
Cement and Concrete Composites 135 (2023) 104816

Available online 27 October 2022
0958-9465/© 2022 Elsevier Ltd. All rights reserved.

Sunlight to heal mortar cracks: Photocatalytic self-healing mortar 

Yiming Zhou a,b, Mohamed Elchalakani b,**, Peng Du a,*, Chuanzhi Sun c, Zuhua Zhang d,e, 
Hao Wang e 

a Shandong Provincial Key Laboratory of Preparation and Measurement of Building Materials, University of Jinan, Jinan, 250022, PR China 
b School of Civil, Environmental and Mining Engineering, University of Western Australia, WA, 6009, Australia 
c College of Chemistry, Chemical Engineering and Materials Science, Collaborative Innovation Center of Functionalized Probes for Chemical Imaging in Universities of 
Shandong, Shandong Provincial Key Laboratory of Clean Production of Fine Chemicals, Institute of Materials and Clean Energy, Shandong Normal University, Jinan, 
250014, PR China 
d Hunan Univ, Coll Civil Engn, Key Lab Green & Adv Civil Engn Mat & Applicat Tec, Changsha, 410082, Hunan, PR China 
e University of Southern Queensland, Center for Future Materials, Toowoomba, Qld, 4350, Australia   

A R T I C L E  I N F O   

Keywords: 
Self-healing 
Mortar 
Sunlight 
Photocatalysis 
Capsules 

A B S T R A C T   

Using capsules containing repairing materials to heal concrete cracks has always been a method of great interest 
to achieve self-healing concrete. Breaking the capsules to release repairing materials is a challenging task. The 
current methods used to break capsules mainly rely on instant external forces, which implies that slowly 
developing cracks cannot be healed by capsules. In this paper, we present a novel photocatalytic self-healing 
mortar to solve this problem. To do so, NaHCO3, Ca(OH)2 and citric acid are inserted into macro capsules. 
Then, the photocatalyst TiO2 is added to the insoluble shells of capsules to allow them to be broken by sunlight. 
After shells of capsules are degraded by sunlight, NaHCO3, Ca(OH)2 and citric acid react in a wet environment to 
generate repairing materials that fill the cracks. To support the feasibility of the idea, physical and chemical 
experiments and characterization studies were conducted. Two-millimetre wide mortar cracks can be healed by 
the substances released from the photocatalytic capsules. The results of water permeability tests show that the 
two photocatalytic capsules can reach 52% healing efficiency. The characterization results show that the sub-
stances filling the cracks are unreacted NaHCO3, Ca(OH)2, citric acid and insoluble products of calcium salts. Our 
results suggest that sunlight can be used for the self-healing of mortar.   

1. Introduction 

Owing to deformation, creep, fatigue, drying shrinkage, freeze‒thaw 
cycles, etc., concrete structures inevitably develop cracks [1–6]. These 
cracks not only decrease the strength of concrete structures but also 
provide access for corrosive substances in the environment to penetrate 
into the concrete [7,8]. Therefore, repairing cracked concrete structures 
is always a research topic in the fields of concrete and mortar materials. 
Among numerous methods of repairing concrete or mortar cracks, such 
as bacteria, super absorbent polymers and wet carbonation [9–13], 
much attention has been given to using capsules to heal concrete cracks 
[14–16]. Using capsules to heal concrete cracks is a self-healing method. 
Usually, researchers give the capsules the capacity to heal the cracks by 
adding repairing materials to the capsules [16,17]. When cracks 
develop, the capsules break, and the repairing materials are released to 

heal the cracks. According to related studies, the repairing materials 
mainly consist of cyanoacrylates [18], polyurethane [15], epoxy [17], 
silicons, hydrogels [19] or alkali-silica solutions [20]. However, there is 
still an unresolved problem where capsules do not always rupture with 
the advent of cracks [17,21]. The rupture of capsules only occurs when 
capsules receive a large degree of impact. Apparently, some types of 
cracks cannot achieve the above condition. For example, the cracks 
caused by the long-term creep of concrete can hardly lead to the rupture 
of capsules [22,23]. To solve this problem, several ideas have been put 
forward, such as using more brittle capsules or strengthening the bond 
between capsules and concrete. Blaiszik [24] reported a method to 
produce microcapsules with a shell wall thickness of 77 nm. However, 
nanosized capsules cannot heal visible cracks beyond the serviceability 
limit. Thao et al. [25] found that glass tubes are easily ruptured, so they 
used them to contain repairing materials. Although such a fragile 
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material is easy to break, it is inconvenient in the construction process. 
In fact, either using vulnerable materials or making the capsules thinner 
has been the main focus of scholars in most studies. To the best of our 
knowledge, very little research effort has been directed to the external 
factor leading to the breakage of capsules. 

In this study, we proposed a new method for using capsules to heal 
mortar cracks: photocatalytic self-healing capsules. The photocatalytic 
effect [26–28], as a new technology for utilizing light energy, has 
attracted much attention in recent years. The photocatalytic effect is 
defined as the catalytic oxidation reaction of photocatalysts under light, 
also known as photocatalysis. Photocatalysis can achieve many func-
tions, such as hydrogen production [29,30], air purification [31,32], 
and degradation of dyes and antibiotics [33–38]. These functions can be 
achieved only by sunlight. Thus, we propose a novel idea where pho-
tocatalysts can be added to the cover of capsules so that the capsules 
break with the appearance of cracks. Specifically, when cracks appear on 
the surface of concrete, sunlight immediately penetrates the interior of 
concrete, which promotes the rupture of capsules with the help of 
photocatalysts in the capsule shells. In this paper, we use polyethene 
(PE) materials and the photocatalyst TiO2 to create the shell of capsules 
and insert NaHCO3, Ca(OH)2 and citric acid inside the capsules. In 
addition, the PE materials come from plastic waste bottles. Under sun-
light, TiO2 degrades PE materials [39–41], which can lead to the rup-
tures of capsules. Furthermore, NaHCO3, Ca(OH)2 and citric acid in the 
capsules reacts to generate repairing materials to fill the cracks when 
encountering rain water. 

The novel aspect of this study involves the use of sunlight for the first 
time for the self-healing of mortar. To verify the feasibility of the pro-
posed method, the self-healing process is implemented through 
experiments. 

2. Materials and methods 

2.1. Materials 

PE (polyethylene) was obtained from waste PE bottles. NaHCO3 and 
Ca(OH)2 (purity 99.99%) were obtained from Aladdin Co. Ltd. 
(Shanghai, China). TiO2 nanopowder (rutile, ≥99%) was purchased 
from Macklin Inc. (Macklin, Shanghai, China). Ordinary Portland 
cement (P.O 42.5), ISO standard sands (ISO 679:2009, quartz sands) and 
deionized water were used to produce the mortar specimens. Ordinary 
Portland cement was purchased from China Resources Cement Holdings 
Limited. The ISO standard sand was purchased from Xiamen Iso Stan-
dard Sand Co., Ltd. The ratio of cement, sand and water is 1:3:0.5. The 
chemical and mineral compositions of the cement are shown in Table 1. 

2.2. Healing mechanism 

Fig. 1 shows a schematic of the self-healing mechanism applied in 
this study. The self-healing capsules filled with NaHCO3, Ca(OH)2 and 
citric acid are first embedded in mortar, as shown in step (1) in Fig. 1. 
Once cracks form in the mortar, sunlight can penetrate the mortar, and 
the capsule shell (cover) that is located on the path of crack propagation 
can contact sunlight. The shell of capsules is made by the PE material 
photocatalyst TiO2. TiO2 can absorb sunlight and gradually degrade the 
PE material, which results in the rupture of capsules after a long period 
of time, followed by exposure of the healing agent NaHCO3, Ca(OH)2 
and citric acid in the capsules, as shown in step (2). When the cracked 
area is exposed to water (by rain or other means, such as step (3)), 
NaHCO3 reacts with citric acid to transiently produce CO2 bubbles (as 

shown in Eq. (1)). 

3NaHCO3 +C6H8O7 = Na3C6H5O7 + 3H2O + 3CO2 ↑ (1) 

The bubbles can push NaHCO3, Ca(OH)2 and water to fill the cracks. 
Some possible reactions also occur at the same time. 

NaHCO3 + Ca(OH)2= NaOH + CaCO3 ↓+H2O (2)  

2NaHCO3 + Ca(OH)2= Na2CO3+CaCO3 ↓+2H2O (3)  

2C6H8O7 + Ca(OH)2= Ca3(C6H5O7)2 ↓+2H2O (4) 

If the situation in which products react with initial reactants is 
considered, the chemical reaction equations below will occur. 

C6H8O7+3NaOH = Na3C6H8O7+3H2O (5)  

3Na2CO3+2C6H8O7= Na3C6H5O7+3H2O + 3CO2↑ (6)  

Ca(OH)2+CO2= CaCO3 ↓+H2O (7)  

Ca(OH)2+2CO2 =Ca(HCO3)2 (8) 

As seen in Eqs. (1)–(8), insoluble CaCO3 and Ca3(C6H5O7)2 are 
generated, which can fill (seal) the cracks. CaCO3 has been demon-
strated to repair mortar cracks in many studies [42–45]. However, 
Ca3(C6H5O7)2 has not been used as a repairing material in self-healing 
concrete or mortar materials. Considering the conditions above, we 
compare [46] CaCO3 and Ca3(C6H5O7)2 (as shown in Table 2) to show 
that Ca3(C6H5O7)2 can also be a repairing material. 

Table 2 shows that although the solubility value of Ca3(C6H5O7)2 is 
higher than that of CaCO3, the solubilities of Ca3(C6H5O7)2 and CaCO3 
are of the same order of magnitude. The reason CaCO3 could be a 
repairing material is largely due to its insolubility [47–50]. According to 
the relevant definition [51], Ca3(C6H5O7)2 and CaCO3 are very slightly 
soluble in water. Therefore, Ca3(C6H5O7)2 could also be the repairing 
material but may not be as good as CaCO3. 

Meanwhile, of course, some side reaction products are also formed 
by Eqs. (1)–(8). In fact, Eqs. (1)–(8) are our conjecture based on the 
principle of chemical reactions [52]. Since the reaction in Eqs. (1)–(8) 
are not performed in solution forms, it is difficult to clearly state which 
are the main chemical reactions of Eqs. (1)–(8) and whether such 
chemical reactions are performed completely. However, the self-healing 
property will be achieved as long as sufficient repairing materials are 
created. Therefore, we decided to focus this study on explaining the 
generated products clearly filling (sealing) the cracks. 

The reasons to choose citric acid as the acid to react with NaHCO3 
mainly come from the considerations of economy, applicability, and 
safety. Theoretically, most acids can react with citric acid to generate 
many bubbles, whereas four conditions need to be ensured: (1) solid 
acid; (2) safe to operate; (3) inexpensive and (4) no pollution. Among the 
numerous acids, citric acid meets the conditions, so citric acid is 
selected. 

2.3. Preparation of photocatalytic capsules filled with NaHCO3, Ca(OH)2 
and citric acid 

The preparation of the photocatalytic capsules involves three steps. 
Fig. 2 shows the whole encapsulation process. 

In the first step, NaHCO3, Ca(OH)2, C6H8O7 (citric acid) and water 
were mixed and put into spherical forming moulds. The inside diameter 
of the forming mould is approximately 8 mm. The molar ratio of 

Table 1 
Chemical and mineral compositions of the cement.  

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O P2O5 MnO f-CaO 

57.31% 22.64% 7.06% 3.33% 3.21% 2.35% 0.19% 0.21% 0.13% 1.32%  
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NaHCO3, Ca(OH)2, C6H8O7 and water was 200:100:200:1. A small 
amount of water was added to NaHCO3, Ca(OH)2 and C6H8O7 to 
generate cohesive force to mould NaHCO3, Ca(OH)2 and C6H8O7 well. 
There was a weak reaction when NaHCO3, Ca(OH)2, C6H8O7 and 0.5 ml 
deionized water were mixed. The weak reaction generated viscosity 
among NaHCO3, Ca(OH)2, and C6H8O7 [53]. The viscosity could make 
NaHCO3, Ca(OH)2 and C6H8O7 keep their shape outside of the spherical 
moulds. Note that only a small amount of water was used in this step. 
Too much water will result in significant reactions of NaHCO3, Ca(OH)2 
and C6H8O7 in advance. After 72 h, the spherical mixture was removed 
from the mould (as shown in Fig. 3(a)). The second step is to make the 
shell for the spherical mixture. The shell of the photocatalytic 
self-healing capsule needs to be degraded under sunlight. Thus, we need 

to use materials that can be degraded by photocatalysts to make suitable 
shells of self-healing capsules. For photocatalysts, many types of pho-
tocatalysts of different chemistries are available for selection, such as 
g-C3N4, BiPO4, BiVO4, and TiO2 [54]. Different types of photocatalysts 
have different features. In this study, the photocatalyst needed should 
have two features since the photocatalyst will be applied in construction 
materials. First, photocatalysts must be nontoxic and pollution-free, 
which means photocatalysts such as BiPO4 and BiVO4 cannot be used 
in this study [55]. Second, photocatalysts should have the significant 
advantage of being readily available and inexpensive, which means that 
the process is practical and can be applied on a large scale. Based on the 
description above, we selected TiO2, which is currently the most widely 
used photocatalyst in the world and has a low cost [56]. For materials 
that can be degraded by photocatalysts, we selected PE materials 
considering their advantages of being nontoxic, pollution-free and 
waterproof. In the last step, we heated PE waste bottles (cut into pieces 
of approximately 2 cm) in beakers through an oil bath until they melted 
and then put the spherical mixture and TiO2 into beakers. After stirring 
for 1 min, the spherical mixture was removed. The PE material quickly 
solidified at room temperature and formed a shell on the surface of the 
globular mixture. TiO2 also existed in the shell. To date, photocatalytic 
self-healing capsules have been successfully prepared and are shown in 
Fig. 3(b), and six capsules were made. As shown in Fig. 3(b), there are 

Fig. 1. Schematic of the working mechanism of the self-healing system.  

Table 2 
Comparison between CaCO3 and Ca3(C6H5O7)2.   

CaCO3 Ca3(C6H5O7)2 

Solubility in water 0.013 g/L (25 ◦C) 0.095 g/L (25 ◦C) 
Solubility product (Ksp) 3.3 × 10− 9 / 
Acidity (pKa) 9.0 / 

Note: Ksp and pKa are the solubility product constant and acid dissociation 
constant, respectively. 

Fig. 2. Entire fabrication procedure for photocatalytic capsules.  
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indentations on the surface of the capsules. This was possibly caused by 
the uneven shrinkage of PE materials at room temperature [57]. Finally, 
the PE shell thickness and weight were measured. The PE shell thickness 
was obtained by the difference between the diameters of the spherical 
mixture of NaHCO3, Ca(OH)2 and C6H8O7 and photocatalytic 
self-healing capsules. The diameter was defined as the average value in 
ten different directions. According to the measurement results, the 
average diameter of the six spherical mixtures is 8 mm, and the average 
diameter of the six photocatalytic capsules is 8.4 mm. Thus, the thick-
ness of the PE shell is approximately 0.2 mm. The average weight of the 
six photocatalytic capsules is 6.9 g. 

2.4. Feasibility analysis of photocatalytic capsules to protect the repairing 
agent and rupture under sunlight 

2.4.1. Ability of photocatalytic capsules to retain/protect the repairing 
agent 

The photocatalytic capsules need to survive before contacting sun-
light. It is well known that PE materials are insoluble [58]; thus, pho-
tocatalytic capsules are theoretically waterproof. However, the addition 
of TiO2 to the capsule shell may influence the waterproof property of 
capsules. Thus, we need to determine whether the photocatalytic cap-
sules are able to retain/protect the repairing agent. Before cracks 
appear, the most likely factor causing the breakage of photocatalytic 
capsules is water infiltration into the mortar. According to related 
studies, the hydraulic pressure coming from the water that infiltrated 
the mortar is too small to damage PE materials [59,60]. Therefore, the 
effects of water immersion on the photocatalytic capsules were studied. 
The waterproof capacity of the photocatalytic capsules was evaluated by 
immersing the capsule in water. After a period of immersion (2 h, 4 h, 6 
h and 8 h), the capsules were removed, and the survival of capsules was 
evaluated by the mass loss rate. The mass loss rate is defined as Formula 
(9). 

Mass loss rate= η =
Massa − Massb

Massa
(9)  

where Massa is the mass of capsules before immersion and Massb is the 
mass of capsules after immersion. If the mass loss rate does not change 
after some time, the photocatalytic capsules will not be dissolved by 

water in practical applications. The testing results are listed in Table 3. 
The photocatalytic capsules only lost some weight in the first 4 h, 
possibly because a very small amount of TiO2 on the surface dissolved in 
water. The results show that the photocatalytic capsules are suitable for 
application in self-healing as they are waterproof. 

2.4.2. Capsule rupture under sunlight 
The rupture of PE shells of photocatalytic capsules under sunlight is a 

prerequisite to obtain the self-healing function in mortar. To prove the 
feasibility of applying the prepared capsules in mortar, cracked mortar 
specimens with embedded photocatalytic capsules were placed under 
simulated sunlight. The photocatalytic degradation of PE has already 
been extensively studied [39,61], so we focus on using photocatalysis 
technology to achieve self-healing in this study rather than researching 
the degradation mechanism of capsules. Therefore, we briefly discuss 
the degradation mechanism of PE material based on related references. 
The photocatalytic degradation of PE materials is a complex process, as 
discussed below. TiO2 particles absorb light to generate mobile electrons 
and holes in the conduction and valence bands, respectively (Eq. (10)) 
[61]. Subsequently, reactions with O2 lead to the formation of several 
reactive oxygen species, such as O•−

2 , HO•
2 and HO • (Eq. (11)–(16)). 

These active oxygen species initiate the degradation reaction by 
attacking neighbouring polymer chains (Eq. (17)). Meanwhile, the 
degradation process spatially extends into the polymer matrix through 
the diffusion of the reactive oxygen species. When the carbon-centred 
radicals enter the polymer chain, their successive reactions trigger 
chain cleavage with oxygen incorporation, and groups with more sam-
ple structures are produced (as shown in Eqs. 18–21). Finally, Equation 
(22) indicates that PE materials are mainly photocatalytically oxidized 
to CO2 and H2O under the action of reactive oxygen species. 

TiO2→
hv TiO2(e− + h+) (10)  

O2(ads) + e− →O •−
2 (11)  

O •−
2 +H2O → HO•

2 + OH− (12)  

2HO•
2 → H2O2 + O2 (13)  

H2O2 + hv→2•OH (14)  

OH− + h+→•O H (15)  

H2Oads + h+→•O H + H+ (16)  

− (CH2CH2) − + •Ο Н → −
(

C
•

HCH2

)
− + Н2O (17)  

−
(

C
•

HCH2

)
− +O2 → −

(
C
•

H
(

OO)CH2

)
− (18) 

Fig. 3. (a) Spherical mixture of NaHCO3, Ca(OH)2 and C6H8O7 and (b) photocatalytic self-healing capsules.  

Table 3 
Results of the survival test on the capsules pre-
pared in water.  

Time Mass loss rate 

2 h 0.7% 
4 h 0.9% 
6 h 0.9% 
8 h 0.9%  
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−
(
CH(OOH)CH2

)
− + hv → −

(
CH O

•

CH2

)
− + O

•

H (20)    

−
(

CHO
•

CH2

)
− → − •CHO+C H2CH2− (21)    

where hv in Eqs. (10), (14) and (20) represents photon energy; “ads” in 
Eqs. (11) and (16) represents the absorbent; and h+ represents electron 
holes. 

Related studies have reported that a greater degree of photocatalytic 
degradation of PE materials requires approximately 100～300 h [41, 

Fig. 4. Locations of capsules in the sample.  

− (CH
(

O
•

O)CH2

)
− + − (CH2CH2) − → −

(
CH(OOH)CH2

)
− + −

(
CH2C

•

H
)
− (19)   

•CH2CH2 − +O2̅̅̅̅̅̅̅̅̅̅̅̅̅̅→
TiO2, hv

intermediates such as carboxylic acids, carboxylates, ketones and aldehydes
→ H2O + CO2(evolution)

(22)   

Y. Zhou et al.                                                                                                                                                                                                                                    



Cement and Concrete Composites 135 (2023) 104816

6

62–65]. Thus, the irradiation time is conservatively chosen to be 100 h. 

2.5. Cracked sample preparation 

2.5.1. Width of cracks 
Since the rupture of photocatalytic self-healing capsules is caused by 

sunlight, the photocatalytic self-healing capsules inside the samples 
need to receive enough sunlight. Therefore, we need to find an appro-
priate width of cracks to conduct experiments. According to related 
studies [66–68], the width of mortar cracks that can be healed by cap-
sules and the width of the capsules are within the same order of 
magnitude. In other words, capsules can only heal cracks that have 
similar sizes. In this study, the diameter of the photocatalytic 
self-healing capsules was approximately 8 mm. In addition, Nama et al. 
[69] conducted surveys on the width of nonstructural cracks of concrete 
and mortar structures and found that the width of nonstructural cracks 
could be divided into three types, as follows, with medium-sized cracks 
being the most common.  

(1) Thin – less than 1 mm in width  
(2) Medium – 1 mm–2 mm in width  
(3) Wide – more than 2 mm in width 

To make this study more practical, 2 mm was chosen as the width of 
cracks in this study. 

2.5.2. Depth of cracks 
For the depth of nonstructural cracks, Barve et al. [70] conducted a 

case study on the depth of nonstructural concrete cracks. The case study 
shows that the depth of most nonstructural cracks is distributed between 
1 mm and 7 mm. Therefore, 7 mm was selected as the depth of cracks. 

2.5.3. Sample preparation 
Three prism samples (40 mm × 40 mm × 160 mm) were used in this 

study. First, a layer of 33 mm mortar was poured into moulds, and the 
moulds were vibrated for 1 min. Then, one, two, and three photo-
catalytic capsules were placed in the middle of the three moulds (as 
shown in Fig. 4). The capsules would be partly immersed in unhardened 
mortar due to gravity but remained stationary under the effect of friction 
between capsules and mortar after seconds. After positioning the pho-
tocatalytic capsules, the moulds were filled with mortar. In this way, the 
distances between the capsules and the top surfaces of the samples were 
controlled at approximately 7 mm. Considering the diameter of cap-
sules, the actual distance from the surfaces of capsules to the top surfaces 
of mortar should be smaller than 7 mm to ensure that the capsules were 
able to be exposed when 7 mm-deep cracks were created. 

After casting, the samples were wrapped with plastic film and stored 
under normal curing conditions (20 ◦C, >95% RH) for 24 h. Subse-
quently, the samples were cured at room temperature for another 21 
days. Thus, three prism samples containing one, two, and three capsules 
were prepared. 

2.6. Crack creation 

Since the photocatalytic capsules were located in the middle of the 
samples, the cracks needed to be introduced to the middle of the samples 
to expose the capsules to sunlight. Thus, we conducted a three-point 
bending test on the samples to create cracks. The load was applied at 
a uniform speed of 0.2 mm/min through a microcomputer-controlled 
electronic universal testing machine (CDT1305-2, MTS Industrial Sys-
tems Co., Inc., Shenzhen, China). Once the cracks developed, loading 
was stopped. The samples were immediately split into two halves when 
cracks developed, which means that the width of cracks obtained by the 
process above can be adjusted by changing the distance between the two 
blocks. Thus, we adjusted the distance between fractured mortar blocks 
to make the width of cracks 2 mm (as shown in Fig. 5(a)). Note that the 

cracks go through the samples (the two mortar blocks were separated) 
when crack widths were set. In addition, the samples were kept in 
moulds during any movement to retain the 2 mm crack width. 

To achieve the specific depth of cracks, the following procedures 
were performed. The cracked mortar samples were put into the mould 
while keeping the crack width unchanged. Then, the cement mortar was 
poured into the cracks until the distance between the top face of the 
mortar and the top of the cracks reached 7 mm. Finally, the samples 
were cured again for 21 days. Fig. 5(b) shows the cracks only one day 
after the cement mortar was partially poured into the cracks. As shown 
in Fig. 5(b), the colour of the cement mortar poured into the cracks is 
much deeper than that of the samples owing to the shorter hydration 
time. 

2.7. Irradiation process 

The purpose of irradiation is to let the photocatalyst TiO2 degrade 
the PE capsule shell. There have been numerous experimental studies on 
the degradation of PE by TiO2, and the irradiation process can be 
designed by referencing the related studies. For the irradiation time, 
Zhao et al. [63] conducted similar experiments, degrading PE film by 
TiO2 under sunlight. According to Ref. [59], the weight loss of the 
PE-TiO2 (1 wt%) film reached 42% under solar irradiation for 300 h. 

Fig. 5. (a) Top view showing the width of cracks of 2 mm and (b) side view 
showing the depth of cracks of 7 mm. 
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Because the mass ratio of PE and TiO2 was 6:4 when the capsules shells 
were made, the irradiation time of this study was assumed to be much 
shorter than 300 h. Thus, the irradiation time was set to 100 h. Because 
the mortar cracks investigated in this study were thought to be caused by 
ageing and creep and did not require immediate repair, 100 h was 
considered to be acceptable. For the light source, a 500 W xenon lamp 
(Beijing China Education Au-light Co., Ltd., China) with an AM1.5 
daylight optical filter was selected since the light from the xenon lamp is 
very similar to real sunlight [71]. Xenon lamps emit black body radia-
tion, and the colour temperature of xenon lamps is as high as 6000 K, 
which is very similar to that of the Sun [72]. Therefore, xenon lamps 
have been used in many PE photocatalytic degradation experimental 
studies due to the advantages mentioned above [73,74]. Based on the 
discussion above, the irradiation system was set as shown in Fig. 6. As 
shown in Fig. 6, the sample was placed under the xenon lamp, and the 
light ray was aligned with the crack. 

2.8. Healing process 

As mentioned earlier, the healing process starts if water enters 
mortar cracks. Therefore, the situation in which mortar cracks contact 
water and heal is simulated in this section. Under normal conditions, 
there can be various conditions through which water can enter mortar 
cracks, such as rain, snow, and hail. Among these conditions, rainy days 
are the most common situations and thus are simulated in this study. In 
the experiments, an automatic irrigation system used in agriculture was 
used to create simulated rainwater. A shower nozzle was suspended 5 

cm above the crack to provide a gentle water stream. The water flow of 
the shower nozzle was 0.8 L/h. As shown in Fig. 7(a), many bubbles 
were generated in the cracks, and some even gushed out of the cracks 
when water went into them. According to Eqs. (1)–(8), bubbles should 
be generated from the chemical reaction of NaHCO3 and C6H8O7 and the 
reaction of Na2CO3 and C6H8O7. We observed many bubbles being 
generated at the moment in which the automatic irrigation system was 
activated, which indicates that bubbles were formed by the direct re-
action of a large number of reactants. 

Since Na2CO3 is already a product of NaHCO3 and Ca(OH)2, the 
chemical reaction of NaHCO3 and C6H8O7 contributes mostly to the 
generation of initial bubbles rather than the reaction of Na2CO3 and 
C6H8O7. Spraying lasted for 3 min, and the status of the mortar cracks 
after spraying is shown in Fig. 7(b). As shown in Fig. 7(b), most bubbles 
on the crack were washed out by water flow since the shower nozzle was 
pointed directly at the crack. Some bubbles around the crack still exis-
ted. Furthermore, a white substance could be observed to fill the crack. 
Theoretically, the white solid deposit filling the crack should be a 
mixture of insoluble materials such as CaCO3 or Ca3(C6H5O7)2. To 
clearly examine the materials filling the crack, the sample was dried at 
room temperature for 48 h to decrease all bubbles. 

2.9. Healing results and water permeability tests 

Fig. 8(a) and (b) and 8(c) show the healing results of samples con-
taining one, two and three photocatalytic capsules, respectively. First, as 
seen in the three figures, the cracks are covered with white substances. 
The white substances look sticky and therefore stick to the mortar ma-
terials. The white substances do not have a regular appearance, which is 
expected because the healing process is spontaneous and uncontrolled. 
The distribution of repairing materials in the crack is formed by the 
random movements of bubbles. Second, the healing results in Fig. 8(b) 
and (c) are slightly better than those in Fig. 8(a). This indicates that 
more photocatalytic capsules will be helpful for the healing process, but 
the effect is limited. 

Since a detailed conclusion cannot be obtained according to the 
observation, experimental studies were conducted to assess the different 
healing results. Since the mortar cracks investigated in this study are 
nonstructural cracks, mechanical properties are not considered, and the 
water permeability was selected as the experimental study to find dif-
ferences between the different healing results. The water permeability 
was measured on both cracked and healed specimens. The tests were 
performed according to the study of Lv et al. [75]. The specimen surfaces 
were sealed with aluminium paper by waterproof glue, leaving only the 
crack mouth contacting water. Then, the specimen was placed into a 
container with the crack mouth facing up, as shown in Fig. 9. To ensure 
that there was no leakage for the following water permeability test, the 
edges of the samples were sealed with waterproof glue filled in the gap 

Fig. 6. Irradiation directed to the concrete cracks.  

Fig. 7. Cracks (a) at the beginning of spraying and (b) after 3 min of spraying.  
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between the sample and container sides. The alphabetical order of the 
three samples in Fig. 9 corresponds to that in Fig. 8. Then, the sample 
was placed into a container. Water was added into the container quickly, 
and the height of water in the container was 5 cm, recorded as H. A 
water tank was placed under the container to contain water, as shown in 
Fig. 10. Finally, the weight of the water in the water tank was weighed 
and recorded every 2 min. The results of water permeability tests are 

shown in Fig. 11. 
The water permeability θ (1/s) was calculated according to Equation 

(23): 

θ=
Q

A⋅H
(23)  

where Q is the flow of water through the cracks from the above to the 
below water tank. Q was defined as the volume increment of the out-
flowed water per second, and the unit is cm3/s. A is the area of the crack 
mouth, and H is the height of the water level on the mortar samples. 
Then, the healing efficiency is defined as follows: 

μ=(1 − θ)⋅100% (24) 

To eliminate the contingency of the experimental results, we 

Fig. 8. Healing results with (a) one, (b) two, and (3) three capsules.  

Fig. 9. Samples prepared for the water permeability tests.  

Fig. 10. Water permeability tests.  

Fig. 11. Results of the average water permeabilities of the samples and healing. 
efficiencies based on the water permeability. 

Table 4 
One-way ANOVA of healing efficiency in terms of capsule number.  

GROUPS Healing efficiency Mean value Standard deviation 

Sample (a) 39% 32% 27% 33% 0.06028 
Sample (b) 57% 52% 47% 52% 0.05000 
Sample (c) 51% 46% 39% 45% 0.06028  

DOF Mean Square F-ratio p value 

Between group 2 0.029 8.887 0.016 
Within group 6 0.003   
Total 8    

Note: Samples (a), (b) and (c) contain one, two, and three capsules, respectively. 
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repeated the process three times on one specimen and compared the 
results between cracked specimens and healed specimens. 

Reference samples without healing treatment have the greatest water 
permeability (0.89/s), which is expected since microcracks exist in the 
gap between new-to-old mortars. The existence of microcracks has been 
confirmed by related studies [76,77]. As described in Section 2.6, the 
new mortar under the cracks was made after 21 days of curing of the 
sample. If water reaches the bottom of the cracks, it will continue to leak 
out through the microcracks. For sample (a) containing one capsule, the 
mean values of water permeability and standard deviation were 0.67/s 
and 0.06, respectively. For sample (b) and sample (c), the mean values of 
water permeability were 0.48/s and 0.55/s, and the standard deviations 
were 0.05 and 0.06, respectively. According to Eq. (24), the healing 
efficiencies of samples (a), (b) and (c) are 33%, 52% and 45%, respec-
tively. Based on the above, a tentative conclusion is that self-healing by 
capsules should be effective and that the healing effects of 2 capsules 
and 3 capsules should be better than those of 1 capsule. However, 
similar to the observation results, more capsules are not necessarily 
better. Compared with sample (b) containing 2 capsules, the healing 
efficiency of sample (c) containing 3 capsules slightly decreased. To 
determine whether this result was statistically significant, one-way 
analysis of variance (one-way ANOVA) of healing efficiency was con-
ducted. The number of capsules is the single variable in the one-way 
ANOVA. The one-way ANOVA results are shown in Tables 4 and 5. 

Table 4 shows the one-way ANOVA results of the effect of the 
number of capsules on healing efficiency. There is a statistically signif-
icant difference in the healing efficiencies of the different numbers of 
capsules (F = 15.76, p > 0.05). Thus, the hypothesis in which there is a 
difference among the numbers of capsules can be accepted. However, 
the F test cannot provide information on whether there are significant 
differences among various combinations of groups, which means 
whether there is a statistical significance between samples (b) and (c) is 
still unknown. Hence, additional multiple comparisons that can indicate 
a significant relationship between particular pairs need to be performed 
for the groups. Here, the LSD method was used for multiple comparisons 
because the LSD method is the most-used method and has high accuracy. 

As shown in Table 5, the healing efficiencies of both sample (b) and 
sample (c) were significantly different from the healing efficiency of 
sample (a) because the p values were 0.006 and 0.035, respectively. 
Based on the above, the healing effects of 2 capsules and 3 capsules are 
better than the healing effect of 1 capsule. However, there was no sig-
nificant difference between the efficiencies of sample (b) and sample (c) 
(p value = 0.202 > 0.05). It is possible that the sample size included in 
the analysis was not large enough to obtain a significant result. Another 
reason might be that the healing efficiency of the three capsules is not 
necessarily better than that of the two capsules. We hypothesize that this 
may result from some holes on the surface of the repairing materials of 
sample (c). The holes on the sample surface increase the water perme-
ability. If the reason why large-sized holes did not form in sample (a) and 
sample (b) needs to be given, it may be random. The disappearance of 
bubbles generated during the healing process is not uncontrolled and 
random. Based on the discussion above, some temporary conclusions 
can be obtained as follows. Basically, the increase in capsule number 
will bring more repairing materials, and hence, the healing efficiency 
will be better. However, the bubbles generated in the healing process 

increase the uncertainty of the healing results, which may make more 
capsules unable to bring better healing results. 

3. Understanding the substances filling the concrete cracks by 
characterization methods 

As previously described (Section 2.2), the products filling the cracks 
involve a variety of chemical reactions. These chemical reactions consist 
of various acid–base neutralization reactions and redox reactions. Since 
these chemical reactions were not performed in standard solution forms, 
we can hardly use redox chemistry to obtain the order of the various 
chemical reactions. It is also more likely that there is no clear order of 
the chemical reactions during the self-healing process. From the 
appearance of substances filling the crack exclusively, it is only known 
that cohesive white substances filled the cracks. This is not satisfied for 
the current observations. More detailed results need to be presented by 
further analysis to elucidate what exactly heals the cracks. Therefore, 
characterization technologies will be used to analyse the white sub-
stance filling the cracks. 

First, from a materials science perspective, all substances are either 
crystalline, noncrystalline or a mixture of crystalline and noncrystalline. 
Cohesive white substances filling the cracks may contain unreacted 
NaHCO3, Ca(OH)2 and C6H8O7, and these three materials were crystals 
purchased in the form of pure reagents. In addition, some products of 
Eqs. (1)–(8) may exist in the forms of crystals. Therefore, X-ray 
diffraction (XRD) technology was performed to find the existence of the 
crystal phases in the cohesive white substance filling the cracks. 

Second, after determining the crystal phases in the repairing mate-
rials, we need to analyse the remaining noncrystalline phases. Since 
characterization technologies for crystal materials such as XRD are not 
available for later analysis, we decided to use scanning electron micro-
scopy–energy dispersive spectrometry (SEM‒EDS) to examine the sur-
face morphology and elemental composition of the materials. With the 
results of SEM‒EDS, the preliminary judgement for the noncrystalline 
phases could be confirmed. To increase confidence, transmission elec-
tron microscopy (TEM) will be used to verify the previous results ac-
cording to the analysis of individual lattices. A schematic of the steps 
involved in the material characterization for the white substance filling 
the cracks is shown in Fig. 12. 

3.1. Material characterization of products filling the cracks 

3.1.1. XRD characterization of materials repairing the cracks 
Fig. 13(a) and (b) show the XRD characterization of the powder from 

the interior and surfaces of the white substance, respectively. As shown 
in Fig. 13(a), three crystalline phases, NaHCO3, C6H8O7 and Ca(OH)2, 
exist on the inner layer (internal surface) of the white substance filling 
the cracks, while there is only one crystalline phase, Ca(OH)2, formed on 
the outer layer (external surface). This result shows that unreacted Ca 
(OH)2 existed on the outer layer of the white substance filling the cracks, 
which is likely the reason for the generation of the viscosity of the white 
substance filling the cracks. We hypothesize that when the healing 
process started, part of the Ca(OH)2 was not involved in the chemical 
reactions and was dissolved in water to possibly form a viscous lime 
slurry [78]. Lime slurry is a common adhesive and is widely used to fill 
the cracks of construction materials [78,79]. The lime slurry made the 
healing materials stick to the cracks, which helped repair materials 
combined with concrete better. Although the above result was not ex-
pected when we designed the self-healing mechanism, it is beneficial. In 
the next section, the existence of lime slurry is justified by the SEM 
results. 

A possible reason for the disappearance of NaHCO3 and C6H8O7 on 
the outer layer of the sample is their property of being easily soluble in 
water [80,81]. The mortar sample was placed in an open environment so 
that water flow could wash out the dissolved NaHCO3 and C6H8O7. 
However, the situation is different for Ca(OH)2. Lime slurry is not 

Table 5 
One-way ANOVA of healing efficiency in terms of capsule number.  

Comparison pairs Mean difference Standard deviation p value 

Sample (a) Sample (b) − 0.19333 0.04659 0.006 
Sample (c) − 0.12667 0.04659 0.035 

Sample (b) Sample (a) 0.19333 0.04659 0.006 
Sample (c) 0.06667 0.04659 0.202 

Sample (c) Sample (a) 0.12667 0.04659 0.035 
Sample (b) − 0.06667 0.04659 0.202  
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actually soluble but consists of agglomerates of Ca(OH)2 particles [82]. 
The lime slurry is left in the cracks because of its cohesion, and Ca(OH)2 
particles inside the agglomerates remain in a crystal phase. After 
evaporation of the free water between agglomerates, Ca(OH)2 agglom-
erates solidify. If the solid Ca(OH)2 agglomerates are ground into pow-
der, its crystal structure is essentially the same as before. Thus, as seen in 
Fig. 13(a) and (b), the crystal structure of Ca(OH)2 does not change. 

Until now, detailed discussions about the XRD characterization of the 

powder from the white substance filling the cracks are given. Thus, the 
phenomenon of white substances sticking to the concrete can be well 
explained through the formation of Ca(OH)2. However, the inner layer 
of white substances is not yet clear. It is only known that there are 
unreacted NaHCO3, C6H8O7 and Ca(OH)2 in white substances filling the 
cracks. There are probably more details to be found. Therefore, the 
apparent morphology of the internal powder was observed directly by 
SEM to gain an intuitive and better understanding of the white substance 

Fig. 12. Steps involved in material characterization for the white substance filling the cracks.  

Fig. 13. XRD characterizations of the powder from (a) the inner layer and (b) outer layer of repairing materials.  
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filling the cracks. 

3.1.2. SEM and TEM characterization of materials repairing the cracks 
Although only NaHCO3, C6H8O7 and Ca(OH)2 were detected by XRD, 

the repairing materials should consist of some other products of Eqs. 
(1)–(8), but they are not crystalline phases. Therefore, SEM character-
ization was performed for the materials filling the cracks. An approxi-
mately 2 mm × 2 mm × 2 mm piece was taken from the surface of the 
white substances filling the cracks for SEM characterization. After 
thorough investigation, a representative field was captured, as shown in 
Fig. 14(a), showing that three substances exhibiting different morphol-
ogies existed at the same time. The upper left part of Fig. 14(a) shows 
thin plate-shaped crystal clusters highlighted in yellow. According to the 
XRD results, the only crystalline material in the repaired materials is Ca 
(OH)2, so the thin plate-shaped crystals should be Ca(OH)2. Next, the 
right green part of Fig. 14(a) resembles the soluble substances that 
naturally evaporate to dryness. We hypothesize that this part may be 
dried NaHCO3 or C6H8O7 or even a mixture of NaHCO3 and C6H8O7. 
Between the yellow area and green area, there is a purple narrow band 
that should be CaCO3 or Ca3(C6H5O7)2. Below, we outline the reasoning 
behind this conjecture. 

Since Ca(OH)2 is slightly soluble in water, the crystal structure of 
most Ca(OH)2 is not destroyed by the dissolution process. Correspond-
ingly, thin plate-shaped Ca(OH)2 crystals aggregate after drying and can 
still be observed in the form of crystals, which is consistent with Fig. 13 
(a). Moreover, related literature [83,84] indicates that hexagonal crys-
tals are the most common form of Ca(OH)2 crystals and that Ca(OH)2 
reagents are essentially all in hexagonal crystal forms. Therefore, the 
substance located in the yellow area is agglomerated Ca(OH)2. This also 
supports the hypothesis in the last section suggesting that lime slurry is 
generated in the white substances filling cracks because lime slurry is 
the suspension with agglomerated Ca(OH)2 [85]. However, character-
istics cannot be found for the morphology located in the right part of 
Fig. 14(a), where the EDS results can provide more details. As shown in 
Fig. 14(c), the calcium distribution has a significant characteristic in that 
most calcium concentrates in the yellow and purple areas, which in-
dicates that the main substances in the green area do not contain cal-
cium. Therefore, substances located in the green area should be NaHCO3 
or C6H8O7 or a mixture of NaHCO3 and C6H8O7. In terms of why the 
green part does not have features of the crystal phase, the dis-
solution–precipitation process of NaHCO3 or C6H8O7 may change the 

crystal structures. According to the studies of Lu et al. [86,87], the 
structure of citric acid crystals will turn to an amorphous phase after 
dissolution–desiccation. In addition, according to the description of Post 
[88], the mixture of crystalline materials may cause the crystalline phase 
to not be identified. Therefore, crystal structures are not observed in the 
green area. As the substance in the yellow area is already Ca(OH)2, the 
substances in the purple area are possibly insoluble calcium salts (CaCO3 
or Ca3(C6H5O7)2) of Eqs. (1)–(8). There is an important statement sup-
porting the conjecture that the purple area is precisely located between 
Ca(OH)2 and the dried mixture of soluble substances of Eqs. (1)–(8). This 
is because Ca(OH)2 contacts some substances, such as C6H8O7 and 
NaHCO3, which generates insoluble calcium salts. Moreover, the 
morphology of calcium carbonate in this study conforms to the calcium 
carbonate morphology generated by calcium hydroxide reported by 
related references [47,89,90]. 

Moreover, to provide more robust evidence of the results above, we 
performed TEM characterization. After multiple attempts, an image of 
calcium salt growing on Ca(OH)2 grains was obtained, as shown in 

Fig. 14. SEM results.  

Fig. 15. TEM results showing calcium salt growing on a Ca(OH)2 hexago-
nal grain. 
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Fig. 15. As shown, a partly reacted hexagonal Ca(OH)2 grain is placed at 
the bottom. Along the right edge of the grain, rod-like substances grow. 
The rod-like substance should be the calcium salt, which corresponds to 
the needle-like substance presented by yellow in Fig. 14(a). The TEM 
results of partly reacted hexagonal Ca(OH)2 grains also support the XRD 
results showing that NaHCO3, C6H8O7 and Ca(OH)2 do not react 
completely, and some NaHCO3, C6H8O7 and Ca(OH)2 still exist in the 
form of crystals in the white substance filling the cracks. Furthermore, 
the remaining Ca(OH)2 is able to continue to react with CO2 to produce 
CaCO3, as shown in Equation (7). 

3.2. Analysis of the repairing materials 

When NaHCO3, C6H8O7 and Ca(OH)2 in the photocatalytic capsules 
contact water, they react rapidly and fill the cracks under the effect of 
generated CO2 bubbles. Then, thin-layer insoluble calcium salt (CaCO3 
or Ca3(C6H5O7)2) is generated on the surface of the mixture of NaHCO3, 
C6H8O7 and Ca(OH)2. Soluble products may also be generated but will 
most likely be washed away by the water flow. At the same time, a 
portion of unreacted Ca(OH)2 is mixed with water to form an adhesive 
lime slurry, which sticks to unreacted NaHCO3, C6H8O7, Ca(OH)2 and all 
insoluble products above the cracks (as shown in Fig. 16). Under the thin 
layer of CaCO3, unreacted NaHCO3, C6H8O7, and Ca(OH)2 are buried. In 
addition, note that although there is unreacted C6H8O7, which may be 
harmful to mortar considering it is a slightly corrosive substances [91], 
the neutralization of NaHCO3 and Ca(OH)2 can prevent the spread of 
citric acid in the mortar. Since the citric acid in the mortar is present in 
solid form, citric acid must rely on water to become a solution to leach 
into the surrounding matrix. However, NaHCO3 and Ca(OH)2 will react 
with citric acid immediately when water is provided. Therefore, there is 
no need to consider the corrosion effect of very little unreacted citric 

acid on mortar. 

4. Insights, recommendations, and conclusions 

In this paper, photocatalytic self-healing mortar, which can be 
healed by sunlight, was created by using photocatalytic capsules con-
taining repairing materials. Then, the actual performance of the pho-
tocatalytic self-healing concrete was tested. The experiments indicate 
that it is feasible to use sunlight to heal the mortar. The photocatalytic 
capsules can be degraded by sunlight; therefore, the repairing materials 
are released to fill the cracks, and the healed mortar samples have 
waterproof properties. The final substances filling the cracks are insol-
uble calcium salts and unreacted NaHCO3, C6H8O7, and Ca(OH)2. 

Because the study is an unprecedented attempt to use sunlight to heal 
mortar, the experiments and characterizations of this study focus on the 
feasibility of the proposed method, and some points should be consid-
ered in the future:  

(1) Sunlight: As the photocatalytic self-healing process is activated 
by sunlight energy, the conditions of sunlight should be consid-
ered. Simulated sunlight generated by a xenon lamp was 
confirmed to be effective in this study. Limited by experimental 
devices, the depth that sunlight reaches inside a crack cannot be 
determined at present. 

(2) Capsule shells and photocatalysts: PE materials and the photo-
catalyst TiO2 were used to make shells of photocatalytic capsules, 
and ideal results were obtained. With the rapid development of 
photocatalytic technology, more advanced photocatalysts and 
more environmentally friendly waterproof materials will be 
available in the future to make photocatalytic capsules.  

(3) Repairing materials: NaHCO3, C6H8O7, and Ca(OH)2 are not the 
only options for creating repairing materials. In fact, as long as 
insoluble and adhesive substances are generated, the healing 
process can be achieved theoretically. More alternative options 
could be tried in future studies.  

(4) Healing results: The healing results of water permeability tests 
show that the function of bubbles generated in the healing pro-
cess is a double-edged sword. Bubbles generated in the healing 
process can promote repairing materials filling the cracks but 
may leave holes on the surface of the repairing materials. Better 
methods to promote the repair of materials are awaited.  

(5) Practical application: The photocatalytic capsules were applied 
during the hardening of mortar rather than mixing in this study. 
Therefore, the method proposed in this paper is suitable for 
concrete that can be used after casting, such as concrete pave-
ment. The resistance of capsules for mechanical mixing needs to 
be further researched if they are to be applied from mixing.  

(6) The follow-up situation of self-healing: Unreacted Ca(OH)2 in 
concrete could bring more possibilities for any future healing 
process. For example, the healing product may benefit from the 
future long-term carbonization of Ca(OH)2. The healing results 
might be improved after many rain cycles, which deserves much 
attention. 

According to the description above, photocatalytic self-healing 
concrete requires further investigation. This challenges our current 
concepts and will energize the field of self-healing concrete and mortar. 
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Fig. 16. Abstract schematic of repairing materials.  
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