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Abstract
Nanocontainers with controlled release properties have been used in self-healing coatings for
many years. However, the spontaneous leakage of the small molecular weight inhibitors from
the nanocontainers promoted the development of nanovalves or gatekeepers to control
inhibitor release. Herein, we demonstrate a facile method to encapsulate corrosion inhibitor in
mesoporous silica nanoparticles (MSNs) with the help of tannic acid complexes, which
endow the inhibitor loaded MSNs with pH-controlled release function. Commercial waterborne alkyd coating impregnated with 2 wt% of benzotriazole-loaded nanocontainers
presented significant self-healing effect after 20 days of immersion in 0.1 M NaCl solution
from both released benzotriazole and tannic acid as confirmed by electrochemical impedance
spectroscopy and microscopy. The impedance modulus of coating with nanocontainers
increased from 4.7 × 104 Ω cm2 to 1.8 ×105 Ω cm2 after 15 days of immersion.
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1. Introduction
Encapsulation of small molecules such as drugs or corrosion inhibitors in mesoporous
nanoparticles is under research attemps during last decade [1-8]. The fast leakage of such
molecules from the nanocontainers promoted the development of nanovalves or gatekeepers,
which serve as an intelligent shell on the surface of nanocontainers, making it possible to
release cargos on demand only. Local pH changes are the most studied trigger as it can be
induced by the corrosion process. Bioinspired nanovalves prepared from metal precipitates
and supramolecular complexes have been proven to be an appropriate gatekeeper for the
nanocontainers [5, 9-11]. Besides their high cost, the major drawback of these nanovalves is
single function, which only served as the pH-controlled release gatekeeper.
Mussel-inspired polydopamine (PDA) coatings have attracted tremendous interests due to
several advantages including (i) simple ingredients and mild reaction conditions needed for
self-polymerization, (ii) ability to graft on a variety of surface from organic to metal materials,
(iii) secondary surface modification benefit a wild range of applications, and (iv) pHsensitive properties of PDA [12-15]. However, there are two main disadvantages to be
addressed before PDA finds usage in self-healing coatings. Considerably long times are
required for PDA assembly process, usually over 12 h [16, 17]. It has been reported that the
benzotriazole (BTA, a commonly used corrosion inhibitor) entirely release from the
mesoporous silica nanoparticles in 0.5 h [2], which indicates that the loaded inhibitors will all
leak away before the formation of PDA. Ultrafast PDA surface modification by using an
oxidizing agent such as NaIO4 will be difficult to find practical applications while
considering safety and environmental pollutions [18, 19]. Another issue is the high cost of
dopamine (4.25 GBP/g, Sigma-Aldrich, UK).
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Recently, thin films formed by tannic acid (TA) and Fe3+ were reported by Hirotaka Ejima et
al. [20]. TA is a class of non-toxic, biodegradable polyphenol compound (as shown in Fig. 1)
usually extracted from the barks of trees, which has been historically used for preventing
corrosion [21-23]. Compared with the long time needed for PDA film formation, the
deposition of coordination complexes between TA and Fe3+ on a range of planar surfaces can
be completed instantaneously in 20 s. Besides, the low-cost raw materials (0.13 GBP/g for
tannic acid, 0.04 GBP/g for FeCl3, Sigma-Aldrich, UK) will make it easily be enlarged to
industrial scale.
Herein, we developed an extremely quick deposition shell on the surface of nanocontainers
used for self-healing coatings. Coordination complexes of TA and Fe3+ ion terminate
spontaneous leakage of inhibitors at the neutral pH and provide an additional protective effect
for the coatings. Despite a large number of the literature devoted to analysis the scratched
area of coatings [24-28], only a few attempts have been made to study the coating apart from
the scratched area such as the micropores of the coating. In this paper, we mainly focused on
the design of multifunctional gatekeepers on the surface of MSNs.

2. Experimental
2.1. Materials.
Tetraethyl orthosilicate (TEOS, 98%), hexadecyltrimethylammonium bromide (CTAB, 99%),
triblock copolymer F127 (Pluronic F127), ammonium hydroxide (32%), ethanol (99.8%),
1H-benzotriazole (BTA), tannic acid (TA), and iron (III) chloride were purchased from
Sigma-Aldrich UK. The mild steel samples were supplied by The Metal Store, UK. The
water-based alkyd coating was provided by Crown Trade, UK.
2.2. Nanocontainers.
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The mesoporous silica nanoparticles (MSNs) with a branched 3D structure were fabricated
according to the method reported in Ref [29]. The detailed fabrication process is described in
Supporting Information section. Before encapsulation, the as-prepared MSNs were dried at
120 °C under vacuum for 12 h to acquire unblocked mesoporous structure. Then, 30 mg of
MSNs were mixed with 30 ml of BTA saturated solution in ethanol. The mixed solution was
evacuated using a vacuum pump to obtain the maximum loading of the inhibitor. During the
encapsulation, bubbles can be observed on the top of the mixed solution as shown in Figure
S2. The as-loaded MSNs (MSN-BTA) are removed by centrifugation for 10 min at 10000
rpm. TA-Fe (III) complex (TAC) shell was deposited on the surface of MSN-BTA applying
the procedure introduced by Hirotaka et al. [20]. FeCl3 and then TA solutions were added to
the MSN-BTA suspension. Their final concentrations were 10 mg/mL of MSN-BTA, 0.1
mg/mL of FeCl3, and 0.4 mg/mL of TA respectively. The suspension was vigorously mixed
by a vortex mixer for 20 s immediately after the addition of TA. The TAC coated MSN-BTA
particles (MSN-BTA@TAC) were separated by centrifugation and washed with water to
remove excess TA and FeCl3. The preparation process is shown in Fig. 1.

Fig. 1. Synthesis of MSN-BTA@TAC and its pH-trrigered mechanism.
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2.3. Coatings
MSN-BTA@TAC (2 wt%) was added to the alkyd paint emulsion. After that, the mixed
matrix was mechanically stirred via a homogenizer for five minutes. It is worth note that
stirring for a longer time will cause the heating of the alkyd matrix, which may result in the
curing of the coating. Paints without MSNs (blank coating), with 2 wt% MSNs, and 2 wt%
MSN-BTA were prepared the same way. The samples were deposited on the mild steel plates
using a paint applicator (PK Paint Applicator, UK) and dried at room temperature for 48 h.
Figure S3 shows the coated samples after drying.
2.4. Characterization.
The release profiles of BTA were detected according to the method described in our previous
work [9]. Fluorescence spectroscopy (LS 55 Fluorescence Spectrometer, PerkinElmer) was
chosen to exam the release profiles of BTA because of its higher selectivity and sensitivity as
compared to UV-visible spectroscopy. Excitation was performed at 275 nm to get the
appropriate fluorescence signal from BTA. No fluorescence signals can be acquired from the
tannic acid, Fe3+, or their complex excited at 275 nm. The emission maximum of BTA at 364
nm was plotted as a function of release time.
Electrochemical impedance spectroscopy (EIS) measurements, which can disclose the
fundamental processes of corrosion at defects and underneath coatings [30], were taken to
monitor the corrosion behaviour of the self-healing coating. Mild steel substrates (3 cm × 6
cm × 0.3 cm) with coatings were placed into specially designed cells. The electrolyte was
fixed in a glass tube by an O-ring as shown in Figure S4. The coated mild steel with an
exposed area of 4 cm2 was used as the working electrode, a platinum sheet was used as the
auxiliary electrode, and Ag/AgCl (3 M KCl) electrode was used as the reference electrode.
Scratches were made with a circular-edge scalpel by a home-made machine as shown in
6

Figure S5. The corrosive electrolyte was 0.1 M NaCl solution. Open circuit potential (OCP)
was measured for 30 min following EIS measurements over the frequency from 105 Hz to 102

Hz using an AC signal amplitude of 10 mV at OCP. After 20 days of immersion, all

scratched coatings were tested by potentiostatic polarisation. The Tafel plots were obtained
with a 1 mV/s scan rate and at a potential range between -300 mV and +300 mV versus OCP.
All electrochemical tests were performed three times to guarantee the repeatability of each
experimental condition. Data were fitted to equivalent cell diagrams using the IviumSoft
program.

3. Results and discussion

Fig. 2. SEM images of MSNs (a) and MSN-BTA@TAC (b) Scalebar is 1 µm for both images.

Fig. 3. TEM images of MSNs (a) and MSN-BTA@TAC (b).
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Fig. 2 (a, b) shows the SEM images of MSNs and MSN-BTA@TAC. Both samples have
spherical shape with the size range from 70 nm to 200 nm. TEM analysis was performed to
follow the variation of nanoparticle morphology before and after encapsulation. It can be seen
from Fig. 3 (a) that the well-ordered worm-like pores are extending over the whole structure
of the MSNs. After the encapsulation and TAC coating, the diameter of MSN-BTA@TAC is
bigger than that of initial MSNs (Fig. 3 (b)). A rough film can be clearly seen on the surface
of MSN-BTA@TAC.

Fig. 4. Pictures of MSNs (a), MSN-BTA (b), and MSN-BTA@TAC (c).

Fig. 4 shows the visual pictures of MSNs, MSN-BTA, and MSN-BTA@TAC. The pristine
nanoparticles (Fig. 4 a) are white color power. As compared to the MSNs, MSN-BTA (Fig. 4
a and b) reveals no change in appearance. In contrast, after modification of TAC, the white
color became light blue (Fig. 4c).
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Fig. 5. XRD patterns for MSNs (black), MSN-BTA (red), and MSN-BTA@TAC (blue).

In order to evaluate structural features of the nanoparticles and nanocontainers, powder XRD
patterns were recorded for MSNs, MSN-BTA, and MSN-BTA@TAC. The XRD results are
shown in Figure 5. Five peaks can be observed from the XRD pattern of MSNs (black line),
which correspond to the planes (211), (220), (420), (332) and (431) of MCM-48 [29].
Compared with MSNs, the XRD patterns of MSN-BTA (red line) and MSN-BTA@TAC
(blue line) show reduced peaks intensity. All XRD diffraction patterns are able to index to
cubic Ia3d mesophase, which indicates that the mesoporous structure is still maintained after
BTA encapsulation and TAC deposition on the surface of MSNs.
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Fig. 6. FTIR spectra of MSNs (black) and MSN-BTA@TAC (red).

Figure 6 demonstrates the FTIR spectra of MSNs and MSN-BTA@TAC. The absorption
peaks at 465 cm-1, 800 cm-1 and 1080 cm-1 correspond to Si-O-Si bending vibration, Si-O-Si
symmetric stretching, and Si-O asymmetric vibration, respectively. All these peaks are
characteristic peaks for SiO2 [31]. The most significant difference between MSNs and MSNBTA@TAC is the broad absorption band between 3700 cm-1 and 2700 cm-1 implying the
presence of polyphenols [32]. The above results confirm the successful deposition of TAC on
the surface of MSNs.
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Fig. 7. Release profiles of BTA from the MSN-BTA and MSN-BTA@TAC at different pH determined by
fluorescence spectra.

The pH sensitivity of MSN-BTA@TAC nanocontainers was confirmed by fluorescence
analysis. Fig. 7 shows a fast release of BTA from MSN-BTA (black line), implying a
spontaneous release without the gatekeeper. At pH = 7, more than 80 % of the loaded
inhibitor was released in 1500 s from MSN-BTA, which was similar to the results reported by
Borisova et al. [2]. On the contrary, a flat baseline between 0.1 and 0.2 a.u. can be seen from
Fig. 6 for MSN-BTA@TAC at pH 7, which indicates the complex formed by Fe3+ and TA
acts as effective nanovalves for BTA. Different trends are observed at pH 5 and pH 3 as
shown in Fig. 6. More than 50% of the loaded inhibitor was released from the MSNBTA@TAC at pH 5 after 1800 s. In the case of pH 3, the release process can be divided into
three stages. During the initial fast release stage from 0 s to 750 s, the cumulative release of
BTA reached 55%. In the second stage from 750 s to 2000 s, the cumulative release of BTA
increased from 55% to 70%. Although it is difficult to assess the release amount on the last
stage from 2000 s to 3600 s due to a noisy signal, we can confirm that the release is nearly
90%. It has been reported that the TAC films would become thinner and rougher in the acidic
11

environment [18]. Our release profiles also confirm that the coordination between Fe3+ and
TA is pH dependent. The dissociated complexes at lower pH might provide a passage for the
as-loaded BTA to release.

Fig. 8. Cross-section SEM images of coating with MSN-BTA@TAC (a) 5×103 magnitude, (b) 5×104 magnitude.

SEM cross-sectional images of coatings give us detailed information about the dispersion of
nanocontainers. As shown in Fig. 8 (a), small white spheres, which are silica nanocontainers,
are homogeneously dispersed in the coating. Nanocontainers without large aggregates can be
observed in Fig. 8 (b). Also, no bubbles or cracks can be seen in Fig. 8, implying good
compactness of the coating and its compatibility with nanocontainers.
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Fig. 9. Bode plots of the scratched coatings during 20 days immersion: blank coating (a, b), coating with MSNBTA@TAC (c, d).

Fig. 10. Electrical equivalent circuit used to fit the impedance data: Rs stands for solution resistance; Rc stands
for coating resistance; CPEc stands for constant phase element of coating capacitance; Rct stands for charge
transfer resistance; CPEdl stands for constant phase element of double layer.

Table 1. Electrochemical parameters for blank coating and coating with MSN-BTA@TAC.
coatings

blank

with MSN-BTA@TAC

time

Rs

CPEc
2

-2

n

Rc

CPEdl
2

-2

n

Rct

(day)

(Ω cm )

(µF cm )

--

(Ω cm )

(µF cm )

--

(Ω cm2)

1

37.22

0.11

0.8132

6935

23.66

0.7758

40510

5

23.95

0.34

0.9708

5830

136.60

0.7834

27109

10

35.88

0.87

0.9358

4364

255.70

0.7564

22020

20

38.43

1.12

0.9635

4032

341.90

0.7632

16630

1

28.33

0.07

0.9626

11230

27.14

0.8253

25930

13

5

17.24

0.04

0.9991

23290

58.39

0.8101

97870

10

33.64

0.02

0.9812

39870

36.53

0.8133

112700

20

21.95

0.01

0.9994

71180

38.53

0.8108

116100

Figure 9 demonstrates the Bode plots of the scratched coatings. Considered the overall
stability of scratched water-borne alkyd coatings, 20 days was long enough to provide a
detailed characterisation of coating performance. Impedance spectra for defected coating
were fitted to the electrical equivalent circuit (EEC) shown in Fig. 10. The related fitted data
for EIS can be seen from Table 1. In the EEC, Rs stands for the solution resistance. Rc stands
for the coating resistance, which is formed by the ionically conducting paths in the matrix.
Constant phase element (CPE) was used instead of capacitance to give a better fitting to these
depressed semicircles. Rct is the charge transfer resistance at the steel surface, and CPEdl is
the double layer capacitance. Fig. 9 (a) shows the variations of Bode plots for blank coating.
We can see that the resistance part both in the intermediate frequency (101-103 Hz) and low
frequency (10-2-10-1 Hz) areas decreased steadily for 20 days. The time-dependence
appearance at low frequencies indicates the corrosion process appeared on the surface of the
mild steel. On the contrary, the Bode plots for coating with MSN-BTA@TAC demonstrated
positive tendency during 20 days of immersion. The impedance modulus at 0.01 Hz increased
from 4.7 × 104 Ω cm2 to 1.8 ×105 Ω cm2 after 15 days immersion. From then on, it stayed the
same until the end of our test. These results indicate the protective effect of the BTA released
in the scratched area. The release starts at the beginning of corrosion process due to the local
pH changes. The resistive plateau at the intermediate frequency slightly decreased in the first
five days and then increased rapidly until the end of the test. During the first few days, there
is no corrosion happen in the micropores of the coating. After five days of immersion, the
substrate exposed to corrosive species through the formed conductive paths. Then the TA
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detaches from the surface of MSNs providing additional protective effect by consuming the
reactive rust or forming complexes with Fe3+. As the controlled samples, the EIS results of
coatings with 2 wt% MSN and 2 wt% MSN-BTA displayed no autonomous self-healing
functionality. Figure 11 shows the evolution of Rct for blank coating and coating with MSNBTA@TAC.

Fig. 11. Rct evolution for blank coating and coating with MSN-BTA@TAC.
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Fig. 12. Tafel plots of the mild steel (black) and scratched coatings after 20 days immersion: blank coating (red)
and coating with MSN-BTA@TAC (green).

Usually, coatings with high ohmic resistance are not suitable for detection by polarization
curves, because of the big difference in potential drop between the coating matrix and
coating/substrate interface. In our case, the Tafel plots were taken for scratched coating after
20 days immersion. We suppose the scratched area along with the micropores will make a
significant contribution to the polarisation data. Figure 12 reveals that the free corrosion
potential (Ecorr) values of scratched coatings shifts to a more positive direction as compared to
the mild steel. The addition of MSN-BTA@TAC has a positive effect on both anodic and
cathodic parts of the Tafel plot, especially the anodic part. The anodic Tafel slope of the
coating with nanocontainers is more significant as compared to the blank coatings. The
variation of the anodic branch can be ascribed to the deposition of tannic complexes to form a
protective film. The values of corrosion current density (icorr), anodic Tafel slope and cathodic
Tafel slope were not given due to the uncertainty of the scratched area exposed to the
electrolyte. It can be seen in Fig. 12 that the icorr of coating with MSN-BTA@TAC decreased
to less than 10-6 A/cm2. The Tafel curves have also proved the self-healing ability of the
embedded nanocontainers.
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Fig. 13. Blank coating (a) and coating with MSN-BTA@TAC (b) images taken by optical microscopy after 20
days of immersion.

Because of the natural color of rust, we choosed optical microscope to observe the corrosion
morphology of the coating after 20 days of immersion in 0.1 M NaCl solution. Under the
magnification, rust with yellow color could be found in the unscratched area of the blank
coating (Fig. 13 (a)). Fig. 13 (b) shows some dark complexes inside the micropores with
MSN-BTA@TAC nanocontainers.
Nanocontainer-based self-healing coatings have been developed under the lead of Prof.
Möhwald for more than ten years [33]. In this paper, we mainly focused on the design of
multifunctional gatekeeper on the surface of MSNs. The protective mechanism of selfhealing coatings is shown in Figure 14. As mentioned above, in addition to controlling the
release of corrosion inhibitors, another advantage of the TA is their chemical reaction with
rust, which leads to a more stable black ferric tannate on the surface of the steel. Corrosion
protection mechanism of our coating system could be explained as follows. In the scratched
area, the corrosion process will trigger the release of loaded BTA from the nanocontainers,
which will provide corrosion inhibiting effect in the scratch area. TAC effectively restricts
the BTA release at neutral pH for undamaged coatings. In the micropores of the coating,
tannic acid detached from the shell prevent the corrosion process by the complexation with
the iron ions. For more detailed description of the reaction mechanism between TA and rust,
we recommend our previous paper [32].
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Fig. 14. Protective mechanism of self-healing coatings with MSN-BTA@TAC.

4. Conclusions
In conclusion, we demonstrated a novel controlled release benzotriazole loaded
nanocontainers by using the TA-Fe (III) complex (TAC) as the shell. The deposition of TAC
as a shell for BTA-loaded nanocontainers takes only 20 s. Impregnation of these
nanocontainers into water-borne alkyd coatings provided them self-healing functionality for
corrosion protection. The monodisperse distribution of nanocontainers inside the coating film
was confirmed by SEM cross-section images. The EIS results allow us to recognize the selfhealing effect clearly. The impedance of blank coating presented the downward trend during
20 days. In terms of coatings with MSNs-BTA@TAC, the impedance modulus at 0.01 Hz
increased from 4.7 × 104 Ω cm2 to 1.8 ×105 Ω cm2. Both the released BTA and the detached
TA from the surface of MSNs are contributed to the self-healing effect of the coatings MSNsBTA@TAC. We believe our work would trigger an interest for researchers to explore
multifunctional gatekeepers for core-shell nanocontainers both in intelligent anticorrosive
coatings and other fields. The proposed gatekeeper for the nanocontainers can be easily upscaled to industrial level considering their price advantage and eco-friendly characteristics.
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