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A B S T R A C T   

Smart coatings depending on external nanocontainers are often complex and expensive, which can only inhibit 
local corrosion depending on the microenvironment change after corrosion. In this work, nanocatalytic anti-
corrosion based on silica coated nitrogen enriched hollow carbon spheres (NHCs@mSiO2) is developed to ach-
ieve the prolongation of coating lifetime and long-term protection of metals. Obtained NHCs@mSiO2 by confined 
space pyrolysis strategy shows a double-shelled hollow structure with interior N-doped carbon shell and exterior 
silica shell. Moreover, the NHCs@mSiO2 spheres possess favorable catalytic ability for oxygen thanks to the 
incorporation of nitrogen. When blended into epoxy coatings, amphiphilic NHCs@mSiO2 spheres distribute 
uniformly and occupy the pores or cracks in composite coatings. The diffused oxygen through coating micropores 
are preferentially adsorbed by NHCs@mSiO2 and directly reduced to water through four-electron pathways. 
Therefore, the corrosion is greatly avoided due to the depletion of oxygen. The introduction of nano-catalyst with 
excellent dispersity and oxygen reduction ability will pave the way toward the development of new smart 
coatings with active corrosion resistance.   

1. Introduction 

Metal products consisting of industrial equipment, bridges and ve-
hicles are indispensable and of fundamental significance in modern in-
dustry and daily life [1,2]. However, metallic corrosion induced by 
aggressive working environment (water, salt, etc.), causes structural 
failure of metallic materials [3–5], leads to huge global loss [6,7], poses 
potential health risk to human beings[8–10] and has become a much- 
vexed issue to be addressed. Therefore, it is of great importance and 
significance to implement protection for corrosion-prone metals [11]. In 
this respect, various kinds of advanced coatings such as organ-
ic–inorganic hydride coatings [12], metallic coatings [13], and poly-
meric coatings [14,15], have been constantly developed to protect 
metals from damage. 

Unfortunately, because of the inherent porous property and single 
passive barrier function of reported coatings, corrosive solutions are 
readily adsorbed and infiltrated into the substrate via capillary effect 
through communicating pores [16–19]. This process results in surface 
erosion and internal metal corrosion, which ultimately decrease the 

service life of coating and metal structures. Even though high- 
performance and high-durability coatings have been widely 
researched and developed [20–23], when coating is not properly pro-
tected, it undergoes performance degradation and service failure 
[24,25]. Moreover, it is critical to avoid degradation of the rich variety 
of modern products and extending their lifetime. As many engineering 
materials cannot be frequently replaced for efficiency, operational and 
cost considerations [1,26]. Therefore, this represents the motivation to 
design smart coatings in which the corrosion itself initiates a healing 
response spontaneously without human intervention. 

Since White et al. pioneered the idea of smart concept to spontane-
ously initiate damage restoration [27], substantial amount of work has 
been developed to achieve smart coatings. Generally, smart coatings are 
composed of passive coating matrix and active nanocontainers packing 
inhibitors or healing agents [28,29]. Through unremitting efforts, 
various nanocontainers such as silica [24,30–32], grapheme [33,34], 
and layered double hydroxides[35,36] etc., have been incorporated into 
physical coatings, showing improved durability and superior resistance 
to corrosive species. The smart effects are realized by the release of 
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inhibitors from doped nanocontainers. For better control release of in-
hibitors and execution of smart functions, stimuli-responsive nanovalves 
in the form of polyelectrolyte layer-by-layer shell [37], supramolecular 
assembly [38–40], and pore blocking [41], etc., are installed on the 
surface of nanocontainers. Thanks to these gatekeepers, no appreciable 
premature leakage of inhibitors is achieved. What’s more, the gate-
keepers could sense microenvironment change (e.g., pH [32,42,43], and 
corrosion potential [44,45]) induced by corrosion onset and respond 
quickly to allow on-demand release of inhibitors to heal the corrosion 
sites. Nevertheless, most of the installation techniques are very complex 
and expensive and are still at the experimental stage. Additionally, the 
smart and anticorrosion enhancement of current composite coatings are 
realized depending on the corrosion induced stimuli, which cannot 
fundamentally and completely prevent the occurrence of corrosion. 

It is known that corrosion is a process involving corrosive media 
including oxygen, water, etc. In theory, the occurrence of corrosion can 
be greatly reduced if the contact between oxygen and metal is well 
controlled [46]. Current research on oxygen reduction reaction cata-
lyzed by nanomaterials just gives us an novel idea to solve the metal 
corrosion problems, inspired by the corrosion process and oxygen 
reduction reaction [47,48]. Catalytic oxygen reduction process involves 
oxygen and intermediates adsorption, and reduction to H2O2 or H2O 
through two- or four-electron pathway. The generated H2O2 by two- 
electron pathway possesses strong oxidability and will induce degra-
dation of polymer coatings and loss of protective effects. Therefore, it is 
of great significance to develop catalyst with four-electron pathway for 
oxygen reduction and new coatings design. In recent years, carbon- 
based materials have been actively studied as efficient ORR electro-
catalysts because of their low cost, high durability and definite active 
sites [49,50]. Moreover, electrocatalytic activity can be further 
improved by incorporating heteroatoms (N, S, etc.) into carbon skeleton 
[51]. Among the synthetic methods, the direct pyrolysis of 3D hetero-
atom polymers is regarded as a cost-effective and facile approach to 
fabricate carbon catalysts. During thermal treatment under inert atmo-
sphere, intrinsic volatile components of polymer will be depleted and 
the residue will form porous carbon with electrocatalytic activity. Of 
course, the inherent hetero elements of polymer also remain in the 
network of carbon catalyst. However, the micropore-dominated struc-
ture of the polymer derived carbon and the poor control over structural 
evolution during carbonization seriously limit the diffusion of active 
species and thwart the catalytic performance. Coating a silica shell with 
proper thickness onto the polymer spheres will help to overcome these 
limitations. Compared to traditional direct pyrolysis, the confined 
strategy can produce a higher concentration of dispersed active sites and 
better control over the structure of obtained catalyst, boosting catalytic 
performance significantly [52,53]. Thus, reasonable design of carbon 
catalyst with superior catalytic capacity and coating compatibility will 
contribute to the reduction of diffused oxygen and promoting the pro-
tective effects of anticorrosion coatings. 

Herein, we propose a novel, simple, and cheap nanocatalytic anti-
corrosion method. Double-shelled NHCs@mSiO2 spheres prepared by 
silica shell protected pyrolysis were chosen as nano-catalyst and intro-
duced into epoxy coatings. As-prepared NHCs@mSiO2 spheres exhibit 
favourable oxygen reduction performance, and the amphiphilic nature 
of NHCs@mSiO2 helps them distribute uniformly in epoxy coatings. 
Compared to the pure epoxy coatings, diffused oxygen in the composite 
coatings is depleted and superior anticorrosion properties are achieved. 
This kind of coatings work before metal corrosion and could effectively 
prolong the protection time for metals. We believe that this promising 
nanocatalytic anticorrosion strategy will gain more attention in the 
research to explore more multifunctional smart coatings. 

2. Materials and methods 

2.1. Materials 

Tetraethyl orthosilicate (TEOS), cetyltrimethylammonium bromide 
(CTAB) and 2-methylimidazole were purchased from Aladdin Chemistry 
(Shanghai) Co., Ltd. Resorcinol, formaldehyde, ethanol, methanol, 
ammonia solution and Zn(NO3)2⋅6H2O were obtained from Sinopharm. 
Deionized water (18 MΩ cm) was used during all experiments. 

2.2. Synthesis of NHCs@mSiO2 

NHCs@mSiO2 was prepared via silica shell protected pyrolysis using 
oligomeric resorcinol–formaldehyde (RF) spheres as carbon source. RF 
spheres were obtained through the polymerization of resorcinol (0.16 g) 
and formaldehyde (0.24 mL, 37 wt%), which was catalyzed by ethyl-
enediamine (0.24 mL) in a mixture of ethanol (15 mL) and deionized 
water (35 mL) containing 0.12 g of CTAB. Then, 50 mg of CTAB and 0.6 
mL of TEOS were introduced into the resultant RF solution for coating 
mesoporous silica shell (mSiO2). After stirring for 2 h at room temper-
ature, the core/shell structured RF@mSiO2 nanospheres were collected 
by centrifugation and then washed with water and ethanol several times. 
Finally, the hollow nanostructure NHCs@mSiO2 was obtained by simply 
heating the RF@mSiO2 nanospheres under nitrogen atmosphere at 
900 ◦C for 3 h. 

2.3. Synthesis of zeolite imidazolate frameworks (ZIF-8) and nitrogen 
doped carbon (NC) 

1.05 g 2-methylimidazole was firstly dissolved in 100 mL methanol 
under sonication. Then, it was added into another pre-formed methanol 
solution containing 1.84 g Zn(NO3)2⋅6H2O. After stirring at room tem-
perature for 24 h, the solid product (ZIF-8) was collected by centrifu-
gation, washed with methanol and vacuum dried. NC was obtained by 
carbonization of ZIF-8 under the same condition with NHCs@mSiO2. 

2.4. Preparation of anticorrosion composite coatings 

The epoxy coatings were purchased commercially. The obtained 
NHCs@mSiO2 was blended into the coatings by intensive agitation for 
over 30 min to get a homogeneous mixture. The concentration of 
NHCs@SiO2 in composite coatings is 0.8, 1.6 and 2.4 mg mL− 1. Then, 
the mixture was deposited on mild steel by automatic coater. 

2.5. Coating performance 

The coating performance was studied by a Gamry electrochemical 
workstation (Reference 600). Specifically, coated steel as working 
electrode was fixed in a home-made electrolyte cell containing 3.5 wt% 
NaCl, saturated calomel electrode, platinum electrode as reference 
electrode and counter electrode, respectively. The electrochemical 
impedance spectra (EIS) were recorded in the frequency range from 100 
kHz to 0.01 Hz at open circuit potential with a sinusoidal voltage signal 
of 10 mV, and fitted with Zview. Potentiodynamic polarization test was 
also performed. Corrosion morphology was captured by ZEISS 
microscope. 

2.6. Characterization 

The structure of as-prepared nanoparticles was characterized using 
the Philips PW1700 X-ray diffractometer with Cu Kα radiation (1.54 Å) 
operated at 40 kV and 30 mA. In order to study the morphology of as- 
prepared particles, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM) images of the nanoparticles were 
achieved by the JEOL JSM 7500F and JEM-2100 JEOL microscope, 
respectively. Pore structure and surface area were characterized using 
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the N2 adsorption–desorption method (Micromeritics ASAP 2010) at 77 
K. Atomic force microscope (AFM) image was obtained on a Dimension 
3100, Digital Instruments, Veeco Metrology Group. XPS analyses were 
performed using an ESCALAB 250XI electron spectrometer (Thermo 
Fisher Scientific, USA) with 150 W Al Ka Xray radiation as the X-ray 
source for excitation. Raman spectroscopies were performed using a 50 
objective and a 514.5 nm laser source (Renishaw Ltd., Gloucestershire, 
UK). 

3. Results and discussion 

3.1. Characterization of NHCs@mSiO2 

The NHCs@mSiO2 was prepared by a confined strategy shown in 
Scheme 1. Compared to direct pyrolysis of polymer precursor, the py-
rolysis protected by silica shell happens from the interior of polymer 
spheres, and a void space is generated by the intrinsic volume reduction 
of polymer spheres after carbonization. Fig. 1a shows the SEM image of 
RF, all particles exhibit a spherical shape with a size around 330 nm. The 
core–shell structured RF@mSiO2 was formed via hydrolysis and 
condensation of TEOS on the interface of RF particles and bulk solution. 
The SEM and TEM images (Fig. S1) clearly indicate that particles have a 
uniform core–shell structure, with a core diameter of 300 nm and a 
mesoporous silica (mSiO2) shell thickness of 25 nm. After the pyrolysis 
protected by silica shell, the internal RF particles transform into a 
nitrogen-doped hollow carbon shell (NHCs) from interior to exterior, 
forming hollow NHCs@mSiO2 spheres. This is because silica shell pro-
vides a driving force pulling the polymer spheres outward at carbon-
ization [53,54]. The NHCs@mSiO2 hollow nanostructure was then 
characterized in detail. As shown in the SEM image (Fig. 1b), it turns out 
that NHCs@mSiO2 exhibits uniform spherical shape with an average 
particle size of 300 nm. The hollow nature is evidenced by broken 
spheres directed by the red arrows in SEM image. Moreover, the hollow 
nanostructure is further confirmed by TEM image in Fig. 1c. The shell 
thickness is about 40 nm which is obviously larger than the mSiO2 shell 
thickness (25 nm) of RF@mSiO2, suggesting the existence of NHCs shell 
at the internal surface. The high-magnification TEM image (Fig. 1d) also 
demonstrates the double shells consisted of NHCs and mSiO2. The ex-
istence of elements Si, O, C, and N in the particles (Fig. 1e-i) is testified 
by elemental mapping, and it should be noticed that most of the ele-
ments C and N are distributed inside the hollow spheres. The NHCs 
fragments in the hollow cavity of NHCs@mSiO2 are expected to enhance 
the contact with oxygen and boost the oxygen reduction action. 

Nitrogen sorption and other spectroscopies were also recorded to 
analyze the nanoporous structure and chemical composition of the 
double shelled NHCs@mSiO2 hollow spheres. As shown in Fig. 2a, two 
distinct uptakes appear at low (0–0.03) and high (0.47–0.9) relative 
pressure P/P0 in nitrogen adsorption–desorption isotherm, which can 
confirm the microporous structure of NHCs and the mesoporous struc-
ture of mSiO2, respectively. Furthermore, the existence of a hollow 
cavity inside the particle is verified by the hysteresis loop of the H3 type 
in the P/P0 range of 0.5–1. The BET specific surface area calculated from 

N2 isotherm is 263.5 m2⋅g− 1. The pore size distribution derived from 
desorption branch shows that two different nanopores centered at 1.26 
and 2.16 nm, respectively. The Raman spectrum shows two well-defined 
peaks located at 1336 and 1588 cm− 1 (Fig. 2b), assigned to typical D- 
band and G-band of carbon, respectively. The appearance of G-band 
indicates the graphitic nature of the NHCs matrix. The higher ID/IG value 
suggests that there are some defect structures in the carbon framework, 
which might arise from the disturbance of the mSiO2 shell during 
carbonization. The X-ray photoelectron spectroscopy (XPS) analysis 
shows that the sample is composed of C, H, N, O, and Si elements. High- 
resolution XPS spectrum of N 1 s can be resolved into three peaks located 
at 401.4, 400.5, and 398.6 eV (Fig. 2c), attributed to graphitic-N, pyr-
rolic-N, and pyridinic-N, respectively. The element analysis reveals that 
the carbon content is 35 wt% (Table S1), close to the result of ther-
mogravimetric (TG) analysis (Fig. S2). The nitrogen content in the car-
bon matrix was as high as 1.75 wt%. The above results clearly 
demonstrate that the double shelled NHCs@mSiO2 hollow sphere is 
composed of microporous NHCs and mesoporous SiO2. 

3.2. Nanocatalytic performance 

The oxygen reduction reaction (ORR) activity of double shelled 
NHCs@mSiO2 was evaluated by rotating disk electrode and linear sweep 
voltammetry (LSV) measurements. As illustrated in Fig. 2d, the oxygen 
reduction current density increases with the disc revolution. The inset in 
Fig. 2d exhibits the Koutecky-Levich (K-L) plots of NHCs@mSiO2, which 
shows excellent linearity under different potentials, suggesting that the 
transferred electron numbers per oxygen molecule in ORR process are 
almost the same. The electron transfer number (n) of NHCs@mSiO2 
calculated from the slope of Koutecky-Levich plots (Fig. 2d inset) is 3.8, 
indicating the more efficient four-electron pathway to reduce oxygen to 
H2O directly during the oxygen reduction reaction process. The 
NHCs@mSiO2 exhibits better ORR activity than carbon nanotubes 
(CNTs) or grapheme [55]. The superb electrocatalytic activity can be 
attributed to the abundant active sites of N and defect sites distributed in 
the porous carbon matrix. In addition, long-term stability of 
NHCs@mSiO2 was measured after 5000 cycles in O2-saturated 0.1 M 
KOH solution. NHCs@mSiO2 exhibits a 16 mV loss of E1/2 after 5000 
cycles (Fig. S4c). The Tafel slope of NHCs@mSiO2 obtained from the 
LSVs at 1600 rpm (Fig. S4b) is 57 mV⋅dec− 1, indicating that 
NHCs@mSiO2 possesses a faster electron transfer rate. Besides, the long- 
term stability test of NHCs@mSiO2 was performed by i-t chro-
noamperometry measurement at 0.5 V (Fig. S4d). NHCs@mSiO2 ex-
hibits a current retention of 90.5% after 30000 s. Such favourable ORR 
performances make it possible to achieve coating’s active corrosion 
resistance. The superior dispersibility of NHCs@mSiO2 endowed by 
silica shell will also contribute to better anticorrosion properties. 
Moreover, the influence of EDA amount on the structure and ORR per-
formance was also investigated in detail. More regular structure and 
improved ORR activity are achieved with the increase of EDA amount 
from 0.16 to 0.24 mL (Fig. S3 and S4a). When 0.32 mL EDA was added, 
no obvious core–shell structure is observed (Fig. S3). This may be 

Scheme 1. Schematic illustration of the preparation for NHCs@mSiO2.  
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attributed to the high polymerization degree of RF catalyzed by exces-
sive EDA, which make it hard for the obtained RF to decompose in the 
silica protected pyrolysis process. 

3.3. Anticorrosion performance 

The high dispersibility of as-prepared NHCs@mSiO2 in both aqueous 
and ethanolic solutions was characterized prior to its application to 
coating. Fig. S5 shows the uniform dispersion of NHCs@mSiO2 with no 
agglomeration, which indicates that NHCs@mSiO2 can be used in both 
organic and aqueous media. As shown in Fig. S5a, there is no aggrega-
tion found in the uniform dispersion of NHCs@mSiO2 in epoxy-ethanol. 
What’s more, it is pleasured that NHCs@mSiO2 exhibits better disper-
sion in organic solvents including THF, DMF and toluene, making it 
promising for application in other solvent based coatings. Apart from 
macroscopic observation, the microscopic morphology and particle size 
distribution of NHCs@mSiO2 are also provided (Fig. S6). It can be found 
that the hollow particles keep intact without apparent aggregation after 
dispersed in ethanol or epoxy liquid. The particle size distribution plots 
also demonstrate that hollow particles exhibit excellent distribution 
behavior, which further confirm the of result TEM. Moreover, contact 
angle analysis is regarded as a good way to interpret the dispersion 
behavior. The contact angles of NHCs@mSiO2, pure epoxy coating and 
NHCs@mSiO2 doped epoxy were recorded in Fig. S5b. NHCs@mSiO2 
and pure epoxy exhibit contact angles of 45◦ and 79◦, respectively. 
NHCs@mSiO2 doped epoxy shows slight change in contact angles (57◦) 
compared with pure epoxy. This demonstrates that the doped 

NHCs@mSiO2 particles are uniformly distributed inside the epoxy 
coating, leaving pure coating surface to bear the water droplets. All 
these results confirm the compatibility of NHCs@mSiO2 with epoxy. 
There is no doubt that the doped NHCs@mSiO2 will disperse uniformly 
in composite coating, endowing optimal performance to block corrosive 
species by tortuous penetration routes. 

Epoxy doped with NHCs@mSiO2 was coated on mild steel plates by a 
bar coater. The uniformity and integrality of composite coatings were 
revealed by the SEM characterization. No obvious aggregations are 
observed in both blank coating and coating with NHCs@mSiO2 (Fig. S7), 
indicating the excellent dispersity of NHCs@mSiO2 in epoxy coating 
matrix. Moreover, no bubbles or cracks can be found in the cross-section 
SEM of NHCs@mSiO2 doped coating (Fig. S7c and d), which further 
demonstrates the structural integrity of the coating. It also can be found 
that NHCs@mSiO2 particles are uniformly distributed in composite 
coatings, the bowl-like mark (red circle) is caused by the fall of 
NHCs@mSiO2 particles during the process to obtain fractured surface by 
liquid nitrogen treatment. Raman spectra of the composite coating were 
also obtained to characterize the high uniformity and excellent disper-
sion of NHCs@mSiO2 in the coating matrix. As mentioned previously, 
the corrosive species penetrate into coating through the pinhole defects. 
Thus, it is of great importance to achieve homogeneous distribution of 
NHCs@mSiO2 in the coating matrix to resist permeation effect. Raman 
spectra recorded at five different positions are shown in Fig. 3, each 
spectrum at different parts of the composite coating shows identical 
intensity of D and G bands, indicating the homogeneous distribution of 
NHCs@mSiO2 in coating matrix and sufficient covering for the metal 

Fig 1. SEM image of RF (a). SEM image (b), TEM image (c), HETEM image (d), TEM elemental mapping images (e-i) of NHCs@mSiO2.  
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substrate at this filler content. 
Electrochemical impedance spectroscopy (EIS) was performed to 

evaluate the corrosion properties of pure epoxy coating and coating with 
NHCs@mSiO2 in 3.5 wt% NaCl. Fig. 4 shows the EIS spectra of experi-
mental coatings. It can be found that the impedance value is enhanced 
by two orders of magnitude after addition of NHCs@mSiO2 nano-
particles, both before and after the immersion test. The higher resistance 
suggests that the accumulation of electric charges on the mild steel 

coated by coating with NHCs@mSiO2 is impeded. Furthermore, the 
resistance of NHCs@mSiO2 doped coating remains nearly unchanged 
after 30 days of immersion, whereas the blank coating exhibits signifi-
cant decrease from 1.0 × 104 to 0.5 × 104 Ω cm2. As shown in the 
Nyquist plots, the capacitive loops for NHCs@mSiO2 doped coating also 
show no appreciable change in diameter after test. In addition, two and 
three time constants for NHCs@mSiO2 doped coating and blank coating 
respectively are observed after a long-term immersion of 30 days. This 
indicates that only slight corrosion happens under the NHCs@mSiO2 
doped coating whereas serious corrosion happens for steel coated by 
blank coating. In order to further prove the enhanced anticorrosion ef-
fect by introduced NHCs@mSiO2, nitrogen doped carbon (NC) derived 
from direct carbonization of zeolite imidazolate frameworks (ZIF-8) is 
introduced into coating. Fig. S10 exhibits the microscopic morphology 
of NC. NC adopts dodecahedral shape and element mapping confirms 
the existence of carbon and nitrogen. As shown in Fig S11a, there is no 
obvious hysteresis loop in nitrogen sorption isotherms of NC, the pore 
size distribution inset further indicates that only micropores exist in NC. 
NC shows similar raman and XPS result with NHCs@mSiO2, however, 
the single microporous structure does not endow NC with satisfactory 
ORR performance (Fig. S11d). It is no wonder that NC doped coating 
possesses comparable corrosion protection with blank coating 
(Fig. S12). It can be found that the resistance of NC doped coating de-
creases significantly from 1.3 × 106 to 4.7 × 104 Ω cm2, which shows 
that the coating cannot provide effective long-term protective effect. In 
addition, the protective effect is also reflected by optical and SEM im-
ages of mild steel after removal of coatings (Fig. S13). Mild steel coated 
by NC doped coating exhibits serious corrosion with the corrosion pits 
distributing throughout the metal surface. AFM image of mild steel 
surface after removal of coating also show that NC doped coating does 
not achieve apparent improvement in corrosion protection compared 

Fig 2. (a) Nitrogen adsorption–desorption isotherm (inset: pore size distribution), (b) Raman spectrum, (b) N1s XPS spectrum and (d) RDE curves with different 
rotation speeds (inset: K-L plots) of NHCs@mSiO2. 

Fig 3. Raman spectra of five different positions on NHCs@mSiO2 doped 
coating (inset: The positions on the sample where Raman spectra 
were recorded). 
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with blank epoxy coating, which is consistent with the morphology 
characterization. All these results demonstrate that the anticorrosion 
performance of coating with NHCs@mSiO2 nanoparticles is far superior 
to pure epoxy. 

Next, the EIS spectra obtained after 30 days immersion in 3.5 wt% 
NaCl were fitted using the equivalent circuits (fit quality χ2 < 0.01) in 

Fig. 4d and e to deeply understand the coating electrochemical process. 
The solution resistance (Rs), charge transfer resistance between the mild 
steel and solution (Rct), resistance of the coating (Rc) and Warburg 
impedance (W) are introduced to fully demonstrate the detailed elec-
trochemical process of the coated samples during immersion. For better 
fitting results, actual electrode surface condition is considered and a 

Fig 4. (a) Bode plots, (b) Nyquist plots and (c) phase angle as a function of frequency of blank coating and NHCs@mSiO2 doped coating after 30 days immersion in 
3.5 wt% NaCl. (d, e) Electrical equivalent circuit used for fitting EIS spectra. 

Fig 5. Variation of Rc (a), Cc (b), Rct (c) and Cdl (d) of different coating samples after 30 days immersion in 3.5 wt% NaCl solution.  
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constant phase element CPE is proposed to replace C. The impedance of 
CPE is defined by the following equation[56,57]: 

ZCPE = Y0
− 1(jω)− n (1)  

C =
Y0

(ωmax)
1− n (2)  

where Y0 is CPE admittance, j is imaginary root, ω is angular frequency. 
ωmax is the frequency at Zimag maximum. The CPE is pure capacitance 
when n = 1, while resistor when n = 0. The CPE is related to the 
morphology of electrode surface when 0 < n < 1. 

As shown in Fig. 4, the experimental data well correspond to the 
fitting results. The detailed fitting parameters for the coating response 
are depicted in Table S2. Among all the parameters, Rc most directly 
reflects protective effect of the coating. Meanwhile, Rc is related to the 
coating structure and composition (pores, cracks, etc.). Thus, coating 
with more compact structure possesses higher Rc value and provides 
better protection effect. It can be found that (Fig. 5a) the Rc of coating 
with NHCs@mSiO2 shows negligible decline compared to that of blank 
coating. This indicates that coating with NHCs@mSiO2 always exhibits 
excellent and stable protective effect for coated steel, which is attributed 
to the effective obstruction and depletion of diffused corrosive species in 
composite coating by doped NHCs@mSiO2. In contrast, unmodified 
coating is gradually degraded under the attack of corrosive species (O2, 
etc.), which only serves as passive barrier without active protection 
function. The capacitance of coating (Cc) is another parameter reflecting 
coating effect. As shown in Fig. 5b, both Cc of the blank coating and 
coating with NHCs@mSiO2 increase after immersion. By comparison, Cc 
of NHCs@mSiO2 doped coating keeps relatively lower values and in-
creases slightly. It has been proved that coating degradation due to 
gradual penetration of corrosive species induces higher coating capaci-
tance and gradual loss of protective effect [58,59]. Accordingly, the 
substantial increase of higher Cc for blank coating compared to the 
coating with NHCs@mSiO2 can explain the increasingly aggravating 
failure of coating effects. For lower Cc of coating with NHCs@mSiO2, the 
pore and crack are spontaneously blocked and diffused O2 is depleted by 
doped NHCs@mSiO2, contributing to continuous superior protective 
effect. The results for both the coating capacitance and resistive response 
sufficiently explain the active protective effect of modified coatings from 
the point of specific corrosion process. 

The double layer capacitance (Cdl) is related with the steel area 
exposed to electrolyte, resulting from the penetration of corrosion spe-
cies through the pinhole defects in the coating. It also represents the wet 
adhesion of the coating to the metal substrate. Table S2 and Fig. 5c show 
that the value of Cdl for blank coating is always higher than that of 
coating with NHCs@mSiO2, indicating a good adhesion of the coating to 
the steel substrate and better protective effect after immersion test. The 

lower Cdl NHCs@mSiO2 doped coating is attributed to the suppression of 
corrosion evolution by NHCs@mSiO2 with favorable oxygen reduction 
ability. Furthermore, Rct is the most direct parameter to reflect the 
electrochemical process at the interface. The higher Rct value with 
smaller decrease (Fig. 5d) of modified coating indicates that the corro-
sion process is effectively inhibited due to the introduction of 
NHCs@mSiO2. Overall, active anticorrosion performance of composite 
coating can be achieved as corrosive species can be blocked and 
depleted by the doped NHCs@mSiO2. 

Potentiodynamic polarization was also performed to demonstrate 
the nanocatalytic anticorrosion effects of coating with NHCs@mSiO2. 
The evolution of polarization curves with time is displayed in Fig. 6. The 
corrosion potential (Ecorr) and corrosion current density (Icorr) were 
obtained by the Tafel fit from the linear portions of the polarization 
curves (Fig. S8). Specifically, the Ecorr of pristine epoxy coating de-
creases from − 0.78 to − 1.12 V and the Icorr increases form 6.61 × 10− 7 

to 2.08 × 10− 4 A⋅cm− 2 (Fig. 6a) after 30 days test. In contrast, 
NHCs@mSiO2 doped coating just shows little increase in Icorr from 1.94 
× 10− 10 to 3.11 × 10− 9 A⋅cm− 2 with a more positive Ecorr of − 0.51 V 
(Fig. 6b). It can be concluded that mild steel coated with pure epoxy is 
seriously corroded during 15 days. However, mild steel is well protected 
by NHCs@mSiO2 doped coating even after immersion in 3.5 wt% NaCl 
solution for 30 days. This is confirmed by the more positive Ecorr and 
lower Icorr, representing smaller corrosion probability and lower corro-
sion rate. These results mean that NHCs@mSiO2 doped coating could 
maintain a less permeable barrier than epoxy for longer time because of 
the oxygen reduction ability of NHCs@mSiO2. Therefore, corrosion is 
suppressed and the results are in good agreement with EIS evaluations. 

Fig. 7 shows the optical images of coatings containing different 
concentrations of NHCs@mSiO2 after immersion in 3.5 wt% NaCl so-
lution for 30 days. For blank coating (Fig. 7a2), there are massive 
corrosion products appearing in the coating area, indicative of its poor 
corrosion resistance. In contrast, only one obvious corrosion spot is 
found in the local area of coating doped with NHCs@mSiO2 as shown in 
Fig. 7b2 and d2. What’s more, the coating with 1.6 mg⋅mL− 1 

NHCs@mSiO2 shows no apparent corrosion pits. The optical and SEM 
images of mild steel after removal of coatings are shown in Fig. 8. It can 
be found that mild steel coated by blank coating exhibits the most 
serious corrosion, the surface pits distributed throughout the metal 
surface without definite pattern (Fig. 8a1-a3). In comparison, coatings 
with different concentrations of NHCs@mSiO2 all possess better anti-
corrosion performance for mild steel, among which coating with 1.6 
mg⋅mL− 1 NHCs@mSiO2 works best with no appreciable corrosion 
(Fig. 8b1-b3, c1-c3 and d1-d3). Overall, the diffused oxygen in coating is 
directly reduced to water, thus the corrosion of mild steel is inhibited, 
and the mass or charge transfer action at the interface of mild steel and 
electrolyte is terminated. The anticorrosion results are further confirmed 
by the tapping-mode AFM images of mild steel surface after long-term 
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Fig 6. Polarization curves of (a) blank coating, (b) coating with NHCs@mSiO2 in 3.5 wt% NaCl.  
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immersion of 30 days and removal of coatings. As shown in Fig. 8a4-d4, 
mild steel coated blank coating shows the roughest surface with average 
surface roughness (φ) of 100.1 nm while mild steel protected by 1.6 
mg⋅mL− 1 NHCs@mSiO2 doped coating exhibits the smoothest surface 
with φ of 5.4 nm. The results of AFM images are in good agreement with 
optical and SEM observations. Moreover, the roughness of surface at 

nanoscale level that is also illustrated on depth profile (Fig. S9) within 
the supporting information can provide supplemental explanation for 
the interfacial corrosion protection. For clear characterization of 
corrosion products, the Raman spectra of mild steel substrates were 
recorded after careful removal of the coatings (Fig. 9). There are three 
peaks attributed to γ-FeOOH and α-Fe2O3 appearing at 384, 590, and 

Fig 7. Optical images (a) of the blank coating and coating with (b) 0.8 mg mL− 1, (c) 1.6 mg mL− 1, and (d) 2.4 mg mL− 1 NHCs@mSiO2 before and after 30 
days immersion. 

Fig 8. (a1, a2), (b1, b2), (c1, c2), (d1, d2) Optical images, (a3, b3, c3, d3) SEM images and (a4, b4, c4, d4) AFM images of steel after removal of the blank coating and 
coating with 0.8 mg mL− 1, 1.6 mg mL− 1, and 2.4 mg mL− 1 NHCs@mSiO2 after 30 days immersion. 
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1279 cm− 1 of spectrum for the steel coated with blank coating after 
immersion. However, no obvious peak belongs to rust or oxide can be 
found from the steel coated by 1.6 mg⋅ml− 1 NHCs@mSiO2 doped 
coating, indicative its superior protection effect for the mild during 
immersion test. All these results prove the improved anticorrosion 
properties of the coating doped with NHCs@mSiO2. 

The protective process is described in Scheme 2 to reveal active 
anticorrosion mechanism of composite coating. Actually, corrosion of 
mild steel coated by protective coatings is induced by gradual penetra-
tion of corrosive species (e.g., O2, H2O, Cl− , etc.) through the intrinsic 
pinhole defects of coatings. Numerous methods (e.g., smart coatings) 
have been developed to address this issue [28,60,61]. However, they all 
depend on the environment change caused by corrosion to achieve the 
enhancement of coating’s anticorrosion performance and extension of 
lifetime. For composite coating in this work, it could protect metal 
substrates from corrosion via blocking and depletion of corrosive species 
(i.e. oxygen) in coatings. Specifically, the added amphiphilic 
NHCs@mSiO2 will occupy the pores or cracks, trap oxygen and water 
molecules, and obstruct the crossing of them through these defects to a 
certain extent. Meanwhile, the catalyst nature works and the diffused 
oxygen is directly reduced to water through a four-electron pathway. 
This will slow down the corrosion rate as much as possible since the 
oxygen involved in corrosion process is depleted. However, such a 
function is not displayed in other composite coatings, which can only 
realize inhibition after corrosion [24,28,34]. 

4. Conclusions 

In summary, a facile and cost-effective concept, nanocatalytic anti-
corrosion is proposed for the synthesis of smart composite coatings with 
improved active anticorrosion properties. Specifically, amphiphilic 
NHCs@mSiO2 with favourable ORR activity distributes uniformly in 
composite coatings with no aggregation, which partly contributes to the 
suppression of intrinsic pores. Therefore, NHCs@mSiO2 could effec-
tively obstruct crossing oxygen and water through defect paths. More-
over, the hydrophilic functional groups on the surface of NHCs@mSiO2 
also contribute to adsorbing H2O and trapping oxygen at the same time. 
Subsequently, the adsorbed O2 molecules are directly reduced to H2O by 
NHCs@mSiO2 through a four-electron path. These two points endow 
composite coating superior active corrosion protection effect, without 
appreciable decrease in impedance value after 30 days of immersion in 
3.5 wt% NaCl solution. Coated mild steel is well protected during this 

period, showing almost no corrosion. On one hand, the nanocatalytic 
anticorrosion initiated by the concept of introducing NHCs@mSiO2 to 
coatings calls for a further and deeper research. On the other hand, it 
will open the door for designing new smart coatings and discovering 
their potential future applications in industry and engineering. 
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Fig 9. Raman spectra of mild steel after removal of the blank coating and coating with NHCs@mSiO2 after 30 days of immersion.  

Scheme 2. Proposed active anticorrosion mechanism for coating with 
NHCs@mSiO2 (blocking and oxygen reduction). 
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Nanocontainer-Based Anticorrosive Coatings: Effect of the Container Size on the 
Self-Healing Performance, Adv. Funct. Mater. 23 (2013) 3799–3812. 

[30] M.J. Hollamby, D. Fix, I. Dönch, D. Borisova, H. Möhwald, D. Shchukin, Hybrid 
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