
HAL Id: hal-03483010
https://hal.science/hal-03483010

Submitted on 3 Feb 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

Enhancing the barrier effect of sol-gel derived inorganic
coating by doping h-BN nanosheet

Yu Shi, Sheng Yuan, Benoît Ter-Ovanessian, Ying Huo, Bernard Normand

To cite this version:
Yu Shi, Sheng Yuan, Benoît Ter-Ovanessian, Ying Huo, Bernard Normand. Enhancing the barrier
effect of sol-gel derived inorganic coating by doping h-BN nanosheet. Applied Surface Science, 2021,
544, �10.1016/j.apsusc.2020.148849�. �hal-03483010�

https://hal.science/hal-03483010
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Enhancing the barrier effect of sol-gel derived inorganic coating 

by doping h-BN nanosheet 

Yu Shi1, Sheng Yuan1,*, Benoit Ter-Ovanessian1, Kurt Hermange1, Ying Huo1,2, Bernard 
Normand1 

1 Universite de Lyon, INSA-LYON, MATEIS UMR CNRS 5510, 69621 Villeurbanne Cedex, France 

2 Ecole Centrale de Lyon, INSA-LYON, LTDS UMR CNRS 5513, F-69134 Ecully cedex France 

* Corresponding author: tel +33 4 72 43 71 44 ; E-mail address: sheng.yuan@insa-lyon.fr

Fill address: Bat. L. De Vinci, 21, Rue de Jean-Capelle, 69100, Villeurbanne, France 

Abstract  

Nanocomposites filled with impermeable two-dimensional materials are of specific interest for 
protecting metal from corrosion. The addition of hexagonal boron nitride nanosheet (BNNS) into a 
coating matrix can improve the barrier effect virtually due to its high chemical and thermal stability 
and dielectric property. This atom-level thick filler involves a « tortured pathway» that prolongs the 
penetration distance to the substrate. In this study, BNNS was added into a zirconium coating prepared 
via sol-gel way. In order to understand the influence of nanosheets size on the barrier performance, 
three h-BN grades were used. It was intended to keep all the other elaboration parameters constant so 
that the electrochemical behavior variation is mainly attributed to the nanosheet size. The morphology 
and microstructure of hexagonal boron nitride flakes in different exfoliation level and the 
nanocomposite coating were studied by SEM, HRTEM, SAED, FTIR cartography, Raman 
spectroscopy. Meanwhile, the corrosion resistance of composite coatings was characterized by 
polarization test and long-term electrochemical impedance spectroscopy in a 3.5 wt% NaCl solution. 
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1. Introduction 

Growing with the continuous progress on graphene, two-dimensional (2D) materials such as 
hexagonal boron nitride (h-BN), MoS2, clay have attracted extensive attention owing to the unique 
layered structure in atomic scale.[1,2,3,4] Recent researches show the raising interests related to the 
2D materials for metal protection against oxidation and corrosion.[5,6,7] It has been proved that 
graphene is almost impermeable to most small molecules, including oxygen, water molecule, and even 
the molecule as small as helium.[8] However, graphene is well-known for its outstanding electrical 
conductivity that can potentially lead to even worse resistance for oxidation than the bare metal.[9] By 
this token, h-BN nanosheet (BNNS), having a similar molecule impermeability,[10] is a better choice 
as a protective barrier thanks to its excellent thermal and chemical stability and electrical 
insulation.[11,12] 

BNNS can be applied in two different ways. In the first one, BNNS is directly deposited on a metal 
surface by CVD or CVD-derivatives methods or transferred from another carrier.[13,14] The presence 
of this atom-level thick layer modifies the surface energy and provides a water-repellency to prevent 
the direct contact of water and oxygen molecules to the underlying metal.[15] The application of this 
methodology suffers from the significant drawback associated with the difficult control on defects 
level, on the number of layers, and on the pollution during the transfer process.[16,17] 

On the other hand, BNNS has also been incorporated into various matrix to obtain high-performance 
nanocomposite coating. The self-standing BNNS is usually elaborated by the liquid-phase exfoliation 
(LPE) method to split h-BN atomic layers from bulk flake and to disperse them in a suitable 
solvent.[18,19] Many elsewhere researches have reported the validity of adding these BNNS in 
organic or hybrid coatings. For instance, in resin20, polyimide,[21] PVA[22], and PMMA[23] matrix, 
the nanocomposite coatings showed reinforcement on barrier property against corrosion in different 
cases. A relatively high concentration of the nanofiller is usually required to maximize the 
nanocomposite barrier effect. Cui et al. have studied the influence of BNNS content in water-borne 
epoxy coating, in which the best anti-corrosion performance was obtained with 1wt% of BNNS.[24] 
However, the aggregation drastically limits the pristine BNNS concentration in different solvents due 
to the strong “lip-lip” interaction between neighboring layers.[25] The development of chemically 
modified BNNS or other additives assisting methods can resolve this problem to a certain 
extent.[26 ,27] As reported elsewhere, the BNNS modified by 3-glycidoxypropyltrimethoxisilane 
(GPTMS) or underwent a plasma treatment have been proved a better dispersibility in acrylic coating 
for steel protection.[28,29] 

From a new perspective, replacing the commonly used organic matrix by an inorganic one reduces the 
BNNS content for the reinforcement significantly. Especially, the high crosslinking in a Sol-Gel 
matrix and the shrinkage during the drying process strengthen the barrier effect of the nanocomposite 
significantly. 

In this work, we prepared zirconium oxide coating enhanced by BNNS fillers via sol-gel on 316L 
stainless steel and investigated the electrochemical properties of this coating system. The zirconium 
matrix was chosen due to the ease to elaborate, the electrical insulation, the low mismatch of 
thermomechanical stress at the steel/coating interface, and the chemical inertness. It is worth 
mentioning that the durability of the inorganic coating essentially relies on two parts: the coating itself 
and the coating/ substrate interface. In order to avoid the interface breakdown, the resistive 316L was 
applied to provide a good adhesion with the coating and a relatively low reactivity under corrosive 
conditions. Removing the interface factor, we highlighted the influence of BNNS size on the barrier 
effect of such a nanocomposite coating.  

2. Materials and procedure 

2.1 Materials  



Stainless steel 316L (C 0.03%, Cr 18.00%, Ni 10.00%, Mo 3.00%, Mg 2.00%, Si 0.75%, P 0.045%, S 
0.03%, N 0.10%, balanced by iron, GoodFellow) were cut into 50 x 25 x 3 mm2 samples and grounded 
up to 1200-mesh SiC. Zirconium (IV) acetate hydroxyl (ZAH) was used as the precursor (Sigma 

Aldrich) for sol-gel coating. Three h-BN powders, named BN-A, BN-B, and BN-C, were used 
(GoodFellow) with different average flake sizes to prepare BNNS 

2.2 Preparation of BNNS colloidal solution 

The raw of BN powders were added in distilled water with a concentration of 3 mg/mL. The mixtures 
were treated in an ultrasonic bath (ELMA P30H) for 12h. The BNNS suspension was centrifuged for 
90min at 1500 rpm to obtain a “milk-like” solution. The newly prepared BNNS solution could stay 
stable from aggregation for one week.  

2.3 Preparation of substrate, zirconium oxide Sol and coatings 

316L substrates were rinsed in distilled water and ethanol using an ultrasonic bath for 15min. In order 
to improve the adhesion, 316L substrates were immersed in a “piranha” solution (H2O2: H2SO4 = 1 : 2) 
for 15 minutes. The piranha solution is commonly used for removing all contaminants from the metal 
surface and for forming a recovery hydroxyl layer on the surface, which provides strong adhesion with 
the Sol-Gel coating.[30] 

Zirconium oxide Sol was prepared by dissolving 3 mg of ZAH precursor in 50 ml absolute ethanol and 
2.5ml of acetone. The pH of the colloidal solution was buffered by acetate acid at 3.2, which allows a 
relatively good stability for the colloidal solution.[31] The BNNS colloidal solutions were slowly 
injected to sol-gel solution keeping the water : Zr molar ratio superior to 4. As a reference, a Sol with 
equivalent distilled water was prepared for pure zirconium oxide coating without BNNS. 

All coatings were deposited by three dipping process and underwent a heat treatment at 120 °C for 24 
hours to obtain a xerogel film. The sample coated with different BNNS are named ZrO/BN-A, 
ZrO/BN-B, ZrO/BN-C, respectively. The coating without filler is named ZrO.  

2.4 Characterization 

The concentration of BNNS was estimated using UV-visible spectra (UVline 9400) in a quartz cuvette 
Beer-Lambert’s law: 

C/l=αA equation 1) 

Where the concentration of the charge, C, is linearly proportional to the absorption intensity A, l is the 
interaction path length and α represents the extinction coefficient. 

Scanning electronic microscopy (SEM) was performed with a ZEISS Supra55. High-Resolution 
Transmission Electron Micrographs (HRTEM) and the Selective Area Electron Diffraction (SAED) 
were performed on the JEOL-2010 microscope operating at 200 kV. Infrared microspectroscopy (IR) 
was recorded in ATR mode on the coated systems ThermoScientific Nicolet iN10. The Raman 
scattering measurement was performed on Horiba Aramis using wavelength 514nm. The Dynamic 
Light Scattering Spectroscopy (DLS) and zetapotential measurement was applied using the Zetasizer 
(Malvern, nano ZSP) from INSA de Lyon, France. 

2.5 Electrochemical measurement 

The polarization curve was acquired for a scanning range from -50 mV vs. OCP to 1000 mV vs. SCE 
with a scanning rate of 0.167mV/min. The Electrochemical Impedance Spectroscopy (EIS) of different 
samples were recorded after different immersion time in 30 g/L NaCl solution. EIS tests were carried 



out with a frequency varying from 100 kHz to 3 mHz, the amplitude of the scanning potential was 
fixed at 15mV vs. OCP.  

Electrochemical impedance spectroscopy (EIS) measurements were performed on a Biologic SP300 
potentiostat in a three-electrode cell, including a carbon counter electrode, a saturated calomel 
electrode (SCE) as the reference electrode, and the coated samples as the working electrode. The 
impedance of a constant phase element (CPE) can be calculated using the equation:[32] 

���� =
�
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  equation 2) 

α is the exponent of CPE, the j is the imaginary number, ω is the angular velocity. 

3. Result and discussion 

3.1 Characterization of Sol and BNNS suspension 

BNNS was exfoliated from the three raw h-BN powders in aqueous media. Fig. 1 shows the 
morphology and the size distribution of these pristine powders, which gives the statistic average flake 
sizes of 7, 4.5, and 0.95 µm for BN-A, BN-B, and BN-C, respectively (see Fig. 1 inset). Although the 
nanosheet may have a reduction of the basal plan dimension compared with the raw materials after 
ultrasonic treatment,[33,34] we expect that the so-prepared BNNS sizes keep consistent sequence with 
the BN flakes under such a mild exfoliation conditions. 

The state of BN flakes was probed by HRTEM during the exfoliation. Fig. 2a shows the TEM images 
corresponding to the slim down BN flakes. The selective area electron diffraction (SAED) pattern 
exhibits hexagonal bright dots (inset), which are representative for single h-BN crystals. The Moire 
patterns in Fig. 2b indicates misorientation between h-BN layers induced by the exfoliation process 
around the c-axis. In the final colloidal solution, the BNNS has a two-dimensional structure with a 
thickness of a few atomic layers approaching to that of the graphene, as shown in Fig. 2c. 

The concentration of BNNS in the colloidal solution can be evaluated by UV-Visible spectroscopy. 
We can observe the characteristic band of h-BN at a wavelength λ = 209 nm in the absorption spectra 
recorded with all three Sol, see Fig. 3. To avoid scattering influence, we chose to use the adsorption 
intensity at λ = 300 nm.[35] The corresponding extinction coefficient α in equation 1 has been 
determined by calibrating the UV-Visible spectroscopy to the weighting result, giving the α value of 
2924 mg /ml/m. This value is in good agreement with the literature.[36] The concentrations of 
different BNNS were estimated of around 15 µg/mL for all three different BN derived solutions, 
which is close to the concentration reported elsewhere using a similar preparation way in water.[37]  

The colloid size matters mostly the sol-gel coating’s physicochemical properties and microstructure. 
Fig. 4 shows the evolution of colloid size in Sol during three days after mixing with the BNNS 
solution. The colloid size distribution remained almost unchanged and displayed two peaked colloidal 
size around 7 and 50 nm, respectively. It has been complied furtherly with the same aging time of Sol 
to prepare all coatings and vigorously stirred each nanocomposite Sol before deposition in order to 
limit the agglomeration. It’s essential to notice that each nanocomposite sol has very closed colloids 
size distributions and concentrations to each other. Therefore, the changes in nanocomposites sol-gel 
coating’s electrochemical behaviors are mainly induced by the different BNNS size.  

3.2 Characterization of the coating 

The coatings were transparent, homogeneous, and recovering without any remarkable defect on the 
top surface. Fig. 5 shows one typical top view on ZrO/BN coating since the presence of the different 
BNNS affects the coating’s morphology barely. The fractography of the coating reveals a thickness of 
300 - 400 nm prepared by three dippings. It is interesting to notice that one layer thickness is one-tenth 
of the nanosheet surface dimension, while it is 100 times bigger than the nanosheet thickness. In this 



way, we can tune the orientation of the nanosheets in the matrix, as shown in Fig. 5d. The nanosheets 
were smeared and oriented by the capillary force on the tip of Sol deposited on the substrate. Fig. 5e 
and f show that the 2D materials stay in parallel with the dipping direction within the coatings. 

The pure zirconium oxide coating is hydrophilic, showing a water contact angle of 65°. Doping BNNS 
into coating, the contact angle becomes 102°, meaning the coating transforming to a hydrophobic 
surface.[38] It seems the hydrophobic BNNS covers part of the polar groups on the coating surface. 
This finding is interesting as the hydrophobic surface can reduce the interaction with polar electrolyte 
and increase the coating anti-corrosion performance. Moreover, the raw BN flakes size impacts the 
water contact angle barely.[39]  

From the Fourier Transform Infrared spectroscopy (FTIR) shown in Fig. 6, the bands at a wavenumber 
of 1570 cm-1 and 1440 cm-1 characterize the acetate anti-symmetrical and symmetrical stretching 
vibration of -CO2 groups issued from the sol-gel matrix, respectively.[40,41] The peak at 1350 cm-1 is 
related to B-N stretching (indicated by arrow), which can be observed in the spectra obtained with all 
three ZrO/BN, while it lacks in the pure ZrO sample.[42] The peak presented at 1025 – 1058 cm-1 
corresponds to C-O stretching due to the existance of acetate groups.[43] The intensity observed at 
700 cm-1 and 530 cm-1 are related to the Zr-O-Zr of the matrix which are common for all 
samples.[44,45] The intensity mapping of this band is reasonably homogenous within a surface area of 
60 µm x 60 µm, indicating a good dispersion of the BN nanosheet. The barrier effect of the coating is 
closely linked with the homogeneity of the BNNS distribution. The area with low-density BNNS in 
the coating can weaken the barrier effect of the entire coating. 

Besides, the BNNS distribution was confirmed with Raman spectroscopy on randomly selected ten 
points from the coating surface. Because of the similarity, Fig. 7 shows only three of them. The peak 
marked at a Raman shift of 1386 cm-1 is attributed to the E2g mode vibration of B-N bonding.[46] The 
bands around the Raman shift of 600-650 cm-1, 920 cm-1, and 970 cm-1 are attributed to the amorphous 
phase of zirconium oxide.[47,48] 

3.3. Influence of the BNNS morphology on potentiodynamic polarization test 

The polarization curves for the bare and coated substrate are plotted in Fig. 8. The curves related to 
316L exhibit a corrosion potential of 37mV/SCE. The low current density between 37 mV/SCE to 560 
mV/SCE confirms the passive state of the sample. [49,50] The current transient informed about 
metastable pits.[51] When the potential exceeds 680 mV/SCE, the current density increases drastically, 
characterizing pitting propagation. 

All coated samples showed higher Ecorr than bare 316L substrate. The barrier effect provided by 
zirconium oxide, ZrO, coating is more effective than passive film since the current density is 
significantly lower than the one recorded with passive stainless steel. No current transient of 
metastable pit can be observed. Overall, under the sol-gel coating protection, the current density of the 
system shows a stage until a potential getting as high as 1100 mV/SCE.  

For ZrO/BN-B, at the early stage of the anodic part, the current density is, however, higher than ZrO 
coating. This phenomenon can be explained by that the weaker barrier effect of ZrO coating will cause 
a higher oxidation rate on the metal surface. Thus, the accumulation of the oxidation product within 
pores of the coating lowers the current density. However, once the potential reaches the value where 
the metastable pitting corrosion happens, around 560 mV/SCE, the current density of ZrO surpass that 
of ZrO/BN-B. The pure sol-gel coating and ZrO/BN-C display similar behavior under polarization 
conditions. It seems that the smaller sized BNNS cannot influence the barrier properties. The oxidation 
rate on the metal surface is almost the same as in the case of ZrO.  

The polarization curve of ZrO/BN-A shows a higher Ecorr than ZrO/BN-B and ZrO/BN-C, as well as a 
lower current density, which is one order of magnitude lower at the beginning part of the anodic curve. 
The lower current densities are obtained from larger BNNS size, which seems to promote the 



corrosion resistance of the coated system. It prolongs the pathway of the corrosive reactants and 
oxidation products significantly.  

In brief, the BNNS filled coating shows improved barrier property, except for BN-C. We can define 
the critical nanofiller size dc as the minimum size necessary to influence coating barrier property. It 
has: 

1) When the BNNS average size, d < dc, the nanofiller is too small to seal the pores within the 
coating, the electrochemical test mainly characterized sol-gel matrix properties while under 
deposit reaction plays a major role. 

2) When d ≈ dc, the larger sized BNNS starts to seal the pores inside the coating and reduce the 
oxidation rate. Due to the similar size of BNNS and the pores, the penetration pathway is not 
largely prolonged. The mass transfer and oxidation reaction rates are nearly equivalent. 

3) When d > dc, the efficiently enhanced barrier effect leaves the pores sealed by the 
impermeable nanosheet. The mass transfer has to take the “zig-zag” way to reach the metal 
surface. At the same time, the system’s resistance is predominated by the mass transfer 
process. 

In general, the three different situations correspond to the cases of ZrO/BN-A, ZrO/BN-B, and 
ZrO/BN-C, respectively. It is important to note that the critical dimension dc is not an absolute value 
but depends closely on the morphology of the sol-gel matrix. The interfacial behavior between the 
nanofiller and the matrix is also critical to ensure a good sealing effect. Indeed, the lack of adhesion 
allows the corrosive reactant to bypass the impermeable BNNS to the barrier property’s detriment. 
Meanwhile, the doping quantity is another vital parameter that can influence the dc value for a coating 
system. The prediction of this critical size is another interesting topic that will be discussed in a further 
study. 

Fig. 9 shows the surface morphology after the polarization tests. The bare 316L is deeply corroded 
since the bulk dissolution of the metal can be observed. From the zoom image, it is observed that the 
pitting propagates into the coating. There are some oxidation sites on the coated surfaces, but no 
coating crack can be observed. Among all, ZrO/BN-A shows an almost untouched surface proving its 
excellent anti-corrosion performance. 

3.4. Long term EIS 

Hereafter, ZrO/BN-A coating was chosen for long-duration EIS analysis. The Nyquist and Bode plots 
of bare substrate, pure ZrO, and ZrO/BN-A sample are depicted in Fig. 10. The EIS results were 
recorded after 16 hours, 32 hours, 60 hours, and 120 hours immersion in NaCl solution. The decrease 
of the semicircle loop (black arrow) of 316L over time indicates that the barrier effect of passive film 
decreases during OCP. Meanwhile, unlike the case of 316L, the Nyquist curves of ZrO showed a 
similar diameter of the impedance circuit compared with 316L for 16 hours of immersion. This 
diameter reduces from 16h to 120h and remains stable. In contrast, the ZrO/BN-A shows a 
significantly enhanced resistance during the whole immersion time. By this token, the values obtained 
from the fitting of the impedance diagram are discussed from the duration of immersion extended to 
fifty days (1200h) (red arrows). 

The EIS results are fitted by the numerical tool using an electrochemical equivalent circuit (EEC) 
model with two time constant depicted in Fig. 11a for 316L and Fig.11b for ZrO and ZrO/BN-A. The 
EEC for 316L, as shown in Fig. 11a, is different than the one which is classically used for passive film. 
Boissy et al. have proposed multiple models for the fitting of 316L in different cases.[52] Generally, 
the EEC describes a barrier effect that is controlled by the semiconductive properties of the passive 
film. In the case of this study, we consider that the chloride ions have contaminated the passive film 
and weakened the passive film. The passive film exhibited a structure with the oxide and hydroxide 



sub-layer that could be simulated by a resistance behavior and Constant Phase Element (CPE) for a 
capacitance (Rfilm/Qfilm). [53] The defects induced by the Cl- stimulates the reactivity of stainless steel 
and can be characterized by a material exposure, which can be simulated by a charge transfer 
resistance and CPE for the double layer capacitance (Rct/Qdl).  

For ZrO, the zirconium oxide shows inertness, leading to a quite similar phenomenon in the signal of 
EIS comparing to 316L. The EEC for ZrO is thus the same as the EEC of 316L. As shown in Fig. 11b, 
the only difference between the EEC for ZrO than for 316L is the Rcoat/Qcoat replacing the Rfilm/Qfilm to 
describe the behavior of the inert coating enhanced passive film, where the Rcoat characterz the 
resistance in the coating pores.[54] Similarly, as the BNNS shows inertness and stability, the EEC of 
ZrO/BN-A is the same as the one of ZrO.  

In this study, the numeric fittings have been carried out with respect to the α and Q value calculated 
graphically from the original data. Indeed, by plotting the imaginary part as a function of frequency in 
the logarithm scale, the slope of this curve directly gives α value.[55] The fitting curves are shown in 
Fig. 10 as well with solid lines. The associated fitting parameters of EIS recorded after 16h and 120h 
of immersion are listed in Table 1. Especially, there is a third parameter column for ZrO/BN-A after 
1200h of immersion. 

By comparing them, all the parameters of bare 316L kept almost constant after 16h and 120h of 
immersion, except for Rfilm, Rcoat and Rct. The evolution of Rfilm, Rcoat and Rct of all samples over 120h 
are shown in Fig. 12. It can be seen that the overall resistance (Rfilm + Rct) of 316L decreased due to 
interaction with surrounding chloride ions. Meanwhile, for pure ZrO coating, we can not observe such 
a trend. As mentioned in the polarization section, the oxidation reaction and the ions exchange through 
the sol-gel film stay in an equilibrium state. Therefore, the localized corrosion and the repassivation of 
the metal surface establish a delicate equilibrium state. 

In the case of ZrO/BN-A, it displays higher overall resistance (Rcoat + Rct) after 16h of immersion than 
the pure inorganic coating, which is benefited from the impermeable BNNS. This enhancement is 
classically explained by the “tortured pathway” mechanism that involves a prolonged diffusion length 
in the coating for the corrosive species to penetrate through the dense charge. This low mass transfer 
velocity causes an accumulation of oxidation products in the mesopores, which rises further the 
resistance of the coating. Moreover, different from the stable αcoat, the CPE exponent αdl of Qdl 
concurrently increase from 0.52 to 0.85, as shown in Fig. 13. This evolution reveals a transition of the 
diffusion process to a pseudo-capacitive behavior, implying more and more difficult for the exchange 
of ions on the metal surface. 

4. Conclusion 

Zirconium oxide coating doped with BNNS have been successfully synthesized via the sol-gel method 
on 316L. We prepared the nanocomposite coatings with the BNNS issued from three different raw BN 
powders that have different average grain sizes. When BNNS size is inferior to the critical size dc, the 
electrochemical reactivity is predominated by the oxidation reaction at the initial stage of the anodic 
curve. When the BNNS size is superior to dc, the coating shows an excellent barrier effect where the 
material exchange is significantly slow down. Long-term EIS were recorded with the nanocomposite 
coating after fifty days of immersion. The fitting results display an enhanced corrosion resistance due 
to the tortured diffusion path compared with pure sol-gel coating. Moreover, the double layer on the 
bottom of the pores became more and more homogenous and displayed an enhanced capacitive 
behavior, which is proved by the increase of αdl.  
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Fig.1 the morphology of raw materials of a) BN-A, b) BN-B and c) BN-C 

  



 

Fig. 2 the TEM image for different exfoliation states: a) single crystal, b) misorientation induced by 

the exfoliation treatment and c) few-layered BNNS. The inset is the corresponding selective area 

electron diffraction. 

  



 

 

Fig.3 the UV-Visible Spectroscopy obtained with BNNS colloidal solution issued from the different 

raw h-BN powders 

  



Fig. 4 The DLS curves of ZrO solution without charge in three days 



 

 

 

Fig. 5 SEM images of the surface of a) 316L surface, b) ZrO and c) ZrO/BN coating. The statistic 

water contact angles on different surfaces are shown inset. d) the scheme of dip-coating and the 

orientation of BNNS, e) and f)the SEM images of the existence of BNNS in the matrix. 

  



Fig. 6: FTIR spectra of ZrO and the three nanocomposite ZrO/BN coating on the left side. (Arrow for 

B-N stretching; the ▲and ● are attribuated to -CO2 groups of the sol-gel matrix; ■ reprensts the C-O 

stretching; �corresponds to the Zr-O-Zr in the matrix); On the right side, the intensity mapping of B-

N stretch band, where the color intensity represents the relative quantity of B-N banding. 



 

 

Fig. 7: Typical Raman spectra obtained with randomly selected points on ZrO/BN coatings. The inset 

shows the calibration with silicon. 
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Fig.8: Electrochemical dynamic polarization curves in NaCl 30g/L of 316L, ZrO and charged samples. 

Inset the table of corrosion potential Ecorr of different samples 



 

 

 

Fig.9: SEM image of the surface morphology obtained with a) 316L, b) ZrO, c) ZrO/BN-A, d) 

ZrO/BN-B, e) ZrO/BN-C, and f) SEM image around an oxidation site and the chemical analysis by 

energy dispersive spectroscopy (EDS) 



Fig. 10: Nyquist and Bode curve obtained with a) and b) 316L, c) and d) ZrO, e) and f) ZrO/BN-A 



 

 

Fig. 11 equivalent circuit for a) 316L and b) ZrO and ZrO/BN-A 

  



Fig. 12: The variation of EIS fitting parameter value a) Rfilm or Rcoat, b) Rct over 120 hours of the three 

samples 



Fig. 13 The variation of α values over 1200h obtained with ZrO/BN-A



Table 1: The fitting parameters of EIS for bare 316L, ZrO, and ZrO/BN-A after 16 and 120h of 
immersion. For ZrO/BN-A the parameter obtained after 1200h of immersion are presented as well. 

Uncoated 

Sample 

Rs

(ohm.cm2) 

Rfilm 

(x105 ohm.cm2) 
αfilm

Qfilm 

( x10-6 f.s^(α-1))

Rct 

( x105 ohm.cm2) 
αdl

Qdl 

( x10-6 f.s^(α-1))

316L 16h 30.8 ± 0.2 4.33 ± 5.40x10-4 0.93 ±0.01 9.67 ± 1.10 x10-3 4.32 ± 2.40x10-3 0.56 ± 0.01 3.59 ± 7.00 x10-3 

316L 120h 26.6 ± 0.2 2.26 ± 3.35 x10-3 0.94 ±0.01 9.54 ± 3.60 x10-3 0.99 ± 1.73x10-3 0.50 ± 0.01 4.75 ± 6.40 x10-3 

Coated 

Sample 

Rs

(ohm.cm2) 

Rcoat

( x105 ohm.cm2) 
αcoat

Qcoat

(f.s^(α-1))

Rct 

(ohm.cm2) 
αdl

Qdl 

(f.s^(α-1))

ZrO 16h 32.9 ± 0.2 9.73 ± 2.20 x10-4 0.95± 0.01 9.32 ± 8.71 x10-6 1.53 ± 1.37x10-3 0.73 ± 0.01 6.11 ± 0.30 x10-6 

ZrO 120h 36.8 ± 0.2 8.74 ± 1.80 x10-4 0.95± 0.01 9.22 ± 9.07 x10-6 1.16 ± 1.51x10-3 0.73 ± 0.01 7.85 ± 2.80 x10-6 

ZrO/BN-A 16h 35.6 ± 0.2 11.41 ± 3.50 x10-4 0.95± 0.01 8.76 ± 6.40 x10-6 15.61 ± 1.42x10-3 0.52 ± 0.01 9.33 ± 2.10 x10-6 

ZrO/BN-A 120h 35.3 ± 0.2 19.22 ± 8.00 x10-4 0.95± 0.01 8.66 ± 8.41 x10-6 16.12 ± 1.19x10-3 0.57 ± 0.01 4.72 ± 1.60 x10-6 

ZrO/BN-A 1200h 24.6 ± 0.2 47.35 ± 1.10 x10-3 0.94± 0.01 8.53 ± 8.71 x10-6 17.81 ± 2.84x10-3 0.85 ± 0.01 4.41 ± 1.30 x10-6 
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