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A B S T R A C T   

Multifunctional intrinsic self-healing polymers (ISP) are gaining increasing attention these days, and many 
studies have been devoted to solving the conflict between achieving high mechanical polymer strength and 
active polymer chain diffusion. In this research, we developed an optimized self-healing composite coating by 
adding Benzotriazole (BTA) loaded nano silica (SiO2@BTA) to a dynamic cross-linked Polydimethylsiloxane 
(PDMS) network，which allows substantial and fast healing of the material integrity upon damage due to the 
hydrogen interaction between urea and BTA. BTA leaching tests demonstrated a longer release profile during the 
coating service life and corrosion tests in a 3.5 wt% NaCl aqueous solution indicated that the SiO2@BTA modified 
PDMS coating shows enhanced corrosion protection of carbon steel upon coating damage. Moreover, after 
addition of SiO2@BTA, the material failure strength increased from ~1.5 MPa to ~5.5 MPa, and the healing 
efficiency increased from ~59% to ~90% for 24 h healing at room temperature. Above all, this research provides 
an intrinsic self-healing coating design method to improve the mechanical strength and the self-healing ability of 
the ISP as well as enhancing the coating's corrosion protection ability.   

1. Introduction 

Inspired by self-healing concepts present in the natural world, 
intrinsic self-healing polymers cross-linked by dynamic reversible bonds 
have gained a lot of research interest because of their promising appli-
cation in flexible electronics [1], adhesives [2–3], biomedicines [4–7], 
protective coatings [8–9], and other areas of technological interest [10]. 
Considering their self-restoring property upon damage, intrinsic self- 
healing polymers are ideal materials for corrosion protective coatings 
by autonomous recovery of barrier protection [11]. To date, the study of 
intrinsic self-healing polymer in corrosion protective coating has been 
relatively limited, which from a technological point of view can be 
attributed to some important barriers inherent to the self-healing con-
cepts so far. 

Firstly, some typical coating materials used for corrosion protective 
coatings, such as epoxies and polyurethanes, usually need high cross- 
linking density to prevent corrosive medium diffusion, i.e. providing 
barrier protection, which on the other hand intrinsically hampers the 

self-healing process requiring active polymer chain diffusion [12–14]. 
Furthermore, it generally takes several to dozens of hours after the 
occurrence of coating damage to complete the self-healing process at 
room temperature [15–16]. This delayed self-healing action may pro-
vide a protection issue, as corrosion may start off as soon as the metal 
substrates are exposed to a corrosive medium. As a result, substantial 
corrosion may occur before the repairing of the scratch, indicating the 
importance of optimized inhibitor and healing agent release and coating 
matrix self-repair kinetics. Also, the self-healing ability of the scratch is 
restricted by the extent of damage, for example coating scratch defect 
width, because the self-healing process depends on the filling of neigh-
boring material through polymer chain diffusion and dynamic 
exchanging reaction. Therefore, when the scratch size is much larger 
than the coating thickness, the scratch could not be repaired to its full 
extent because there is not sufficient material to fill the crack. 

Except for intrinsic self-healing, there is another self-healing strat-
egy, namely extrinsic self-healing, which relies on self-healing action by 
adding corrosion inhibitors to the coating to prevent excessive corrosion 
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in coating defects [17–20]. To prevent inhibitor-coating matrix inter-
action and optimizing the leaching kinetics of protective compounds 
such as corrosion inhibitors, smart leaching concepts are introduced into 
the coating matrix by adding delivery systems such as micro- or nano-
containers loaded with active inhibitive pigments [9,21–24] or organic 
compounds [11,25]. Nano silica, a readily available ceramic, was most 
widely used as nano-container material to load inhibitors due to its 
simple preparation method, high specific surface area and flexible nano/ 
micro structure [26–30]. Benzotriazole (BTA) and its derivatives have 
been unambiguously proven to be efficient for copper corrosion inhi-
bition for the past few decades [31–34]. Furthermore, it has been shown 
to provide efficient protection to carbon steel and it is recognized that 
the dissolved BTA in water can form complex with Fe2+ that will deposit 
at a coating defect and block the water diffusion [35–36]. For example, 
Hao et al. used polyaniline decorated graphene as container material to 
load BTA and prepared a self-healing epoxy coating showing noticeably 
improved corrosion protection of carbon steel [36]. Except for its 
enhanced self-healing performance in corrosion protection, it is hard for 
extrinsic self-healing materials to achieve substantial healing of the 
material integrity upon damage due to irreversible cross-linking of 
typically used matrix material. Hence, it is a promising strategy to 
disperse inhibitor loaded nanocontainers within intrinsic self-healing 
matrix materials to provide coatings with high-effective self-healing 
properties. 

In addition, a key challenge remains in solving the conflict between 
mechanical strength and self-healing ability for intrinsic self-healing. 
More specifically, high mechanical strength indicates high cross- 
linking density which limits polymer chain diffusion while active 
chain diffusion is essential for reversible association-disassociation re-
actions of the dynamic cross-linking points. In recent years, significant 
efforts have been made into high performance self-healing materials. 
One of the most effective methods is to combine two or more types of 
reversible bonds in one self-healing system to enable a hierarchical en-
ergy dissipation mechanism [14,37]. In addition, other researchers also 
put forward the method of designing multiphase self-assembly of su-
pramolecular structures to form a hard-soft microphase-separated sys-
tem [12,38–39]. For example, in the extant literature, You et al. reported 
a highly efficient self-healing elastomer (Cu–DOU–CPU) with synergistic 
triple dynamic bonds [40–41]. Experiments showed that the mechanical 
strength and self-healing ability can be simultaneously improved by the 
coordination of Cu(II). Density functional theory calculations also 
revealed the critical role of Cu(II) in accelerating the reversible disso-
ciation of dimethylglyoxime–urethane. A dynamic self-healing PDMS 
(polydimethylsiloxane) material cross-linked by reversible urea 
hydrogen bonds and imine bonds (UI) was studied in our previous work 
[42–43]. The dynamic network consists of urea hard segments and imine 
soft segments. Changing the urea-to-imine ratio, an optimized self- 
healing material was obtained with urea-to-imine ratio at 1:1, which 
exhibits significant self-healing and corrosion protection. However, the 
improvement of mechanical strength was restricted because of the 
intrinsic conflict between mechanical strength and self-healing prop-
erty, which restricts its practical application, to date. 

In order to improve intrinsic self-healing, corrosion protective 
properties in conjunction with enhanced mechanical strength, we have 
developed an optimized intrinsic self-healing composite coating by 
dispersing inhibitor 1H-Benzotriazole (BTA)-loaded mesoporous nano 
silica (SiO2@BTA) into a dynamic UI network. The reversible cross- 
linked PDMS matrix achieved substantial and fast healing of the mate-
rial integrity upon damage due to the hydrogen interaction between 
urea and BTA, which provides carbon steel with enhanced corrosion 
protection coating. At the same time, both the self-healing efficiency and 
the mechanical properties of the UI dynamic network could be improved 
simultaneously by the incorporation of SiO2@BTA. It is promising to 
form a self-healing material development strategy to minimize the 
commonly observed intrinsic conflict between high mechanical polymer 
strength and active polymer chain diffusion. 

2. Experimental section 

2.1. Base chemicals 

Aminopropyl terminated polydimethylsiloxane (AP-PDMS, type KF- 
8010) was purchased from Shin-Etsu. Isophthalaldehyde (IPAL) and 
4,4′-methylenebis-(cyclohexyl isocyanate) (HMDI) were purchased from 
Macklin and Sigma, respectively. 1H-Benzotriazole (BTA) and hexadecyl 
trimethyl ammonium bromide (CTAB) were provided by Aladdin. Ethyl 
alcohol, tetrahydrofuran (THF), tetraethyl orthosilicate (TEOS), and 
triethanolamine (TEA) were purchased from Sinopharm Chemical Re-
agent Co., Ltd. THF was dehydrated with molecular sieves before use 
and other reagents were used as received. 

2.2. Preparation of UI 

UI was synthesized according to our previous reported method with 
modification [43]. In this study, we used PDMS with a molecular weight 
of 860 g/mol to obtain a stronger material. To synthesize self-healing 
PDMS-based material, PDMS (0.01 mol) and THF (100 mL) were 
added to a 250 mL three-necked round-bottom flask which was equip-
ped with reflux device and purged by dry N2. When the system was 
heated to 60 ◦C in an oil bath under a N2 atmosphere, HMDI (0.005 mol) 
was poured dropwise into the mixture to react throughout vigorous 
stirring for 6 h. Subsequently, IPAL (0.005 mol) was added and stirred 
for another 6 h at 60 ◦C. The bubbles of the resulting liquid mixture were 
removed using a vacuum pump. Finally, the self-healing material was 
obtained by pouring the mixture into a Teflon casting dish and dried at 
room temperature for 3 days to evaporate the solvent. The synthetic 
procedure and chemical structure of UI were shown in Scheme 1. 

2.3. Preparation of SiO2@BTA 

The nanosilica was synthesized applying the procedure introduced 
by Borisova et al. [44]. In this work, CTAB was used as template and 
other aspects of the procedure were unchanged. After the reaction, the 
silica was separated by centrifugation and then washed with ethyl 
alcohol two times to remove the unreacted reagents. Finally, the mes-
oporous nanosilica was obtained after calcination at 600 ◦C for 8 h to 
remove the template completely. To prepare SiO2@BTA, 10 mg/mL 
water solution of the mesoporous nanosilica was mixed with aqueous 
1H-benzotriazole (BTA) solution (10 mg/mL) at a volume ratio of 1:1, 
then the mixture was vacuumized and stirred at room temperature for 2 
h. After that, the loaded silica was separated by centrifugation and then 
dried overnight in a vacuum oven at 60 ◦C. 

2.4. Preparation of UIB-x (x = 1 ~ 4) 

The preparation process of self-healing materials is shown in Scheme 
2. The materials with SiO2@BTA concentrations in UI matrix of 1.3 wt%, 
2.5 wt%, 5 wt% and 7.5 wt% were named as UIB-1, UIB-2, UIB-3, UIB-4, 
respectively. To disperse SiO2@BTA into the UI network, 16 g of UI was 
dissolved in 60 mL THF. SiO2@BTA was dispersed in 20 mL THF and 
then treated by sonication at room temperature for 10 min. Then the 
dispersion was mixed with the UI solution and stirred at room temper-
ature for 2 h. The bubbles of the resulting liquid mixture were removed 
using a vacuum pump. Finally, the self-healing materials were obtained 
by pouring the mixture into a Teflon casting dish and dried at room 
temperature for 3 days to evaporate the solvent. The material with only 
5 wt% of pure SiO2 was prepared as unactivated contrast sample and 
named UIS. In addition, 0.1 g pure BTA is directly added to the UI so-
lution to produce another control sample which was named UIB-0. For 
further guidance, the mass of components added in each sample is 
shown in Table 1. 
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2.5. Characterization method 

Scanning electron microscopy (Zeiss Gemini LEO1550) was 
employed to analyze silica samples at an operating voltage of 3 kV and 
working distance of 3 mm. The electron micrographs taken at different 

magnifications were obtained using backscattered electron imaging. 
Fourier Transform Infrared (FT-IR) spectra were recorded on an iS10 
FTIR spectrometer with a resolution of 2 cm− 1 and with the accumula-
tion of 32 scans. The silica powder samples were analyzed using the KBr 
disk method and the film samples were studied using the attenuated 
total reflection unit. N2 adsorption/desorption measurements were 
performed on the system Micromeritics TriStar 3000 to study the 
porosity of the samples. Optical images were obtained with an optical 
microscopy VHX-5000 instrument. The UV–Vis absorption spectra were 
tested using ultraviolet–visible absorption spectrometry (UV–vis N4S). 
To study the BTA release behavior, a piece of material with dimensions 
of 1 mm × 1.5 mm × 1.5 mm was immersed in 50 mL ultrapure water. 
The UV–vis absorption spectra were obtained at discrete exposure times 
during an overall exposure time of 250 h. The DSC and TG tests were 
characterized by using a Q200 thermogravimetric analyzer (TA In-
struments). The temperature range tested was from 25 ◦C to 800 ◦C with 
a heat rate of 10 ◦C min− 1 in nitrogen atmosphere. N2 adsorption/ 
desorption measurements at 77 K were performed on the system 
Micromeritics ASAP 2460 to study the porosity of the samples. These 
were pretreated by outgassing under vacuum at 423 K. The pore size 

Scheme 1. Synthetic procedure and chemical structure of UI.  

Scheme 2. Schematic of the experimental processes of UIS, UIB-0 and UIB-x (x = 1–4) coatings.  

Table 1 
The mass of each component added during preparation of UI, UIB-x (x = 0–4) 
and UIS.  

Sample The mass of each component added 
(g) 

SiO2@BTA concentration (wt%) 

UI SiO2@BTA SiO2 BTA 

UI  16  0  0  0  0 
UIB-1  16  0.2  0  0  1.3 
UIB-2  16  0.4  0  0  2.5 
UIB-3  16  0.8  0  0  5 
UIB-4  16  1.2  0  0  7.5 
UIS  16  0  0.8  0  0 
UIB-0  16  0  0  0.1  0  
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distributions were obtained by applying the BET and BJH model iso-
therms. Particle size distributions of SiO2 and SiO2@BTA were tested by 
Dynamic Light Scattering (DLS) method. The Nano laser particle size 
distribution analyzer JL-1198 was purchased from Chengdu Jingxin 
Powder Testing Equipment Co., Ltd.. Before testing, SiO2 and 
SiO2@BTA were dispersed in water by ultrasonic treatment for 15 min 
respectively to get uniform transparent solution. Then we use the 
transmission method to test the size distribution. Every sample was 
tested for three times to minimize random error. DSC measurement was 
performed on a TA DSC214 differential scanning calorimeter from 
Netzsch at the heating rate of 10 ◦C min− 1. XRD measurements was 
performed on Shimadzu XRD-7000 under Cu Kα radiation (λ =0.1541 
nm). XRD spectra from 3◦ to 60◦ were obtained at a speed of 5◦ min− 1. 

Mechanical tensile-stress tests were carried out with an INSTRON 
3366 tensile testing machine at room temperature at a speed of 50 mm/ 
min. The samples were cut into dumbbell shape with dimensions of 5 
mm (width) × 1 mm (thickness), the gauge length was 20 mm. To test 
the self-healing property, the dumbbell samples were cut into two 
pieces, then the cut surfaces were put in contact by hands and then put at 
room temperature to heal for scheduled time. The stress-strain curves 
were measured after healing for 6 h, 12 h and up to 24 h. Every test was 
repeated at least three times to validate reproducibility of the mea-
surements. The self-healing efficiency is defined as the ratio of 
maximum strain between the healed and initial sample. The stress 
relaxation studies were conducted by inducing a constant initial strain 
(ε = 100%) of the gel sample in stretch mode at room temperature. The 
relaxation modulus G(t) was normalized by initial value G(0). 

To test the corrosion performance of coated substrates, the prepared 
dry material was dissolved in THF (1 g in 10 mL THF), then 200 μL of the 
solution was coated on the surface of Q235 carbon steel with a surface 
area of 1.5 × 1.5 cm. Finally, the sample was used after drying for 7 days 
at room temperature in air. The dry thickness of coatings was measured 
to be approximately 100 μm using the digital thickness gauge QNix 
4500. Electrochemical impedance spectroscopy (EIS) measurements of 
the coated steel samples were performed in a 3.5 wt% NaCl solution by 
using a three-electrode system, in which the coated steel serves as the 
working electrode, a saturated calomel electrode as the reference and a 
platinum electrode as the counter electrode. EIS measurements were 
performed with a CS350 electrochemical workstation at the open circuit 
potential (OCP). The applied frequency range was 10− 2–105 Hz with a 
signal amplitude of 20 mV vs OCP. In addition, to test the corrosion 
protection ability in the presence of a scratch, the coatings were 
scratched vigorously with a scalpel to ensure the scratch cut through the 
coating into the steel substrate before immersion into 3.5 wt% NaCl 
solution. 

3. Results and discussion 

3.1. Preparation of BTA-loaded mesoporous nano SiO2 (SiO2@BTA) 

Mesoporous SiO2 nanoparticles were prepared by dehydration and 
condensation of ethyl orthosilicate with CTAB as template. The inhibitor 
BTA was loaded to the mesoporous SiO2 in water. SEM results showed 
that the loading of BTA did not have obvious effect on the surface 
morphology of SiO2 as shown in Fig. 1. The particle size distributions of 
SiO2 and SiO2@BTA were tested by DLS, and the results were shown in 
Fig. S1. The average particle size of SiO2 and SiO2@BTA were 156.7 ±
2.5 nm and 164.8 ± 2 nm. Fig. 2 shows the characterization results of the 
mesoporous SiO2 before and after loading. FTIR in Fig. 2(a) shows that 
after being loaded with BTA, a new peak appeared at 746 cm− 1, which is 
the 1,2–substitution in the benzene ring in the BTA structure [35]. TG 
analysis shown in Fig. 2(b) indicated a fast weight loss at 200–300 ◦C for 
SiO2@BTA and a distinct absorbance peak was observed at 220 ◦C in the 
DSC curve due to the vaporization of BTA at this temperature [35]. The 
adsorption-desorption behavior of N2 delivered a type-IV isotherm with 
two typical closed hysteresis loops as shown in Fig. 2(c), which indicates 
that the mesoporous structure of nanosilica was successfully prepared 
[44]. N2 sorption measurements were performed to observe the change 
in nanoparticle porosity and reduction of total pore volume with BTA 
loading. As shown in Fig. 2(d) and Table 2, the average pore size 
decreased from 3.0 nm to 2.7 nm after loading of BTA. The surface area 
also decreased from 883.45 m2/g to 693.32 m2/g and the pore volume 
decreased significantly. The aforementioned results indicate that the 
loading of BTA filled the mesoporous structure of nanosilica. The 
loading efficiency can be estimated using N2 sorption by computing the 
reduction in total pore volume. 

3.2. Morphology characterization 

Fig. 3 shows the surface SEM images of different coatings. Fig. 3(a) 
shows that the surface of coating UI is relatively smooth, indicating a 
pure polymer without any pigment. A few SiO2 particles can be found on 
the surfaces of UIB-1, UIB-2 and UIB-3, which results from the relatively 
low concentration of SiO2@BTA in it. When the SiO2@BTA concentra-
tion increased to 7.5 wt%, many outcrops can be observed on the surface 
of UIB-4, which indicates the SiO2@BTA agglomerates in the coating. 
The EDX of UIB-4 is shown in Fig. S2, which indicates that the outcrop 
shows a low carbon and high oxygen content compared to that of the flat 
area, demonstrating that the outcrop is SiO2@BTA agglomerates. The 
cross section SEM images are shown in Fig. 4. Fig. 4(a) shows that the 
cross section of UI is very smooth without any pigment. Fig. 4(b)–(d) 
shows that the SiO2@BTA pigment dispersed uniformly in the coatings 
of UI-1, UI-2 and UI-3 with low pigment concentrations. When the 
SiO2@BAT concentration increased to 7.5 wt%, obvious SiO2 agglom-
erates can be found in Fig. 4(e) and (f) for coating UIB-4. The EDX also 

Fig. 1. SEM micrographs of SiO2 (a) and SiO2@BTA (b).  
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demonstrated that the agglomerates is SiO2 as shown in Fig. S3. 

3.3. Mechanical properties 

The mechanical properties of the differently prepared coatings were 
studied by uniaxial tensile testing at a loading speed of 50 mm/min and 
the results are shown in Fig. 5. When SiO2@BTA is not added, i.e. for the 
sample UI, the coating exhibits a relatively poor mechanical strength 
with a failure stress of ~1.5 MPa. With an increase of the SiO2@BTA 
content from 1.3% to 7.5%, the mechanical strength increased signifi-
cantly from 2.7 ± 0.2 MPa to 7.9 ± 0.04 MPa, more than five times the 
original strength of the coating matrix. The elongation at failure 

Fig. 2. Characterization of SiO2 and SiO2@BTA: (a) FTIR spectrum. (b) TG and DSC curves. (c) N2 sorption isotherm. (d) Pore size distribution.  

Table 2 
N2 sorption results of SiO2 and BTA-loaded SiO2 (SiO2@BTA).   

Surface area(m2/g) Pore volume(cm3/g) Average diameter(nm) 

SiO2  883.45  0.66  2.97 
SiO2@BTA  693.32  0.47  2.73  

Fig. 3. The surface SEM images of different coatings, (a) UI, (b) UIB-1, (c) UIB-2, (d) UIB-3, (e) UIB-4.  
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demonstrated an increase for the sample with a concentration of 
SiO2@BTA of 1.3% as compared to that for the coating matrix, being 
approximately 916 ± 42% and 843 ± 32% respectively. It then 
decreased gradually with further addition of SiO2@BTA to 759 ± 30% at 
a concentration of 7.5 wt% SiO2@BTA. The change of mechanical 
behavior in terms of strength and ductility can be explained by the 
synergistic effect of the addition of nanosilica and BTA. The increase of 
mechanical strength resulted from the enhancement effect of silica 
nanoparticle, which mainly ascribes to two factors. Firstly, addition of 
silica particle increased the fraction of hard component, resulting in 
increase of the initial modulus and fracture strength. In the other hand, 
the cross-linking density was increased by reaction between hydroxyl in 
the surface of silica and UI network by hydrogen bonds. In addition, 
some PDMS chains were strongly absorbed at the particle surface, which 
formed macroscopic networks [45–47]. Meanwhile, when SiO2@BTA 
was added into UI solution, the BTA dissolved in THF formed hydrogen 
bonds with the urea group of the coating matrix, which destroyed the 
hydrogen bonds structure between urea groups. In this way, it is bene-
ficially accommodating the diffusion capacity of the UI polymer chain in 
hard segments. As a result, the ductility improved for UIB-1 with low 
concentration of SiO2@BTA. However, when the concentration of silica 
particle is increased further, silica aggregation (shown in Fig. 4(e)) will 
restrict the chain diffusion, which offers an explanation to the decrease 
of ductility when the SiO2@BTA concentration increases to more than 
1.3%. 

3.4. Self-healing properties 

The self-healing properties of materials with different SiO2@BTA 
concentration were studied by tensile testing and a scratch healing test. 
The stress-strain curves and healing efficiency after healing at room 
temperature for different times are shown in Fig. 6. The UI sample 
exhibited a relatively slow self-healing ability showing a healing effi-
ciency of only 25 ± 3% after 6 h of healing at room temperature. Further 
extension of healing time to 24 h resulted in a healing efficiency of 59 ±
14% as shown in Fig. 6(a). The addition of SiO2@BTA shows to be 
beneficial to the self-healing process as shown in Fig. 6(b)–(d). The 
healing efficiency after 24 h increased gradually from 76 ± 7% to 90 ±
8% with increasing concentration of SiO2@BTA from 1.3 wt% to 5 wt%. 
The maximal healing efficiency was obtained at a SiO2@BTA concen-
tration of 5 wt% (sample UIB-3) for each duration of healing at room 
temperature. It can be seen from Fig. 6(d) and (f) that, the healing ef-
ficiency reached 67 ± 9% after only 6 h of healing, which was even 
higher than that for UI after 24 h. Further increasing SiO2@BTA con-
centration to 7.5% resulted in a drastic deterioration of self-healing 
ability where the self-healing is only 41 ± 7% after 24 h of healing, as 
shown in Fig. 6(e) and (f), which is even lower than that for UI. These 
results indicated that the addition of SiO2@BTA was beneficial to the 
polymer self-healing process at least up to a concentration of 5 wt%. 
When the concentration increases further, it will have a negative effect 
on the polymer self-healing efficiency. 

A dedicated scratch test was adopted to further verify the self-healing 

Fig. 4. The cross section SEM images of different coatings, (a) UI, (b) UIB-1, (c) UIB-2, (d) UIB-3, (e) UIB-4, (f) high magnification images of UIB-4.  

Fig. 5. (a) Stress-strain curves of self-healing materials with different contents of SiO2@BTA. (b) Elongation at break and failure strength.  
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Fig. 6. Strain-stress curves of original and healed self-healing materials after different healing times at room temperature ((a)–(e): UI, UIB-1, UIB-2, UIB-3, UIB-4), 
the corresponding healing efficiency of the self-healing materials tested (f). 

Fig. 7. Self-healing process of self-healing materials at room temperature with optical microscopic imaging ((a)–(d): UIB-1, UIB-2, UIB-3, UIB-4).  
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property of the materials tested. The scratch test of UI was studied in our 
previous study [43] and it took 72 h for the scratch to heal. As shown in 
Fig. 7, the addition of SiO2@BTA leads to shorter times for scratch 
healing, which was 36 h for both UIB-1 and UIB-2. UIB-3 showed the 
shortest healing time, with the scratch healed within 24 h. When the 
concentration was increased to 7.5%, it exhibited a relatively long 
healing time of 96 h. These results further confirmed the self-healing 
ability tested by tensile testing. Based on the above results, it is shown 
that the BTA-silica container loading simultaneously improves the self- 
healing ability and mechanical strength of intrinsic self-healing UI 
materials. 

3.5. The interaction between BTA and urea hydrogen 

According to our previous studies [43], the self-healing property of 
UI was directly affected by the hydrogen bond density between urea 
groups and the reversible association-disassociation mechanism, as 
shown in Fig. S4. To study the variation of crystal density, DSC and XRD 
were applied and the results were shown in Fig. S8. It can be seen that no 
melt peak and crystal diffraction peak was found for UI, UIB-3 and UIB- 
0 (for these samples, the malar ratio of urea to imine is 1:1), which 
indicated that they are in the amorphous state at room temperature. To 
further study the crystallinity of urea group, we prepared the PDMS 
elastomer containing only urea group (marked as PU). The reaction 
procedure and chemical structure of PU was shown in Fig. S7. DSC result 
of PU showed a clear melt peak at 81.5 ◦C and RXD results also indicated 
the semi-crystalline property of PU [39]. We also found that PU 
exhibited poor self-healing property at room temperature as shown in 
Fig. S9. In conclusion, we find that urea group has crystalline property at 
room temperature, and becomes amorphous after combining urea and 
imine with molar ratio of 1:1. 

We hypothesize that the improvement of the self-healing ability for 
the current modified UI matrix is caused by the decrease of hydrogen 
bonds density between urea groups due to the addition of BTA. More 
specifically, when SiO2@BTA is added to UI solution, the exposed BTA 

molecule at the exterior surface of the nanosilica can form intermolec-
ular hydrogen bonding with urea and the possible chemical structure is 
shown in Fig. 8(a). This may lead to a conclusion that the destruction of 
the regular structure of hydrogen bonds between urea decreased the 
energy barrier for the reversible association- dissociation reaction of 
urea hydrogen bonds and active originally inert hydrogen bonds in hard 
segments. However, the destruction of urea hydrogen bonds will also 
commonly cause the degeneration of mechanical strength because of the 
decrease cross-linking density. On the contrary, addition of nano-
particles is beneficial to the mechanical strength [48]. In consequence, 
the improvement of self-healing ability stems from the loading of BTA; 
the addition of silica nanoparticles account for the enhancement of 
mechanical strength. Therefore, the self-healing ability and mechanical 
strength can be improved simultaneously by increasing SiO2@BTA 
concentration from 1.3 wt% to 5 wt%. By contrast, when the concen-
tration of SiO2@BTA increases to more than 5 wt%, silica nanoparticle 
aggregation may inhibit the chain diffusion, which negatively affects the 
polymer matrix self-healing property. This blocking effect may domi-
nate the else beneficial effect of BTA. As a result, the self-healing ability 
improves with increased SiO2@BTA content for relatively low concen-
trations of SiO2@BTA and deteriorates markedly for higher levels of 
SiO2@BTA with an optimal concentration at approximately 5 wt%. 

To clarify the interaction between BTA and urea group, the FTIR 
spectrums of materials with different mass ratios of UI to BTA were 
mapped out. We mainly focus on the peak at around 3330 cm− 1 and 
1620–1650 cm− 1, which correspond to the N–H and C––O of the urea 
group respectively [49–50]. The full spectrum is shown in Fig. S5, and 
Fig. 8(b) shows the N–H stretching vibration peak in more detail. As the 
concentration of BTA increased from 1:0 to 4:1, the peak intensity of -NH 
at 3330 cm− 1 decreased and shifted to 3359 cm− 1. Stretching vibration 
bands of urea carbonyl groups are shown in Fig. 8(c) where the peak at 
1651 cm− 1 corresponds to imine, and the peaks at 1628 cm− 1 and 1644 
cm− 1 indicate the strong and weak urea hydrogen bonds respectively 
[50]. With the increase of BTA content, the peak at 1628 cm− 1 dimin-
ished in intensity, the peak at 1644 cm− 1 showed an apparently 

Fig. 8. (a) The schematic of hydrogen bonds between BTA molecule and urea group. (b) FTIR peak of N–H. (c) FTIR peak of imine and C––O with different 
hydrogen strength. 
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increasing trend and the imine peak at 1651 cm− 1 remains unchanged. 
The FTIR peak transformations of N–H and C––O demonstrated the 
transformation from strong urea hydrogen to weak hydrogen bonds with 
increasing BTA concentration. The above results indicate that addition 
of BTA inhibits the formation of urea hydrogen bonds and decreases the 
hydrogen bond density of urea. 

Two control materials UIS and UIB-0 were prepared to further verify 
the self-healing mechanism of the SiO2@BTA enhanced self-healing 
materials. The self-healing results are shown in Fig. 9. Compared to 
UIB-3, UIS which was loaded with pure SiO2 demonstrated higher me-
chanical strength with a failure strength up to 9.7 MPa (UIB-3 was 5.5 
MPa) (Fig. 9(a)). However, as expected, UIS owned nearly no intrinsic 
self-healing ability reaching 16.7% after 24 hour healing at room tem-
perature (being approximately 90% for UIB-3). The results indicate the 
strength reinforcement effect of SiO2 and its negative effect on the self- 
healing process. By contrast, when we only added BTA to UI, the results 
were exactly the opposite. As shown in Fig. 9(b), the mechanical prop-
erty deteriorated significantly upon adding BTA. The material demon-
strated high ductility and the specimen did not fail upon stretching up to 
2000% and the stress reduced to near-zero. Self-healing tests by uniaxial 
tensile testing of UIB-0 showed that the mechanical property can recover 
completely within 3 hour healing time at room temperature due to its 
high chain activity. Scratch tests indicated the same results as shown in 
Fig. 9(c) and (d). The scratch at the surface of UIS was difficult to heal 
even over a healing time of 10 days while the scratch of UIB-0 was 
completely healed within 3 h. These results further verify the effect of 
SiO2 particle and BTA on the mechanical strength and self-healing 
property. 

Stress relaxation tests were performed to evaluate the chain activity 
of the prepared self-healing materials and the results are shown in 
Fig. S6. The time required of each sample to relax to 1/e is defined as 

relaxation time (τ*) [37]. The τ* of UI was tested to be 77 s and that of 
UIS significantly higher, being 605 s. In comparison, the τ* of UIB- 
0 decreased to 19 s, which indicated the active diffusion of polymer 
chains. All these results have revealed the respective effects of SiO2 
capsules and BTA corrosion inhibitor on the mechanical and self-healing 
performance of the SiO2@BTA enhanced self-healing elastomers. 

3.6. Release of BTA 

We monitored the BTA release process of the as-prepared self-healing 
materials by UV–vis absorption spectrum. The concen-
tration− absorbance curve of BTA with different concentration levels in 
THF was used as a standard by measuring its absorbance at 259 nm 
where it shows the maximum absorbance value [51]. The absorbance 
spectra for different BTA concentration levels are shown in Fig. 10(a), 
and Fig. 10(b) presents the absorbance values at 259 nm. It can be seen 
that the concentration is proportional to the absorbance and the fitting 
curve and fitting equation are given in Fig. 10(b). The UV–vis absorption 
spectra of materials with different content of SiO2@BTA tested at 
distinct times during 240 h are shown in Fig. S10. Fig. 10(c) shows the 
BTA concentration calculated using the standard fitting equation in 
Fig. 10(b). It was observed that the concentration increased exponen-
tially with time. When considering the natural log of concentration (lnC) 
and time (lnt), it can be seen that lnC is proportional to lnt as shown in 
Fig. 10(d). In fact, the increase in inhibitor concentration in an elec-
trolyte is often described by an exponential function of time [52–55]: 

C(t) = k tn, where C(t) is the BTA concentration at time t; k is a 
constant incorporating initial conditions; n is the release exponent, 
indicative of the inhibitor release mechanism. 

The dark lines in Fig. 10(d) give the fitting equation. The values of 
lnk and n are given in Table 3. The results indicate that all the materials 

Fig. 9. Strain-stress curves of original and healed self-healing materials UIS (a) and UIB-0 (b) after different healing times at room temperature. Self-healing images 
of UIS (c) and UIB-0 (d) from an optical microscope at room temperature. 
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own the same release exponent n of around 0.5, which means the release 
process is controlled by Fickian diffusion [56]. In addition, we can also 
see that k increased with SiO2@BTA pigment concentration, due to the 
variation in initial concentration of BTA in the materials. For UIB-0, 
there was a critical point at 60 h, after which the BTA release did not 
follow this model and the BTA concentration hardly increases with time, 
which indicate BTA was used up and leaching process reached equilib-
rium. Other materials with SiO2@BTA did not reach this critical point 
until 240 h, which revealed that SiO2 can delay the BTA release possibly 
allowing a slower but longer release profile during the coating service 
life. We conjectured that there are three possible sources of the released 
BTA: (i) After BTA was loaded to silica, some BTA molecules was 
adsorbed on the outer surface of silica and dispersed in THF. The BTA 
dissolved in THF were not fully bonded to urea groups, the free BTA 
released to water during the soaking process; (ii) The materials swelled 

in water and the BAT in the mesoporous of silica dissolved in water and 
released gradually; (iii) There are several studies stated that the urea 
groups can interact with water molecule by hydrogen bonds [39], so it is 
possible that the BTA bonded to urea was replaced by water and released 
during soaking. 

We also studied the mechanical properties of UIB-0 after being 
immersed in water. All of the tested samples were immersed in water for 
a specific period of time ranging from 0 to 10 days, and taken out to dry 
at room temperature for 5 days. The stress-strain curves are shown in 
Fig. S11. We found that the mechanical strength increased with im-
mersion time during the first three days. This further confirmed the ef-
fect mechanism of BTA on the coating's mechanical property as 
discussed in Section 3.4. When the samples were immersed for more 
than three days, a possibly minor but non-significant change was 
observed regarding its mechanical strength, which was consistent with 
the critical point of about 60 h in the release curves in Fig. 10(d) 
showing a significant decrease in leaching rate from then onwards. 

3.7. Corrosion protection performance 

Finally, we studied the materials' corrosion protective property in an 
aqueous 3.5 wt% NaCl electrolyte. Before testing, we prepared the 
scratched coatings with scratch width of approximately 5 μm as 
measured in Fig. S12. Fig. 11 shows the EIS measurements of three 
coating-steel systems at different immersion times. As shown in Fig. 11 
(a) and (b), the impedance modulus of UI coating system fall of over time 

Fig. 10. (a) UV− vis absorption intensity of BTA aqueous solution with concentration levels from 0.001 to 0.04 mg/mL. (b) For the relationship between absorbance 
at 259 nm and BTA concentration, a fitting function was obtained as “Concentration (mg/mL) = 49.97 × Absorbance + 0.0043”. (c) BTA release curves of UIB-x (x =
0–4) in pure water. (d) The relationship between lnC and lnt. The points are experimental data and the dark lines indicate the fitting lines. 

Table 3 
The fitting values of lnk and n in the exponential model to describe the 
leaching process of BTA for coatings UIB-x (x = 0–4).  

C = k tn ln k n 

UIB-1  − 8.64  0.50 
UIB-2  − 7.70  0.51 
UIB-3  − 6.95  0.51 
UIB-4  − 6.72  0.52 
UIB-0-1  − 5.79  0.50 
UIB-0-2  − 4.24  0.11  
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in the frequency range of 10− 2 to 10 Hz. After immersing for 72 h, two 
time constants appear, indicating that the electrolyte reached the 
coating-steel interface, semicircles at high frequency correspond to 
coating properties while those at low frequency contain information 
related to reactions at the coating–metal interface [57] . For the UIB-3 
coating system (Fig. 11(c) and (d)), the impedance modulus in low 
frequency (10− 2 to 1 Hz) increases slowly during immersing process for 
360 h and no corrosion reaction was observed. UIS coating system 
exhibited the worst corrosion protection ability as indicated by the rapid 
decrease of the impedance modulus in low frequency region (10− 2 to 10 
Hz) with immersion time. After immersion for 72 h, obvious corrosion 
reaction was found because two time constants were obtained in EIS 
[58–59]. Above all, the UIB-3 coating system demonstrated the best 
corrosion protection ability related to the addition of SiO2@BTA. Fig. 12 
shows the surface appearance of coated steel with defect after 1 day, 5 

days and 15 days of immersion. Corrosion evolved rapidly in and from 
the coating defect of the UI covered steel due to its limited intrinsic self- 
healing properties. The accumulation of corrosion products in and below 
the UI layer even further prevented mobility of the UI polymer network 
across the coating defect. Compared with UI, UIB-3 which was loaded 
with 5 wt% SiO2@BTA demonstrated a better corrosion protective effect 
upon application and exposure of the coating defect. To study the effect 
of adding SiO2 on corrosion protection performance upon mechanical 
damage, we tested UIS with 5 wt% SiO2 but no BTA as a comparative 
experiment. The results showed a high degree of corrosion attack within 
5 days of exposure as shown in Fig. 12(c). 

The mechanism of the enhanced corrosion protective ability upon 
mechanical damage was shown in Fig. 13. In this work, after addition of 
SiO2@BTA, the materials exhibited faster self-healing process and 
enhanced corrosion protective performance at the same time compared 

Fig. 11. Nyquist and Bode diagram of EIS measurements immersed in 3.5 wt% NaCl solution: (a)–(b) UI, (c)–(d) UIB-3, (e)–(f) UIS.  
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with UI and UIS coatings. So it is reasonable to attribute the enhanced 
corrosion protection to the acceleration of self-healing process or 
interface mechanics. As the scratch was narrow, so some areas of the 
fracture interface can be re-contacted through restoration of the elastic 
strain. These contacted areas made it possible for the interspersed 
diffusion of polymer chain on the interface. Furthermore, the reversible 
reactions of urea hydrogen bonds and imine resulted in a substantial 
self-healing. Meanwhile, the contact and healed areas can spread around 
the interface through polymer chain diffusion and finally the barriers for 
corrosion protection were rebuilt to prevent passage of corrosive media. 

In this process, the speed at which the corrosion barrier is rebuilt plays a 
decisive role. UIB-3 coating exhibited faster self-healing process 
compared with UI and UIS coatings, so corrosion barriers of UIB-3 can be 
rebuilt faster, in other words, the self-healing process occurred much 
faster than did the corrosion for this narrow scratch. For UI and UIS with 
low polymer chain activities and poor self-healing properties, it is the 
opposite condition that corrosion occurred before the corrosion barriers 
were rebuilt. There are some other researches supported similar results 
[60–61]. In addition, BTA releasing may also be directly beneficial to 
improve corrosion resistance of carbon steel upon mechanical scratch in 

Fig. 12. Corrosion tests by immersion of the reference, SiO2@BTA-loaded and SiO2-loaded UI materials in 3.5% NaCl aqueous solution: (a) UI, (b) UIB-3, (c) UIS.  

Fig. 13. Corrosion protective and self-healing mechanism of SiO2@BTA loaded UI matrices in 3.5% NaCl aqueous solution.  
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view of its significant corrosion inhibition performance [36], so in future 
research, we will implement strategies to control the release of BTA and 
increase the load efficiency of BTA to achieve better self-healing and 
corrosion protection effect. 

4. Conclusion 

In summary, an optimized self-healing composite coating was ob-
tained by adding benzotriazole-loaded mesoporous SiO2 nanoparticles 
to a dynamic network matrix cross-linked by urea hydrogen bonds and 
imine. The reversible cross-linked PDMS matrix achieved substantial 
and fast healing of the material integrity upon damage. BTA leaching 
tests demonstrated a longer release profile during the coating service life 
and corrosion tests in a 3.5 wt% NaCl aqueous solution indicated that 
the SiO2@BTA modified PDMS coating shows an enhanced corrosion 
protection of carbon steel upon coating damage. The strength at failure 
increased to about 5.5 MPa for a BTA-loaded silica concentration of 5 wt 
%, which was three to four times higher than that of the unmodified 
reference UI matrix (~1.5 MPa for UI). Meanwhile, the self-healing ef-
ficiency increased from ~59% (reference UI) to ~90% (5 wt% BTA- 
loaded silica in UI matrix) for 24 h healing at room temperature. In 
the self-healing process, BTA played a vital role by forming hydrogen 
bonds with urea groups, which decreased the energy barrier in the 
reversible association-dissociation reaction of urea hydrogen bonds and 
active originally inert hydrogen bonds in hard segments. The increased 
mechanical strength results from the reinforcement of SiO2 nano-
particles. This indicates that we found a promising material develop-
ment strategy to minimize the commonly observed intrinsic conflict 
between high mechanical polymer strength and active polymer chain 
diffusion. 
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