

4000 3500 3000 2500 2000 1500 1000 500

-OH, 
deformation vibration

-OH, Antisymmetric and
 symmetric stretching vibration

 TiO2 xerogel

Wavelength (cm-1)

Ti-COOH  
Ti-OH

O-Ti-O

–CO3
2-

Ti-O-Ti
O-O

-OH,
rocking
vibration

C-OH

ecnabrosb
A

 TiO2 hydrosol

-COO-

Fig. 1. The FTIR absorbance spectra of TiO2 hydrosol and dried xerogel.
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fresh xerogel suggested a substantial surface coverage of –CO3
2− re-

sulting from the reaction of carbonation during the drying process [49].
The strong wide peak near 3500–2800 cm−1 is due to the stretching
vibration of –OH group, which represented the OH groups on the sur-
face of TiO2 [7]. The peaks corresponding to OeO, O–Ti–O and Ti–O–Ti
bonds are identified at 912 cm−1, 794 cm−1 and 655 cm−1 [49,50].
These results indicated that sufficient hydroxyl groups like –OH and
–COOH are absorbed on the surface of TiO2 nanoparticles. It is seen that
in TiO2 hydrosol, the TiO2 particles are positively charged and surface
absorbed by –OH and –COOH via chemisorption, which is negatively
charged in suspension by re-dispersing nano TiO2 powder in solution at
neutral or higher pH because of the absorption of O− and –OH [51,52].
The absorption of –COOH makes the TiO2 hydrosol different from the
suspension made of nano TiO2 powders. When mixing this TiO2 hy-
drosol into cement paste, the hydration process might be influenced
because of the different surface functional groups and charges, which
will be discussed in the next section.

3.2. Effects of TiO2 hydrosol on cement hydration

3.2.1. Hydration heat
The cumulative heat release and rate of hydration of cement paste

containing TiO2 hydrosol are shown in Fig. 2. Fig. 2 (a) indicates that
the total hydration heat remained similar as the TiO2 dosage is 0.01%
and beyond that dosage the hydration heat decreased with the increase
of TiO2 amount. As can be seen from Fig. 2 (b), after mixing with TiO2

hydrosols, the hydration rate decreases and the descent scope is greater
as the dosage of TiO2 increased. Meanwhile, the time of occurrence of
heat flow peaks in the blank and TiO2 modified cement is different, and
a delay is observed when TiO2 hydrosol is used in the cement paste. The
retardation of that exothermic peak is greater with the increase content
of TiO2.

To analyse the influences of TiO2 hydrosol on the hydration kinetics
in detail, six parameters are calculated from the heat evolution curves
in Fig. 2, see the illustration shown in the detailed view of the heat
evolution curve of the reference sample in Fig. 2(b). The obtained hy-
dration parameters are listed in Table 2. The hydration rate in the in-
duction period and the duration of the induction period tA [53] are
related to the diffusion rate of various ions from the mineral phases to
the aqueous phase [25,54,55]. The ions diffusion rates are mainly
dominated by the contact surface between the mineral grains and
water. In Table 2, the ending time point of the induction period (tA) of
cement hydration is delayed due to the presence of TiO2 hydrosol, and
the retardation increased with the concentration of TiO2 hydrosol in
cement paste. Adding 0.05% and 0.10% TiO2 hydrosol evidently pro-
longs the induction period and depresses the hydration rate (dQ/dt)A in
the induction period, implying the decelerated ion diffusion causes by

the prominent adsorption of TiO2 particles on cement surface. The
slight influences on the heat evolution parameters of cement hydration
are found when 0.01% TiO2 hydrosol is added, which is because of the
low amount of adsorption functional groups on cement grains surfaces.

After the induction period, cement hydration steps into the accel-
eration period with rapid nucleation and growth of hydrates. The hy-
dration rate in the acceleration period is determined by the total
amount of hydrate nuclei of C-S-H [55–57]. Thus, KA–B reflects the
nucleation rate of C–S–H at the early stage of the acceleration period. In
Table 2, KA–B and (dQ/dt)C visibly drop with the concentration of TiO2

hydrosol, suggesting that TiO2 depresses the nucleation of hydrates
during the acceleration period, which may be ascribed to the absor-
bance of TiO2 particles with calcium. As described in Section 3.1, the
–COOH, –OH and –CO3

2− are observed on the surface of TiO2 xerogel
and TiO2 particles in hydrosol. The measured zeta potential of TiO2

hydrosol is positive, indicating the positive charge of functional groups
(–OH2

+ [51,52]) played a dominant role on the surface of TiO2 parti-
cles in acidic solution. While in cement pore solution with very high pH,
the surface of TiO2 nano particles turns into negative because the so-
lution pH is higher than the isoelectric point (in a pH range of 5.6–6.0
[21,58]). The TiO2 particles can absorb on the surfaces of positively
charged cement grains that hinder the exchange of water and ions and
poison the nucleation sites.

With the growth of hydration products, a hydrate layer is gradually
formed over the surfaces of cement grains, which further hinders the
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Fig. 2. Influence of different concentration of TiO2 hydrosol on the exothermic heat flow per mass of binder and total heat of cement paste.

Table 2
Parameters of cement hydration extracted from the calorimetry curves of the
reference cement paste and the cement pastes containing different concentra-
tion of TiO2 hydrosol.

Item tA
(h)

(dQ/dt)A
(mW/g)

QA

(J/g)
tC
(h)

(dQ/dt)C
(mW/g)

QC

(J/g)
KA-B

(mW/
(g·h))

QA-C

(J/g)

Reference 2.06 0.61 17.19 10.34 2.91 68.56 0.26 51.37
0.01% 2.12 0.57 19.33 10.52 2.78 69.83 0.24 50.50
0.05% 2.36 0.48 16.67 11.35 2.58 65.08 0.22 48.42
0.10% 2.78 0.40 17.94 12.67 2.33 64.80 0.21 46.86

tA: the ending time point of the induction period.
tC: the time point of the maximum heat generation rate.
tB: the inflection point between A and C on the heat evolution curve, refers to
the time point of the maximum acceleration rate.
(dQ/dt)A: the heat generation rate during the induction period, the cumulative
heat flow at the beginning of the acceleration period QA.
(dQ/dt)C: the maximum hydration rate in the acceleration period.
QA–C: the cumulative heat flow during the acceleration period.
KA–B: The secant slope on the heat evolution curve between A and B, which
represents the acceleration rate of hydration rate at the early stage of the ac-
celeration period.
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exchange of water and the ions and then advances to the deceleration
period of cement hydration (diffusion-controlled reaction) at time point
tC. The maximum hydration rate is mainly determined by the number of
nuclei formed during the time periods A to C. The lower hydration peak
is related to fewer nuclei existing during A to C. Thus, from the lower
hydration peak (dQ/dt)C, it can be deducted that the total nuclei
number is reduced when more TiO2 hydrosol is added into cement
paste. In addition, the higher concentration of TiO2 hydrosol decreases
the cumulative heat flow QA–C during the acceleration period, which is
due to the decrease of nuclei during point A to point C. These results
revealed TiO2 hydrosol prolonged the induction period, delayed the
hydration peak due to the absorption on cement surface, and a higher
concentration of TiO2 indicated a larger absorption amount. The high
adsorption of TiO2 reduced the diffusion rate of ions and water trans-
porting to the interface between the cement and aqueous phases, con-
sequently depressed the nucleation process of cement hydration. These
retardation effects of nano dispersed TiO2 hydrosol on cement hydra-
tion are similar to the retardation effect of polycarboxylate salts on
cement hydration. Compared with the polycarboxylate salts, like
polycarboxylate based superplasticizers or polymers, the retardation
effect is not significant because the isolated carboxyl groups on TiO2

surfaces are less effective for retardation of cement hydration compared
with triad, tetrad, pentad, etc. [53,59,60].

3.2.2. Hydration products
The XRD patterns of cement with different concentrations of TiO2 at

1 day and 28 days are shown in Fig. 3. The reference and TiO2 modified
samples presented similar mineral compositions and hydration pro-
ducts, the main clinkers are C3S, C2S, C3A and C4AF, and the main
hydration products are CH, C-S-H and AFt, which meant the kinds of
hydration products are not influenced by the TiO2 hydrosol.

The TGA curves of cement pastes can be divided into two major
parts, representing three different kinds of reactions [61–63]: (1) 105 °C
to 300 °C: the primary range of dehydration of C-S-H gel. (2) 400 °C to
500 °C: dehydroxylation of calcium hydroxide (CH). (3) 600 °C to
800 °C: decarbonation of calcium carbonate. According to the suggested
calculation method in literature [61,64,65], the CH and non-evapora-
tion water in cement paste samples measured by TGA are shown in
Table 3. Both CH and non-evaporable water are expressed as a per-
centage of weight of the dried paste samples. In Table 3, the CH con-
tents in paste mixed with TiO2 at the age of 1 day decreases with the
concentration of TiO2 hydrosol, indicating the cement hydration is re-
tarded. At 28 days, the CH contents in the paste containing TiO2 are
very close to the reference cement paste. These results indicated that
the presence of TiO2 hydrosol had delayed the hydration of clinker
grains at early age but had insignificant influence on the hydration at
later stage.

Based on the analysis of hydration heat, XRD pattern and thermal
decomposition behaviour of cement paste, it can be confirmed that the
chemical reactions during the cement hydration process have been al-
tered with the introduction of TiO2 hydrosols, by consuming portlan-
dite crystals and influencing the contents of hydration products. For
further analysing the influence of TiO2 hydrosol on the hardened ce-
ment paste, the specific surface, pore size distribution and SEM images
of hardened cement paste will be discussed in Section 3.4.

3.3. Self-cleaning performance and optical parameters determination

3.3.1. Self-cleaning performance
The percentage of colour change for a* for RB caused by the self-

cleaning effect of TiO2 containing cement paste is presented in Fig. 4.
The colour change of samples containing TiO2 increases quickly during
the first 6 h irradiation, the differences between TiO2 hydrosol contents
are significant. In addition, the colour change of the samples' surfaces is
also influenced by the hydration ages of cement, as shown in Fig. 4. At
early age, for example 7 days, the sample containing 0.05% and 0.10%
nano TiO2 are very close in self-cleaning performance, and the highest
colour change rate (60.15%, 0.10% TiO2) is obtained after 44 h irra-
diation. Moreover, compared with the control cement paste sample, the
paste containing 0.01% TiO2 at 7 days shows a certain self-cleaning
property, the colour change rate is 21.47% after 44 h UV irradiation.
Because the cement hydration is not completely in the paste samples,
the surface colour change of the samples is influenced by the colour
change of cement matrix at 7 days and 14 days, and the colour change
rates are negative at the first 2 h UV irradiation. At 28 days, the tested
data at first 2 h are much more stable. The colour change rate of sample
surfaces increases with the increased concentration of TiO2 hydrosol,
namely the colour change rates are 35.3%, 49.0% and 53.4% after 44 h
UV irradiation with 0.01%, 0.05% and 0.10% TiO2 hydrosol, respec-
tively.

According to the previous studies [44,45,66,67], the maximum
absorbance band of RB in the visible light range is about 554 nm, which
is the typical absorbance peak of chromophoric groups of RB. To
eliminate the interference of the light absorbance of cement paste
matrix, the absorbance spectra of baseline at the range of 400 to
800 nm are removed from HPCP samples contains 0.05% TiO2, which
are tested at three curing ages under different duration of UV irradia-
tion, as shown in Fig. 5. The full information of the absorbance spectra
curves with and without baselines of each tested HPCP samples are
presented in the Fig. S1 and Fig. S2 in the supplementary material. For
further clarification, several photos of the surface colour of HPCP
samples after 44 h of UV irradiation are shown in Table S1 in the
supplementary material. The peak positions of absorbance spectra be-
fore and after 44 h of UV irradiation are marked in Fig. 5. After 7 days
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Fig. 3. The XRD pattern spectra of cement paste containing different amount of TiO2 hydrosol at 1 day and 28 days.
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and 14 days curing, in all TiO2 hydrosol modified HPCP, the absorbance
at 554 nm increases in the first 0.5 to 2 h of UV irradiation, then de-
creases in the rest of UV irradiation duration. The variation of peak
values at 554 nm presents the similar changing trend as the variation of
surface colour shown in Fig. 4, which confirms that the colour change
of RB on the surface of mortar is caused by photo-bleaching [44]. Al-
though the slow photobleaching of RB in air can still be observed under
visible light, it can be seen from Fig. 4 and Fig. 5 that the presence of
TiO2 hydrosol in mortar has promoted the photobleaching effect on the
degradation of RB. In Fig. 5, another obvious phenomenon, the so
called peak hypsochromic shift (or blue shift), is also observed in HPCP
modified by TiO2 hydrosol. It has been previously reported that the blue
shift in the maximum absorption of RB water solution and dried RB film
on the surface of mortar is induced by the N-deethylation of RB mole-
cules [44,45,68], which is a significant indicator of photocatalytic de-
gradation of RB by photocatalysts. It's noted that these two degradation
processes are different processes in the primary steps of the photo-de-
gradation of RB. The decrease of peak value refers to the photo-
bleaching process, while the blue shift value refers to the N-deethyla-
tion process. As a result, for HPCP modified by a lower content
(< 0.05%) of TiO2 hydrosol, the weight of N-deethylation process in-
creases with the age of cement paste. While, for the HPCP modified by a
higher content (> 0.05%) of TiO2, the maximum weight of the N-
deethylation process appears at the age of 14 days. It is concluded that
the degradation of dried RB film on the surface of HPCP goes via both

the photo-bleaching process and N-deethylation process, which are
both influenced by the age of the cement paste and the concentration of
TiO2 in the paste. In other words, the weight of the photo-bleaching and
N-deethylation processes could be directed by designing the mix pro-
portion of TiO2 hydrosol modified cement paste.

Table 4 summarises some results of self-cleaning performance of
photocatalytic cement paste or mortar in literatures. Compared with the
RB degradation rate in Table 4, the tested TiO2 hydrosol presents good
self-cleaning performance at such low concentration in hardened ce-
ment paste. Thus, an excellent self-cleaning performance of samples is
yielded by adding such low dosages of TiO2 hydrosols in the mixing
water.

However, it is observed that the colour change rate of hardened
cement paste at higher concentration, for example 0.05%, reduced with
the increase of hydration age. Moreover, the colour change rate induced
by 0.05% TiO2 is close to that induced by 0.10% TiO2, indicating the
self-cleaning performance of hardened cement paste does not increase
proportionally with the concentration increase of TiO2 in matrix at
higher contents. Particularly, at 28 days, the self-cleaning performance
of samples containing 0.10% TiO2 is only slightly better than that of
samples containing 0.05% TiO2, revealing the cement hydration pro-
ducts affect the self-cleaning performance. As discussed in Section 3.2,
the hydration rate and hydration products amounts are influenced by
the mixing with TiO2 hydrosol, in other words, the microstructure of
the hardened cement paste samples modified by TiO2 hydrosol is

Table 3
Non-evaporable water and Ca(OH)2 content of hydrated cements.

Dosage of TiO2 Non-evaporable water (%) Ca(OH)2 (%)

1 d 3 d 14 d 28 d 1 d 3 d 14 d 28 d

0%TiO2 11.19 14.82 15.49 17.19 16.61 22.10 22.83 23.22
0.01%TiO2 11.16 14.57 16.77 17.75 16.45 21.90 21.55 22.24
0.05%TiO2 11.12 14.56 17.42 18.16 16.23 21.74 21.68 22.51
0.10%TiO2 9.62 14.79 17.56 17.19 14.86 20.53 22.39 22.92
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different from the reference paste at the same hydration age. From the
view of the compound photocatalyst, the optical parameters of TiO2-
Cement paste can explain the self-cleaning ability of TiO2 modified
paste, which will be discussed in the Section 3.3.2.

3.3.2. Optical band energy and Urbach energy determination
The properties UV-VIS reflectance of hardened cement paste sam-

ples containing different concentration of TiO2 at 28 days are measured.
In order to obtain the band energy (Eg) of TiO2 modified cement paste
samples, the Kubelka-Munk optical absorption coefficient F(R) is first
calculated. F(R) and Eg are calculated using the Eq. (2) and the Tauc's
relation in Eq. (3).

=F(R) (1 R) /2R2 (2)

=RF( )h (h E )g
n (3)

where, R is the reflectance of TiO2-Cement paste compound; n is the
exponent that depends on the type of transition, h is the Planck con-
stant, and ʋ is the photon's frequency. n = 2 for indirect allowed
transitions, and n = 1/2 for direct allowed transitions. As to TiO2

photocatalyst, the modified Kubelka-Munk function with n = 2 is used
in some reports [69,70]. The band energy Eg is derived from the in-
tercept of this straight line with the photon energy axis at F(R) = 0 [71]
(Fig. 6(a)).

Fig. 6(a) shows the Tauc's plot of the TiO2 modified hardened ce-
ment paste samples. The optical energy band edges of TiO2 modified
cement paste slightly decreases with the concentration of TiO2 as shown
in Table 5. The lowering of band edge in TiO2 modified samples can be
caused by the existence of localized defect states in the forbidden zone
of TiO2-photocatalyst near the bottom/top of its conduction/valence
band [39]. This result reflects the fact that the hardened cement paste
matrix might disturb the semiconductor electronic structure of semi-
conductor through the creation of defects [39,72].

Moreover, this distortion can bring an Urbach type absorption
which occurs due to the electron transition between extended band and
localized band tail. The structural disorder caused by impurities and
defects (Ti3+ and oxygen vacancies) produce an absorption tail ex-
tending deep into the forbidden gap. This absorption tail is called

Urbach tail and the associated energy is named Urbach energy (Eu),
which is the width of the tails states in the bandgap associated with the
structural defects and disorder within the crystal. The linear region
(exponential tail) is the direct manifestation of the presence of struc-
tural defects in the crystal, which results in formation of band tail states
below (above) the conduction (valence) band and their density of states
falls sharply with energy [73]. The exponential character of the ab-
sorption coefficient near the absorption edge is expressed by the Urbach
rule [74,75], which is given by.

=F(R) k exp(h /E )u (4)

= +
E

ln F(R) 1 h ln k
u (5)

where k is a characteristic crystal constant, hʋ is the incident photon
energy, and Eu is the Urbach energy, F(R) is the Kubelka-Munk optical
absorption coefficient mentioned before.

Fig. 6(b) presents the Urbach energy of TiO2 modified hardened
cement paste samples. The fitting lines of the absorption data near band
edge showed that the absorption edge followed the Urbach tail beha-
viour indeed. The Eu of TiO2 modified cement paste increased when the
TiO2 concentration increases from 0.01% to 0.05%, and then decreased
when the TiO2 concentration is 0.10%. The increase of Eu meant the
presence of additional structural or crystalline defects like low angle
grain boundaries, additional growth sites on the surface, disorder,
oxygen vacancies etc. [73].

The results of Urbach energy indicated the hardened cement paste
containing 0.05% TiO2 presents the highest photocatalytic activity,
theoretically the self-cleaning performance of that compound is sup-
posed to be the best in the tested samples. Since the cement paste is a

Table 4
The self-cleaning performance of nano TiO2 (RB degradation rate) reported in literatures.

TiO2 type TiO2

wt% of cement
Sample Water to binder rate UV density

(W/m2)
About 4 h degradation (%) About 24 h degradation (%) Literature

Nano powder 2 Mortar 0.5 10 35 60 [40]
5 Paste 0.48 0.4 15 25 [32]
2% suspension+
3% powder

Mortar 0.5 10 40 56 [35]

Hydrosol 0.1 Paste 0.4 10 22 48 This study
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Fig. 6. Tauc's plots and determination of Urbach energy of the hardened cement pastes.

Table 5
Band energy and Urbach energy of TiO2 modified hardened cement pastes.

TiO2 concentration Band energy (eV) Urbach energy(eV)

0.01% 2.79 2.98
0.05% 2.74 3.20
0.10% 2.71 2.54
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complex multi-phase system, the self-cleaning performance of hardened
cement paste may not only be dominated by the additional structural or
crystalline defects of the TiO2-cement compound. In other words, for
TiO2-cement paste compound, a high photocatalytic activity doesn't
guarantee a better de-colour performance. The surface conditions and
microstructures of hardened cement paste samples can also influence
the self-cleaning performance, which will be discussed in Section 3.4.

3.4. Microstructure of hardened cement paste

3.4.1. Specific surface area and pore size distribution
The specific surface area measured by the NAD method is shown in

Table 6 with the BET interpretation. In Table 6, the specific surface area
(SSA) of cement paste at 1 day decreases with the concentration of
TiO2, while at 28 days the SSA of paste increased with the concentra-
tion of TiO2. At 28 days, the SSA in paste containing 0.05% and 0.10%
TiO2 reduces by 33.49% and 15.28% compared to that of 1 day, while
in the reference paste the SSA reduces by 55.74%. Moreover, at
28 days, the adsorption average pore width in paste containing 0.05%
and 0.10% TiO2 reduces by 37.96% and 39.83%, while in the reference
paste the adsorption average pore width reduces by 24.76%. As men-
tioned before, the SSA of TiO2 xerogel is 244.75 m2/g. It is obvious that
at 28 days the increased values of SSA in hardened cement paste con-
taining 0.05% and 0.10% TiO2 are much greater than the pure growth
caused by superposition of the SSA of nano TiO2 particles and hardened
paste. These results indicated that the presence of TiO2 hydrosol in
hardened cement paste could inhibit the decrease of SSA caused by
cement hydration, which may be related to the change of morphology
of hydration products and distribution of pores.

The cumulative pore size distribution (CPSD) and differential pore
size distribution (DPSD) of the paste samples at 1d and 28 d are pre-
sented in Fig. 7. As can be seen from Fig. 7, after 1 day hydration, the
pore volumes of gel micropores, mesopores and capillary pores [76] are

higher than that of hardened cement paste containing TiO2, and the
pore volumes of pores reduced with the concentration of TiO2. At
28 days, the pore volume of gel micropores in hardened cement paste
containing 0.10% TiO2 is the highest, and the pore volume of meso-
pores and capillary pores in hardened cement paste containing 0.01% is
the highest. According to the results in [77], a higher volume of ca-
pillary porosity between 10 and 50 nm in mortars reveals a stronger
photocatalytic activity. In Fig. 7(b), the volume of capillary porosity
between 10 and 50 nm decreases obviously from 1 day to 28 days
hydration, and the volumes of capillary porosity in that range of the
cement paste containing 0.05% and 0.10% TiO2 are similar while the
volume of capillary porosity in that range of cement paste containing
0.01% TiO2 is the lowest. These results of pore distribution can suc-
cessfully explain the reduction of self-cleaning performance of TiO2

modified cement paste at different hydration age, an earlier hydration
age represents a larger volume of capillary porosity in the range of
10–50 nm and a higher value of SSA, which are helpful for the im-
provement of photocatalytic activity and self-cleaning performance of
cement paste.

3.4.2. SEM analysis
The morphology of hardened cement paste modified with different

concentration of TiO2 hydrosol at 1 day and 28 days are presented in
Figs. 8 and 9. From Fig. 8(a) and (b), it can be seen that the hydration
product AFt in the reference sample and sample containing 0.01% TiO2

is the typical needle-like shape with relatively uniform size [78,79], and
the C-S-H is the dense gelatinous inner product [80]. While in the
hardened cement paste containing 0.05% TiO2, the AFt presents the
shape of hexagonal prisms with shorted length. In Fig. 8(d) and (e), in
the paste containing 0.10% TiO2, the hexagonal prisms are tangled by
wire like amorphous C-S-H gels [80], which are surrounding the C3S
grains. These images directly confirmed that the nucleation and for-
mation of AFt at an early age are inhibited by the TiO2 hydrosol.

In Fig. 9(a), after 28 days hydration, the main hydration products,
like calcium hydroxide (CH), C-S-H gel and AFt, can be seen in the
reference hardened cement paste, and the amount of AFt greatly re-
duces compared with that in Fig. 8(a). While, in the hardened cement
paste containing 0.05% TiO2 hydrosol (Fig. 9(b)), fibrous, radial crystal
aggregates of AFt and petal shaped AFm are observed, and a number of
small and short rod- shaped Ettringite crystals (Type 2 Ettringite crys-
tals) [81] with about 3 μm length and 0.1 to 0.2 μm thickness are also
observed. In the hardened cement paste containing 0.10% TiO2 hy-
drosol (Fig. 9(c)), the clusters of AFt, AFm and C-S-H gel can be seen
clearly, and the pores of hardened cement are filled with the areatus
crystals.

The results of SEM images of hardened cement paste at 1 day and
28 days can explain the change of SSA caused by TiO2 hydrosol. The
amount and morphology of cement hydration products at 1 day and

Table 6
BET surface area of cement paste.

TiO2:
cement

Age (d) BET
SSA

(m2/g)

Adsorption
average pore
width (nm)

Decrease
rate of BET

SSA (%)

Decrease rate of
adsorption

average pore
width (%)

0% 1 17.06 20.64 55.74 24.76
28 7.55 15.53

0.01% 1 15.11 21.87 61.95 31.24
28 6.52 15.04

0.05% 1 15.02 21.18 33.49 37.96
28 9.99 13.14

0.10% 1 13.81 21.54 15.28 39.83
28 11.7 12.96
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Fig. 7. Cumulative (a) and differential (b) pore size distributions of hardened cement paste at 1 d and 28 d.
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28 days, like C-S-H and AFt, are impacted more by the concentration of
TiO2 hydrosol. At 1 day, the retardation of nucleation and formation of
AFt and C-S-H led to the smaller SSA of hardened cement paste con-
taining TiO2 hydrosol. While at 28 days, the pores of hardened cement
paste are filled with plenty of clusters of short barrel- shaped AFt, flake-
like AFm and C-S-H gel, which led to a bigger SSA as compared with the
reference paste.

4. Discussion

4.1. Dispersion of TiO2 in hardened cement paste matrix

Agglomeration and coagulation are the main physicochemical pro-
cesses restricting the photocatalytic activity of nanodispersed TiO2

hydrosols or nano powders [82]. However, it is difficult to distinguish
nano TiO2 from cement by energy dispersive X- ray spectroscopy (EDX)
element analysis, because the cement also contains titanium [83,84].
The confocal Raman microscope (CRM) is an ideal instrument for het-
erogeneous materials that show local fluorescence, which has been used
to characterize the clinkers and hydration products of hardened cement
paste [85–88]. Due to the non-destructive nature of the method, it can
easily be applied to aqueous systems and both amorphous as well as

crystalline components can be studied. Since TiO2 is a typical crystal-
line compound, the distribution of nano TiO2 crystals on the surface of
the hardened cement paste can be observed by CRM more precisely and
easily.

The average Raman spectra for hardened cement paste containing
TiO2 measured by CRM are shown in Fig. 10. The Raman bands at 144,
197 and 639 cm−1 are assigned to eg modes, and the band at 144 cm−1

is very intense and sharp [89,90]. Raman spectroscopy can also be used
to determine (approximately) the anatase content of impure rutile and
other compounds [89]. As shown in Fig. 10, the Raman band of anatase
TiO2 at 144 cm−1 is more obvious in the hardened cement paste con-
taining 0.05% and 0.10% TiO2 hydrosol, while the wide Raman band of
amorphous carbon [86] is clear in the reference paste and paste con-
taining 0.01% TiO2 paste. In hardened cement composites, the Raman
spectrum of the ettringite is dominated by the Raman band around
1009 cm−1 and weaker band at 628 cm−1 [91,92], and the calcite
(CaCO3) is dominated by the narrow and intense Raman band at
1085 cm−1 [86,93–95] and weaker band at 711 cm−1 [86], the Raman
modes of pure Portlandite (Ca(OH)2) at 252 cm−1, 356 cm−1 and ap-
proximate 680 cm−1 [96]. In Fig. 10, the peak intensity of Ettringite at
1000 cm−1 increased with the content of TiO2 while the peak of calcite
at 1085 cm−1 is observed in all samples. The wide peak in the range of
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800–900 cm−1 is referred to the unhydrated C3S and C2S [97]. As
shown in Fig. 10, the peak intensity of unhydrated C3S and C2S is very
weak on the surface of hardened cement paste with 0.05% and 0.10%
TiO2 hydrosol, indicating the more complete hydration of cement
clinkers.

The Raman images of the anatase TiO2 and the main hydration
products spatial distributions in the hardened cement paste are shown
in Fig. 11. The Raman band of 144 cm−1 [86], 356 cm−1 [96],
667 cm−1 [87], 839 cm−1 [97], 860 cm−1 [97], 1000 cm−1 [91,92]
and 1085 cm−1 [86,93–95] are referred to the phase of anatase TiO2,
Portlandite, C-S-H, C3S, C2S, ettringite and calcite, respectively. In
Fig. 11, in hardened cement paste containing 0.01% TiO2, very little
anatase TiO2 is observed in the surface pores, while in the paste con-
taining 0.05% and 0.10% TiO2, more anatase TiO2 is observed in the
surface pores. In addition, the TiO2 clusters are surrounded by the C-S-
H and Ettringite, especially in the pore areas. Compared with paste
containing 0.05% TiO2, the distribution area of TiO2 in paste containing
0.10% is bigger and the amounts of unhydrated C3S and C2S are
smaller.

4.2. Self-cleaning mechanism analysis

It is clear that the degradation mechanisms of RB in cement paste
caused by TiO2 hydrosols are important in the understanding and op-
timisation of self-cleaning efficiencies. As reported previously [98], the
degradation mechanism of RB caused by nano TiO2 is proposed to

happen by two phenomena, one being the de-ethylation process that
has also been reported in other studies [44,99], and a second which is
the degradation process of the chromophore structure. Several me-
chanisms for photoinduced self-cleaning of nano TiO2 have been pro-
posed, including (1) photoinduced surface vacancy generation [100];
(2) photoinduced reconstruction of surface hydroxyl groups [101,102];
and (3) light-induced removal of the carbonaceous layer on the surface
of TiO2 exposed to air [103]. The foundation of these theories is that the
nano TiO2 particles dispersed evenly on the surface of the matrix and
the surfaces of the nano TiO2 particles are exposured to the air and
pollutants.

Many previous studies [70,104–106] prove that the higher con-
centration of oxygen vacancies or other defects result in the stronger
photoactivity of nano TiO2, which is usually used to explain the better
air purification property of photocatalytic cement-based materials
[37,107]. According to the calculation results of Band energy and Ur-
bach energy shown in Table 5, the hardened cement paste containing
0.05% TiO2 presents the highest photocatalytic activity, however, it
does not present the best self-cleaning performance based on the test
results in the Section 3.3.1. Therefore, a new interpretation of self-
cleaning performance enhancement of TiO2 hydrosol modified Portland
cement paste is proposed here.

For cement paste modified by nanodispersed TiO2 hydrosols, the
high self-cleaning performance can be interprated from two parts.
Firstly, the nanoscale dispersion of TiO2 hydrosol is added in the mixing
water in preparing cement paste, which means the nano TiO2 particles
can scatter much more evenly in the paste along with the water through
mixing compared to the powder TiO2 particles. The results of CRM
analysis confirm that the anatase nano TiO2 particles are dispersed
evenly in the matrix of hardened cement paste. Secondly, there is a
retardation effect of TiO2 hydrosol on cement hydration at the accel-
eration and the deceleration stages. According to the XRD and TG
analyses of hardened cement paste at different hydration ages, the
presence of TiO2 hydrosol does not affect the types of hydration pro-
ducts but affects the content of hydration products at early age. The
retardation and nucleation effect of nano TiO2 hydroosl on cement
hydration leads to the obviously different morphology and distribution
of hydration products (see the SEM and CRM analyses in Sections 3 and
4). As a result, the spectific surface area of the hardened cement paste at
28 day modified with greater TiO2 hydrosol is much higher than that of
the reference. The larger specific surface area of cement paste meant
the more reaction surface area for TiO2 to degrade the RB molecules on
the surface of cement paste, indicating the better self-cleaning perfor-
mance of cement paste.

Fig. 12 reveals the two routes to explain the self-cleaning me-
chanism of TiO2 hydrosol modified cement paste, one is the additional
surface defects causing smaller energy band gap and better photo-
catalytic activity (see Fig. 12 (a)), and another one is the surface elec-
tron capture effect of nano sized cement hydration products, like AFt

200 400 600 800 1000 1200 1400 1600 1800 2000

 Reference
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 0.05% TiO2

CaCO3
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Fig. 10. Average Raman spectra of the different cements obtained by CRM
(50–2000 cm−1 region).
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Fig. 11. Raman images by CRM of the evolution of the main phases present in paste containing different amount of TiO2 at 28 days (the scan area is 20 μm × 20 μm).
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and AFm phases (see Fig. 12 (b)). As mentioned in Section 3.3, the
semiconductor electronic structure of TiO2 can be disturbed by the
hardened cement paste through the creation of defect levels. Moreover,
the self-cleaning ability of a photocatalytic cementitious material is not
only influenced by the photocatalytic activity, but also influenced by
the conditions of the nano TiO2 surface. As mentioned in Section 3.2.1,
the surface of TiO2 nano particles turns to negative at high pH system.
In other words, in a cement-based environment, the TiO2 particles tend
to absorb on the surface of hydration phases with the positively charged
surface, like AFt, AFm phases. The CRM images support that the non-
agglomerated TiO2 particles are surrounded by the positively charged
AFt and AFm phases, which could be interpreted as that AFt and AFm
can be the receptors of photo-induced electrons. When the electrons on
the surface of TiO2 are promoted by UV illumination, the electrons are
trapped by positively charged AFt and AFm phases, which reduces the
possibility of the electron-hole recombination. The surface electron
capture effect is stronger at a larger concentration of TiO2 hydrosol
based on the results in Section 3.3.1. As a result, the tested TiO2

modified cement paste shows a good self-cleaning performance.
From what has been discussed above, at low concentration of TiO2

(< wt. 0.05% of cement), the self-cleaning performance of hardened
cement paste is mainly dominated by the additional surface defects.
While, at high concentration of TiO2 (> wt. 0.10% of cement), the
surface electron capture effects of cement hydration products pre-
dominate the efficiency of de-colour rate of hardened cement paste.
Moreover, the enhancement of self-cleaning performance induced by
the photocatalytic activity is much higher than that induced by the
surface electron capture effect.

5. Conclusions

In this study, the influences of very low concentration nano dis-
persed TiO2 hydrosol on the self-cleaning properties of hardened
Portland cement paste (HPCP) are investigated on the cement hydration
process and microstructure evolution. The following conclusions are
drawn:

(1) Due the positively charged TiO2 particles in hydrosol carrying
functional group COOH, the cement hydration process is slightly
retarded when mixing TiO2 hydrosol in water at early age. The
category of cement hydration products is unaffected but the mi-
crostructure of hardened cement paste is affected. The modified
microstructure of hardened cement paste presented a bigger spe-
cific surface area at 28 days than that of the reference paste, and the
specific surface area of paste increased with the concentration of
TiO2.

(2) The self-cleaning performance of modified HPCP is influenced by
the higher optical photocatalytic activity of TiO2-cement paste and
the morphology of cement hydration products at different ages. At

each test hydration age, the colour change rate in modified HPCP is
increased with the concentration of TiO2 hydrosol, but the incre-
ment is not proportional to the concentration of TiO2 hydrosol. The
colour change rate of modified HPCP with higher concentrations of
TiO2 (> 0.05% wt. of cement) decreases with the hydration age of
cement.

(3) At lower TiO2 hydrosol concentration (< 0.05% wt. of cement), the
increase of additional surface defects of TiO2 dominates the en-
hancement of self-cleaning performance of hardened cement paste.
While in the higher concentration of TiO2 hydrosol (> 0.05% wt. of
cement), the contribution of the surface electron capture effect of
hydration products to the enhancement of self-cleaning perfor-
mance is larger. Under the UV irradiation, the recombination of
electron-hole on the surface of nano TiO2 can be resisted because
the photo-induced electrons trapped by the positively charged AFt
and AFm phase.

(4) A new mechanism of the self-cleaning performance enhancement of
TiO2 hydrosol modified hardened cement paste is proposed. The
coupling of surface defects of nano TiO2 particles and a surface
electron capture effect generated by the special cluster structures of
TiO2 and main hydration products, like AFt, AFm and C-S-H are
observed. Since the TiO2 hydrosol affect the cement hydration at
lower concentration, the lower-impacted HPCP creates more addi-
tional surface defects of TiO2 particles. With the increase of TiO2

hydrosol, the higher-impacted cement hydration products become
the capturers of photo-induced electrons, which effect also im-
proves the self-cleaning performance of HPCP.
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