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Gas-phase deposited nanolayers guard organic microparticles in polymer 
matrices for active corrosion protection at damages 
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A B S T R A C T   

The most common way to protect metallic structures from corrosion is through the use of passive and active 
corrosion protection with coatings containing dispersed corrosion inhibitor particles. Current approaches use 
inorganic microparticles containing mostly toxic and/or critical elements (e.g. CrVI, Li-salts). Organic inhibitors 
have been identified as a potential replacement technology due to their high inhibiting efficiency in solution, 
high versatility and lower toxicity. Nevertheless, when brought into organic coatings these inhibitors lose their 
efficiency due to unwanted side reactions with the surrounding organic matrix (coating). In this work we propose 
a novel strategy to isolate the organic corrosion inhibitor microparticles from the surrounding matrix. The new 
approach is based on the gas-deposition of an oxide nanolayer on the microparticles using gas deposition in a 
fluidized bed reactor. As a result, the organic particles are better dispersed in the coating and do not react with 
the surrounding matrix. Upon coating damage the particles are exposed to water and release sufficiently high 
amounts of the organic corrosion inhibitor at the damaged location. The work introduces a technique that can be 
used in other applications with similar challenges and a new technology that enables for the first time to store 
large amounts of active organic corrosion inhibitors in reactive organic coatings for efficient protection of 
metallic infrastructure. This opens the path to the practical use of highly efficient organic inhibitors in coatings 
for corrosion protection.   

1. Introduction 

The need to replace highly toxic corrosion inhibitors in coatings has 
become widely acknowledged, representing a complex and multi- 
dimensional challenge. Organic corrosion inhibitor complexes and 
salts such as 2,5-Dimercapto-1,3,4-thiadiazole (DMTD) are considered 
promising alternatives to toxic Cr(VI)-based inhibitor salts and Lithium 
and Rare Earth salt alternatives because of their comparable intrinsic 
corrosion inhibition efficiency in solution, surface stability, reduced 
environmental impact, low molecular weight and design versatility. 
[1,2] Unfortunately, the efficient incorporation of organic inhibitors in 
organic coatings in sufficiently large amounts and without unwanted 
inhibitor-polymer matrix reactions has been so far largely elusive. As a 
result of matrix-inhibitor reactions, the coating properties are negatively 
affected and/or the inhibitors cannot be released from the coating to 
protect the underlying metal from corrosion, hence resulting in under-
performance. [3,4] The hygroscopic, powder state and highly reactive 
nature of most good performing organic inhibitors limit the use of 

emulsion encapsulation techniques used in liquid encapsulation for self- 
healing coatings. [5] Alternative encapsulation strategies using nano 
[6–8] or micro [9–11] inorganic particles as carriers have been proposed 
and shown to be successful up to a certain point. These approaches allow 
the introduction of relatively low amounts of organic inhibitors in 
coatings and control their release by different mechanisms such as water 
dissolution and diffusion, pH or ion exchange but offer limited amounts 
of inhibitor locally. [10] In this work, we introduce the use of gas-phase 
deposition in a fluidized bed as a new strategy to embed large amounts 
of unreacted corrosion inhibitor microparticles in organic coatings 
through the use of a protective thin metal oxide nano-layer. 

Gas-phase deposition methods such as (pulsed) chemical vapor 
deposition (CVD) and atomic layer deposition (ALD) are used to create 
non-selective homogeneous nanometer-thick (oxide) layers on flat, 
porous and regular substrates used mostly in electronic devices. [12–14] 
The introduction of gas-phase deposition in fluidized beds has recently 
allowed extrapolating the concept of thin layer deposition to micro-
particles relevant for the pharmaceutical sector. In particular, layers of 
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Al2O3, TiO2 and SiO2 have been applied as nanoscale thin films on 
organic drug particles via atomic layer deposition in fluidized bed re-
actors in order to control the particle dissolution rate in solution. 
[15–19] Besides controlling the drug release kinetics, such nanolayers 
on drug microparticles have been used to tune the surface chemistry to 
improve their dispersibility, flowability, and stability. [18–21] Organic 
corrosion inhibitors, share some properties with drug microparticles 
regarding moisture sensitivity (hygroscopic, solubility), and adhesive 
and cohesive character, but also tend to have more irregular shapes and 
broad particle size distributions affecting the local surface energy levels 
relevant to initiate gas-phase deposition. These factors leading to 
reduced flowing, increased agglomeration and formation of irregular 
layers increase the challenge in gas-phase fluidized bed deposition on 
reactive particles such as corrosion inhibitors and make developments 
non-obvious. Moreover, corrosion inhibitors are to be dispersed in 
organic matrices in an isolated form to prevent minimal negative side 
reactions but at the same time remain accessible to water ingress so that 
the inhibitors can be dissolved, transported and released rapidly at 
sufficiently large quantities from the coating (within 30 s for the case of 
aerospace alloys as AA2024-T3) [22] and sustained in time in order to 
protect the underlying metallic structure from corrosion and ultimate 
mechanical failure. This work explores for the first time these aspects 
using gas-phase deposition in the context of anticorrosive coatings. 

To proof the concept, we use pulsed gas-phase deposition in a flu-
idized bed to deposit a TiOx nanoscale layer on a selected model organic 
inhibitor (2,5-dimercapto-1,3,4-thiadiazole, DMTD) at 40 ◦C and at-
mospheric pressure (1 bar). The modified organic inhibitor particles are 
then incorporated in a solvent borne epoxy-amine coating and applied 
on an aerospace-grade aluminum alloy AA2024-T3 to test corrosion 
performance. The fluidized bed reactor provides good mixing between 
gas and solid phases, which benefits depositing a conformal titanium 
oxide layer. The deposition layer was studied by transmission electron 
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and in-situ 
ultraviolet-visible spectroscopy (UV–vis). The effect of the titanium 
oxide layer on the interaction between DMTD and epoxy-amine matrix 
was studied by thermogravimetric analysis (TGA), differential scanning 
calorimetry (DSC) and release kinetics using ex-situ UV–Vis. The impact 
of the nanolayer formed around DMTD microparticles on the active 
corrosion protection at damaged coatings (1 mm diameter damages) was 
evaluated under wet/dry cyclic exposure using in-situ highly resolved 
image reflectometry with image correlation and electrochemical po-
tential noise measurements. The results allow presenting gas-phase 
deposition in a fluidized bed as a promising strategy to efficiently 
introduce large amounts of very reactive organic corrosion inhibitors in 
coatings and opens the path to the use of so far elusive functional 
chemicals in coatings and other polymeric matrices. 

2. Experimental section 

2.1. Materials 

2,5-dimercapto-1,3,4-thiadiazolate (DMTD >99 %) particles were 
purchased from Sigma-Aldrich and used as substrates for the deposition. 
The precursor, titanium tetrachloride (TiCl4) was purchased from Strem 
Chemicals and used as received. The demineralized water was used as a 
co-reactant with TiCl4. Commercial grade bare 2.5 mm thick AA2024-T3 
were cut into 10 cm × 10 cm pieces and used as metal substrates for 
coatings. Commercially available bisphenol-A based epoxy resin (Epi-
kote™ 828) and amine crosslinker (Ancamine®2500) were supplied by 
AkzoNobel (NL) and used as-received to form the coating binder using 
xylene (99 %) as solvent. Sodium chloride (NaCl, >98 %) was purchased 
from VWR Chemicals. Milipore® filtered water was employed in all 
steps requiring water. 

2.2. Gas-phase deposition experiments 

The gas-phase deposition experiments were carried out in a vibrated 
fluidized-bed reactor operating at atmospheric pressure, as has been 
described in previous works. [16,17,19] DMTD powders were prepared 
by hand-milling and sieving under 120 μm. Before deposition, a fluid-
ization test on DMTD particles was applied. N2 (99.999 v/v%) was used 
as the carrier and purging gas. As a result, it was found that a maximum 
of 10 g DMTD (around 1/10 bed height) could be well-fluidized under 5 
L/min nitrogen flow on a vibration table. Based on the fluidization test 
and the experience of earlier works [16,17], it was decided to use 0.5 L/ 
min of precursor and co-reactant vapor with 4.5 L/min of nitrogen to 
keep the constant gas velocity in the whole reactor. Prior to the injection 
and fluidization of the DMTD, the reactor was heated up to 40 ◦C and 
kept at constant with the help of a heating jacket wrapped around the 
glass column. The precursor, TiCl4, and the co-reactant, H2O, stored in 
bubblers were fed to the reactor through separate inlet tubing. The 
stainless-steel tubing that connects the bubblers to the reactor was 
maintained at 30 ◦C above the bubblers at room temperature to prevent 
the precursor from condensing. The deposition process consisted of 
sequential exposures of the DMTD to TiCl4 for 45 s, 5 min purging with 
only nitrogen gas, and H2O for 60s (one cycle) followed by another 5 
min nitrogen gas purging step prior to the next cycle of exposure to 
precursor and co-reactant. The exposure time to TiCl4 and H2O were 
chosen based on the experience of earlier works using also cohesive but 
nano-sized particles, allowing sufficient exposure time [16,17]. The 
purge time of 5 min allows for any excess reactants or by-products to be 
cleared from the system before a subsequent cycle begins. The reaction: 
TiCl4 + H2O → TiOx + HCl allowed for the deposition of a Ti oxide layer 
on the DMTD microparticles. The by-product, HCl, was neutralized by 1 
% NaOH solution in the wash bottle connected to the outlet of the 
reactor. The gas-phase depositions of TiOx were run for 20, 30, 40, 50, 
and 60 cycles. To get an impression of the effect of the fluidization on the 
particle size distribution, a test was performed doing 20 cycles without 
precursor and co-reactant. 

2.3. Particles characterization 

The images of the gas-phase deposited DMTD particles were taken by 
Keyence Laser Scanning Confocal Microscope and used to evaluate the 
particle size distribution with the ImageJ software, according to the 
following protocol: (1) Calibrating the image scales (pixels- > microns) 
in Image J by the function of “setting scale”; (2) The threshold of each 
image is adjusted (150 to 255); (3) The particles are analyzed by the 
function of “Analyze particles”, to give the area of each particle; (4) All 
the particles are assumed as circles to get the diameters; (5) Finally, we 
plot the histogram of all the diameters to get the particle size distribu-
tion. The presence of the deposition layer on DMTD was assessed by 
transmission electron microscopy (TEM) and X-ray photoelectron 
spectroscopy (XPS). In TEM, the samples were dispersed in Hexane and 
drop cast into a C foil supported with a Cu grid. The particles were very 
beam sensitive so only low magnification (~100kx) could be used. The 
XPS was equipped with a monochromatic Al anode X-ray source with a 
spot size of 400 μm. The photo-electrons are detected by a 128-channel 
detector, with a 0.1 eV resolution. For survey spectra, the pass energy 
and step size were set to 140 eV and 0.40 eV respectively. High- 
resolution spectra were obtained with 50 eV pass energy and 0.1 eV 
resolution. All spectra were calibrated by assigning the true energy value 
(284.8 eV) corresponding to the position of a C 1s peak. The dissolution 
kinetics of DMTD/TiOx particles in real time was studied with a Perki-
nElmer LAMBDA 35 UV/VIS spectrometer operated at a constant 
wavelength representative of the DMTD inhibitor presence in NaCl so-
lution (i.e., 328 nm). This allowed a scan rate of one measurement per 
second during the 2 h duration of the release tests. A calibration curve 
made with DMTD solutions (see supporting information Fig. S1) was 
used to convert absorption intensity of the representative wavelength to 
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inhibitor concentration in solution. To this aim the powders (inhibitors) 
were placed inside a Whatman® grade 1 paper filter on top of a UV 
cuvette filled with 0.05 M NaCl solution. As seen in Fig. S1.b, release of 
the inhibitor was captured short after immersion as a result of inhibitor 
dissolution. In order to ensure an even DMTD dispersion in the cuvette 
and to avoid false measurements the solution was constantly magneti-
cally stirred at 1600 rpm. 

2.4. Coatings preparation 

The 2.5 mm thick AA2024-T3 metal sheets were cut into pieces of 
100 × 100 mm prior to surface cleaning and coating application. The 
surface cleaning consists of the following steps: (1) removal of the native 
oxide layer and surface roughness formation by Scotch Brite 3 M; (2) 
degreasing with acetone;(3) pseudo-boehmite treatment on the coupons 
to increase the amount of reactive hydroxyl groups on the surface by 10 s 
immersion in 2 M NaOH followed by a 30 s immersion in distilled water 
and drying with nitrogen. 

Three different coating compositions are prepared as listed in 
Table 1. Different inhibitor pigments are added to the identical coating 
binder formulation. The coatings formulation is given as a function of 
epoxy resin (phr = parts per hundred epoxy resin in weight). Briefly, 
Epikote™ 828, Ancamine®2500 and xylene (weight ratio 
2.70:1.57:1.06) were mixed for 5 min in a high-speed mixer at 2500 rpm 
and pre-cure at room temperature for 15 min. After adding the inhibitor 
pigments, the coating formulation was manually stirred and applied 
onto the Teflon sheets for thermal analysis and metal coupons for release 
and corrosion tests using a doctor blade with a wet thickness of 100 μm. 
After a flash-off period of 30 min the coatings were cured at 60 ◦C for 24 
h. The samples were stored in a desiccator before the following tests. 

2.5. Thermal analysis 

The coatings applied on Teflon sheets were separated by a spatula 
and used for thermal analysis. The thermal degradation of the coatings 
as a function of adding different inhibitor pigments was analyzed by 
Thermogravimetric analysis (TGA). The TGA tests were conducted from 
30 ◦C to 600 ◦C at a rate of 10 ◦C/min under nitrogen gas with a flow rate 
of 20 mL/min. Differential scanning calorimetry (DSC) analyses were 
performed to investigate the TiOx layer influence on the cross-linking 
density of the epoxy/amine coating systems. DSC tests were carried 
out via a TA Instr. Modulated DSC under nitrogen flow. Each sample was 
heated at a temperature range from − 10 ◦C to 80 ◦C at a heating rate of 
10 ◦C/min. The DSC provides information on the glass transition tem-
perature (Tg) of the coatings. 

2.6. Inhibitor release tests from coatings 

The coating systems with DMTD and DMTD/TiOx applied on 
AA2024-T3 in Table 1 were surface ground by 1000-grit paper during 
15 s, followed by exposure to 40 mL 0.05 M NaCl solution. This allowed 
direct exposure of the particles to the electrolyte by removing the top 
polymeric thin layer on the coating. The diameter of the circular 
exposed ground area is 1 cm. Samples of 3 mL were collected at different 
time points (1, 5, 15, 30, 60, 120, 240, 360, 1440, 2880, and 4320 min) 
and put back after each measurement to maintain a constant volume of 
release medium. The aliquots were tested in a UV–Vis spectrometer 

using a wavelength range from 700 nm to 200 nm. The absorbance at 
characteristic peak location of 328 nm was used to obtain the inhibitor 
concentration using the calibration curve in Supporting information 
Fig. S1. 

2.7. Wet/dry cyclic exposure tests 

A Roland EGX-350 engraver equipped with an end mill carbide tip of 
1 mm in diameter was used to create circular damage on the coated 
panel surface prior to immersion in electrolyte for the corrosion studies. 
Drills of 1 mm wide and 0.25 mm deep (i.e. well into the metallic sub-
strate) with respect to the coated surface were created without delam-
ination. The resulting chips from the engraved zone were removed by air 
blowing. The corrosion was evaluated with an in-situ optical electro-
chemical set-up as we described in previous works. [10,22] The scribed 
coating sample was mounted in a magnetic Raman electrochemical flow 
cell from Redox.me. This cell allows a total electrolyte volume of 4.5 mL 
and the use of a small Ag/AgCl (3 M KCl) reference electrode. The 
electrochemical cell was placed vertically in a Faraday cage on an op-
tical table from ThorLabs to avoid any electromagnetic and vibrational 
disturbances. The EPN signals are recorded with an Ivium Compactstat 
controlled by IviumSoft V2.86. The maximum range of the potentiom-
eter was set at ±1 V vs Ag/AgCl. The interval time between data points 
was set to 0.05 s (sampling frequency of 20 Hz) combined with a low- 
pass filter of 10 Hz. A Dino-Lite digital microscope was placed at the 
window side of the electrochemical cell. This allows obtaining high- 
resolution images every minute during exposure simultaneously to the 
Electrochemical potential noise (EPN) measurements as a function of the 
exposure time. Due to the 8-led ring light type of the microscope and the 
high roughness of the damage left by the engraver, the lightness of the 
images is not even on the damage (shadow can be seen). To eliminate the 
shadow, a coaxial light cap was equipped. The shadow was still not 
completely removed but mostly avoided. This will be further improved 
in future works. The electrolyte (0.05 M NaCl solution) was injected 
through side openings allowing the capturing of optical and electro-
chemical information right after exposure to the electrolyte. The optical 
analysis was conducted in ImageJ software as described in earlier works. 
[10,22] The technique is based on a pixel-by-pixel analysis of the pro-
gression of surface activity on the region of interest (ROI) over time. 
Images were converted to grey scale at an 8-bit resolution allowing the 
definition of 256 different levels of intensity between black and white. 
For both the exposed metal surface, i.e., damage and the surrounding 
coating, a static thresholding bin limit of 10 was used due to the small 
intensity changes. 

The wet/dry cyclic exposure tests were performed to study the active 
corrosion protection by inhibitors released from the coating to the 
scribed site under discontinuous immersion conditions. The tests consist 
of a process of 2 h exposure of damaged coating in 0.05 M NaCl solution 
and monitored by the above optical-electrochemical set-up. And then, 
the coating was taken out followed by gentle flashing in demineralized 
water, dry in N2, and placed in an ambient environment for 1 h. The 
coating was put back into the same set-up and started over the new 
cycles. In total, we performed 1 cycle on Epoxy coating without in-
hibitors, 3 cycles on Epoxy-DMTD coating and 3 cycles on Epoxy- 
DMTD/TiOx coating. After each cycle, the solutions were collected and 
used to obtain the inhibitor concentration in the same manner as 
explained in 2.6. The concentrations of DMTD released from a coating 

Table 1 
Coatings formulations as a function of Epikote™ 828 (phr = parts per hundred epoxy resin in weight), and the calculated inhibiting active component in wt% of the 
total coating dry weight and pigment volume concentration (PVC%) of inhibitor pigment. The weight of TiOx was ignored.  

Sample name Inhibitor pigment Inhibitor (phr) Inhibiting active component (wt%) PVC (%) Dry coating thickness (μm) 

Epoxy –  0  0  0 68 ± 3 
Epoxy-DMTD DMTD  25  13.7  10 70 ± 3 
Epoxy-DMTD/TiOx DMTD/TiOx 20 cycles  25  13.7  10 70 ± 3  
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without damage were also measured under the same conditions of 
exposure. To calculate the amount of DMTD released specifically due to 
the damage, the amount released from the damaged coating was sub-
tracted from the amount that could have been released from the same 
area of the intact coating. 

3. Results and discussion 

3.1. Gas-phase deposition of protective nanolayer on organic inhibitor 
microparticles 

Fig. 1a shows the negative effect of organic corrosion inhibitor mi-
croparticles (2,5-dimercapto-1,3,4-thiadiazole, DMTD) directly added 
into a chemically reactive epoxy-amine polymer network. In such 
polymers, the crosslinking process proceeds through nucleophilic attack 
of the amine on the oxirane groups leading to ring opening and a 
reticulated (crosslinked) polymer network. [23,24] In this environment, 
the thiol groups (-SH) in the DMTD organic molecule are deprotonated 
by the base amino groups to create highly nucleophilic thiolates (–S–) 
able to ring open the oxirane groups and disturb the crosslinking process 
through the formation of linear chains. [25] Such side chemical re-
actions ultimately affect the polymer properties (e.g. glass-transition 
temperature, Young’s Modulus, Stress at break, adhesion) but also the 
release potential of the corrosion inhibitors at damaged locations upon 
exposure to a corrosive electrolyte (e.g. NaCl solution). To prevent this 
negative reaction a TiOx (titanium oxide) nanolayer was deposited on 
the microparticles using a pulsed-chemical vapor deposition (CVD) 
process in a sequential approach as done in atomic layer deposition 
(ALD) processes. Fig. 1b shows a schematic of the CVD process in a 
fluidized bed reactor used in this work as explained in the Experimental 
section and Supporting Information in detail. In this process, the parti-
cles are fluidized (“floating”) in N2 and the chemical reactants are 
sequentially added to the fluidized particles with the N2 flow. For the 
proof of concept shown in this work, TiCl4 was used as the precursor to 
create the nanolayer. The precursor was chosen in order to obtain a 
nanolayer (i.e. TiOx) able to first impede the reaction with the sur-
rounding polymer matrix but then allow for inhibitor release through 
solubility in water. As the TEM-EDX images in Fig. 1b show, when 20 
cycles were used, a TiOx nanolayer of 20 to 30 nm was deposited on the 
surface of the organic microparticle. The immediate positive effect of the 
protective nanolayer (20 cycles) on the DMTD microparticles compati-
bility with the epoxy-amine polymer matrix can be seen in Fig. 1c, where 
the nanolayer led to an improved degree of particle dispersion as seen by 

the absence of the agglomerates visible in Fig. 1a, and the uniform 
orange-like coloration associated with DMTD microparticles. 

Fig. 2 shows TEM-EDX mappings of DMTD/TiOx particles, the 
presence of TiOx layers on DMTD surface and Ti atomic percentage 
increasing with deposition cycles. The TEM-EDX images show the effi-
cient deposition of a 20–30 nm TiOx layer on the inhibitor microparticle 
(identified with the S marker) after 20 cycles. This suggests the nano-
layers were formed through a chemical vapor deposition (CVD) process 
rather than atomic layer deposition (ALD) despite an alternating supply 
of the gas phase reactants with N2 purging in between was used instead 
of continuous reactant supply without purge. As a result of a non- 
optimized process, the fluidized bed reactor was operated at low tem-
perature, which allows excess amounts of reactants (TiCl4 and H2O) to 
adsorb onto hygroscopic DMTD surfaces and react during the subse-
quent reaction. 

Fig. 3a shows the particle size distribution of the organic micropar-
ticles which did not change after 20 cycles gas phase deposition process. 
When more deposition cycles were employed (30 or 40 cycles), no sig-
nificant differences in the nanolayer (Fig. 2a) and particle size distri-
bution (2–8 μm) were found. Nevertheless, at 60 cycles, particle 
agglomeration resulted in an increased particle size and particle distri-
bution (2–12 μm). This is attributed to the hygroscopic nature and low 
temperature used during the gas phase deposition process. The chemical 
compositions of DMTD/TiOx particles were characterized by XPS. Sup-
porting Information Fig. S2 shows the two peaks at around 458.5 eV and 
464.5 eV reflect the doublet state of Ti2P (i.e., Ti 2p3/2 and Ti2p1/2) 
[26] although the oxidation states vary with cycle numbers, suggests the 
uneven growth of TiOx especially at high cycle numbers, which is cor-
responding with the bigger particle size obtained at high cycle numbers 
from PSD analysis as shown in Fig. 3a. As seen in Fig. 3b, the normalized 
intensities of S2p and C1s peaks of the bound thiol (BE = 161.9 eV) 
increase while that of N=C-S bound (BE = 286.6 eV) decrease after 
deposition. [27] This suggests the formation of Ti-O(–Ti)-S at the 
interface between TiOx and DMTD. Considering the limited detectable 
depth of XPS (5 nm), the thickness of the TiOx layer might not be uni-
form across the DMTD particles. This possibility of the island growth is 
evidenced by our TEM-EDX results as shown in Fig. 1b in which islands 
are visible on the DMTD/TiOx particles. Future research focuses on shell 
optimization should lead to strategies to avoid this phenomenon. Lower 
cycles (<10) were not investigated in this proof-of-concept work due to 
the observed limited effect of the number of cycles on the particle size 
distribution, nanolayer thickness, chemical composition, and dissolu-
tion kinetics of the microparticles (Supporting Information Fig. S1b) but 

Fig. 1. (a) Micrographs show the poor dispersion of the organic (DMTD) microparticles in an organic (epoxy-amine) polymer network. The red lines in the mi-
crographs indicate locations of inhibitor agglomerates resulting from the reaction between the organic particle and the surrounding matrix; (b) Schematic illustration 
of the gas-phase deposition process of a protective nanolayer on organic corrosion inhibitor microparticles in a fluidized bed reactor. Image inserts show TEM-EDX 
images of a 20-30 nm TiOx nanolayer deposited on an organic corrosion inhibitor particle after 20 cycles; (c) Micrographs show how a deposited nanolayer around 
the organic particles improves the dispersion quality of the particles in an organic polymer network. The green lines in the bottom micrograph indicate the locations 
of some inhibitor particles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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will be objective of study in future works. 

3.2. Effect of protective nanolayer on inhibitor-organic coating interaction 

To further prove the benefit of the nanolayer around the organic 
inhibitor in reducing its interaction with the organic coating, thermal 
gravimetry analysis (TGA), differential scanning calorimetry (DSC), and 
Ultraviolet–visible spectroscopy (UV–Vis) analysis were performed in 
order to ascertain the effect on polymer film degradation (TGA), glass 
transition temperature (Tg) and inhibitor release kinetics. 

As can be seen in Fig. 4a, the thermal degradation profile of the 
pristine epoxy coating can be differentiated into three stages: first stage 
(showing a drop followed by a pseudo-plateau up to 300 ◦C) with 20 % 
mass loss attributed to the loss of low molecular weight components; 
second stage (300-450 ◦C) with around 55 % mass loss attributed to the 
degradation of epoxy-amine crosslinking networks; and a third stage 
(above 450 ◦C) due to the carbonization of residuals. [28] When intro-
ducing unmodified DMTD into the epoxy coating, the onset degradation 

temperature of the Epoxy-DMTD coating was increased from 100 to 
150 ◦C, suggesting that the excessive epoxy or/and amine monomers are 
stabilized by the reaction with DMTD in a thiolate-oxirane ring opening 
reaction process. However, the reaction between DMTD and the epoxy 
matrix also results in massive weight loss during first and second-stage 
degradations likely due to the expected weaker bond formation (S–C 
vs C–C) and lower crosslinking density. DSC analysis further supports 
this idea as the mid-point glass transition temperature (Tg) of the epoxy 
matrix decreased from 44 ◦C to 19 ◦C when the untreated DMTD par-
ticles were added to the epoxy-amine coating (Fig. 4b). A different effect 
is observed when the coated DMTD particles (DMTD/TiOx particles) are 
used. In this case the coatings exhibit similar thermal stability as the 
pristine epoxy coating matrix. The only difference is the disappearance 
of the flat stability stage at 350 ◦C, which is attributed to the lower 
thermal stability of side DMTD-Epoxy groups compared to a full epoxy- 
amine network. In addition, compared to the pristine epoxy matrix, the 
glass transition temperature dropped from 44 ± 0.5 ◦C to 32 ± 0.5 ◦C. 
This shows still some reactivity probably due to non-perfect particle 
coverage, but 13 ◦C lower Tg drop than without the protective nano-
layer, as seen in Fig. 4b. The results, even for these non-optimized sys-
tems, confirm the protective effect of the TiOx nanolayer on DMTD 
leading to a reduced reactivity with the surrounding epoxy matrix and 
having a lower negative effect on the overall coating performance. 

In order to study the effect of the TiOx nanolayer on the availability 
of DMTD in the presence of water (release of DMTD from the polymer in 
an aqueous corrosive media), the surface of Epoxy-DMTD and Epoxy- 
DMTD/TiOx coatings were ground with 1000 grid sanding paper, and 
exposed to 0.05 M NaCl solution for 3 days. This allowed direct exposure 
of the particles to the electrolyte by removing the top polymeric thin 
layer on the coating. UV–vis measurements of aliquots taken in time and 
the use of a calibration curve allowed quantifying the DMTD release in 
time. Fig. 4c illustrates the release profile and provides a schematic 
representation of water ingress and inhibitor release of these coatings. 
The Epoxy-DMTD/TiOx coating shows higher inhibitor release over time 
compared to the Epoxy-DMTD coating, which is in agreement with the 
lower negative interaction between the DMTD and the coating matrix. It 
should be noted that, in anticorrosive coatings, an initial fast inhibitor 
release leading to a minimum local concentration able to protect the 
metal is needed since the initial dealloying of AA2024 happens within 5 
min. [22] The desirable coatings therefore rely on a release profile that 
commences with an initial rapid release followed by a continuous long- 
term release. [10,29] For the Epoxy-DMTD/TiOx coating, 50 % of the 
present DMTD can be released within the initial 2 h and is followed by a 
sustained (slower) release until plateau at 3 days exposure having 
reached 65 % release of the available DMTD. This can be attributed to 

Fig. 2. (a) TEM-EDX mappings, (b) atomic elements compositions of DMTD/TiOx particles at 20, 40 and 60 deposition cycles, and (c) thickness profile which is 20 to 
30 nm of TiOx 20 cycles layer on DMTD. Notes: DMTD particles are easily damaged under the electron beam of TEM which shows as “hollow” particles in EDX 
mappings. The scale bars in EDX are 500 nm. Mappings of S show the presence of DMTD particles. Mappings of Ti represent the success of TiOx deposition. 

Fig. 3. (a) Confocal microscope images and particle size distributions of DMTD, 
fluidized DMTD, and gas-phase deposited DMTD particles at 20 to 60 cycles. 
Scale bar: 20 μm. And S2p (b) and C1s (c) XPS spectra of DMTD/TiOx 20, 
DMTD/TiOx 40, and DMTD/TiOx 60 show the interaction of TiOx depositions 
with S in the substrate. 
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the unavailability of the DMTD particles to water in relatively thick 
polymer films used in this test (70 ± 3 μm) but also to the partial 
reactivity between DMTD and the epoxy matrix indicated in Section 3.1. 
In contrast, the release of DMTD from the Epoxy-DMTD coating reaches 
a plateau at 40 % already within 2 h exposure to electrolyte. This lower 
release from the Epoxy-DMTD coating is attributed to the strong inter-
action between DMTD and the epoxy-amine matrix resulting from side 
reactions in absence of a protective nanolayer. 

This effect becomes evident when analysing the polymers after 
exposure. In Fig. 5 it can be seen how the use of TiOx nanolayers led to 
higher particle dispersion and a higher amount of smaller black dots 
related to holes created upon inhibitor dissolution, in good agreement 
with higher release fractions in Epoxy-DMTD/TiOx coatings due to the 
TiOx layer protection. While the Epoxy-DMTD/TiOx coating does not 
reach the theoretical maximum release (98 % considering the TiOx 
layer), it is still significantly higher than for Epoxy-DMTD coatings (65 
% vs 40 %). In addition, the total releasing period increased from 2 h to 

3 days when replacing pristine DMTD with DMTD/TiOx, which is 
beneficial for protecting newly exposed areas and prolonging corrosion 
protection. 

3.3. Effect of protective nanolayer on active corrosion protection at 
damaged coatings under wet-dry cyclic exposure 

In an active anticorrosion coating system, it is generally accepted 
that the protection at corrosion-inhibited locations will be ultimately 
lost under more aggressive exposure conditions, such as wet-dry cyclic 
exposure. This decline in corrosion inhibiting power is generally related 
to a reduction in the inhibitor supply from the coating and indirectly 
implies that the created inhibiting layers may not be sufficiently stable 
or robust, thereby failing to guarantee prolonged protection of the metal 
without a constant supply of inhibitor. Even if the stability of inhibiting 
layers is a largely unexplored concept, it is now known that inhibitor 
layers created from 1 mM DMTD/0.05 M NaCl solutions on AA2024-T3 

Fig. 4. (a) TGA and (b) DSC analysis of Epoxy, Epoxy-DMTD, Epoxy-DMTD/TiOx coatings; (c) Release profile and schematic diagram of DMTD release from coatings 
exposed to 0.05 M NaCl solution over 3 days from Epoxy-DMTD and Epoxy-DMTD/TiOx coatings. The release profile shows the average of several measurements 
(line) and the standard deviation (color band). The schematic diagram shows the cross-section of the coatings in two stages: the first stage from 0 to 2 h, representing 
a rapid initial release of the DMTD inhibitor, and the second stage from 2 h to 3 days, indicating a prolonged, long-term release in the case of Epoxy-DMTD/ 
TiOx samples. 
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show high levels of stability during cyclic wet/dry re-exposure to 0.05 M 
NaCl solutions. [30] 

In order to study the impact of the TiOx nanolayer (20 cycles) on the 
active corrosion inhibition at damaged locations (circular damage with 
Ø = 1 mm, 200 um penetration into the metal) given by DMTD-loaded 
coatings, a detailed study under wet/dry cyclic exposure conditions was 
performed. Herein, a single wet-dry cycle exposure represents a 2 h 
exposure to 0.05 M NaCl solution followed by a 1 h drying process. The 
exposure time to electrolyte was determined based on the release ki-
netics study shown in Fig. 4c wherein most of the inhibitor has been 
released from the grind coating in the first 2 h of exposure. During a 
maximum of 3 cycles of exposure, the coating damages were monitored 
with an in-situ hyphenated electrochemical (electrochemical potential 
noise) and optical (image reflectometry) home-built setup as described 
in the experimental section. The electrochemical potential noise (EPN) 
signals and original optical images at the start and the end of exposure 
during each cycle are shown in the supporting information Fig. S3. 
Without post-treatment, the optical images obtained during immersion 
do not allow differentiation during exposure thereby requiring image 
processing to extract quantitative information. Hence, the surface 

activity at the exposed metal and at the surrounding coating matrix are 
extracted from the optical images by a pixel-by-pixel changes analysis 
implemented in ImageJ software as described in our previous works. 
[10,22,30] Fig. 6 and Fig. 7 illustrates the resultant surface global ac-
tivity maps (GAM) and quantified activity plots for the metal damage 
site, and local post-mortem images of the damage captured by a confocal 
microscope for the reference Epoxy coating and DMTD-loaded coatings. 

As seen in Fig. 6, an epoxy coating without DMTD rapidly shows the 
appearance of local activity (within the first minute of exposure) which 
progresses to a surface area coverage of the damaged location of around 
20 % after 2 h exposure. The progression of the local activity is relatively 
fast and goes from 2.0E-03 % s− 1 during the first hour to a slightly faster 
process 3.1E-03 % s− 1 after 1.5 h exposure (Fig. 8) in good agreement 
with dealloying at intermetallic particles followed by trenching. [22] 
The corresponding EPN signal (Fig. S3) can be regarded as typical for the 
corrosion of AA2024-T3, which shows lots of short transients and ends at 
-431 mV vs Ag/AgCl, well in line with the corrosion potential of AA2024 
at thermodynamic equilibrium after intermetallic particles (IM) deal-
loying and trenching. [31] These results are in good agreement with the 
local post-mortem image (Fig. 6b) which shows a large extent of 

Fig. 5. The images of Epoxy-DMTD and Epoxy-DMTD/TiOx coatings before and after the release tests made by confocal microscope. The black points in the third 
column represent the locations left by the release of DMTD which indicates a larger and homogeneous release from Epoxy-DMTD/TiOx coatings. Scale bar: 100 μm. 

Fig. 6. (a) Optical image, (b) local post-mortem image, and (c) Surface activity plots, activity map at the damage and coating area for damaged Epoxy coating during 
2 h exposure in 0.05 M NaCl solution. The diameter of the circle in the activity map is 1 mm. The minimum activity on the coating area indicates there was only 
coating delamination on this coating. 
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corrosion within 2 h of exposure (1 cycle). 
A different behavior is observed for coatings containing DMTD in the 

first cycle of exposure. Fig. 7a shows that both Epoxy-DMTD and Epoxy- 
DMTD/TiOx coatings exhibit low-level surface activities at the metallic 
surface (low-intensity corrosion activities at <2 % surface coverage). 
Additionally, the progression of the surface activity is significantly 
slower than for the uninhibited system, with Epoxy-DMTD <5.0E-04 % 
s− 1 and Epoxy-DMTD/TiOx one extra order of magnitude slower <7.0E- 
05 % s− 1, as shown in Fig. 8, in good agreement with the local post- 

mortem images of the damage (Fig. 7a) showing no signs of corrosion 
(no local dark spots). The EPN of Epoxy-DMTD and Epoxy-DMTD/TiOx 
coatings in Fig. S3 are both smooth (no transients) with increase and 
decrease events and ended with a more negative EPN value (-556 mV 
and -778 mV respectively) compared with the coating without DMTD. 
The decrease of the potential and absence of potential transients is a 
clear indication of the interaction of DMTD at the metallic surface pre-
venting local dealloying. These results indicate DMTD is able to come 
out from both Epoxy-DMTD and Epoxy-DMTD/TiOx coatings and 

Fig. 7. Figure shows the quantified surface activity plots (left-top), optical images (right-top), local post-mortem images (left-bottom) and global activity maps 
(GAM; right-bottom) at the exposed metal surface at the damage location at the end of wet-dry cycle 1 (a), cycle 2 (b) and cycle 3 (c) for Epoxy-DMTD (blue) and 
Epoxy-DMTD/TiOx (red) coatings. The diameter of the damage hole in the GAMs is 1 mm. The sector with a dashed outline on the activity map of the third cycle (in c) 
of the Epoxy-DMTD represents a non-quantifiable location due to the presence of an air bubble and has therefore been omitted from the analysis. Scale bars in optical 
images and activity maps are 200 μm. The color bars in the GAMs show the activity intensity increase where yellow is low intensity and red is high activity. The 
Epoxy reference showing massive activity is shown in the Fig. 6. The activity maps and plots show the reduction of the local activity (corrosion) when using the 
organic inhibitors coated with a TiOx nanolayer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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protect the exposed metal area at the first cycle even if in a more effi-
cient manner in the case of the coating containing DMTD coated with a 
TiOx nanolayer (Epoxy-DMTD/TiOx). 

Differences between the two inhibited coatings become more 
obvious during the second cycle (Fig. 7b). The surface activity of Epoxy- 
DMTD coating at damage shows surface activity propagation kinetics 
comparable to the uninhibited system (Fig. 7b and Fig. 8): 2.0E-03 % s− 1 

in the first half an hour indicating activation of local degradation, fol-
lowed by a slowing down of the process to 5.0E-04 % s− 1 during the 
subsequent hour likely due to the effect of inhibitor release or inhibiting 
layer healing, [28] and finally increasing again to 1.5E-03 % s− 1 as an 
indication of reactivation of the corrosion process leading to a surface 
coverage around 9.5 % at the end of the second cycle (Fig. 7b). In very 
good agreement with this, the EPN signal shows potential noise tran-
sients in the initial 1800s (30 min) and turns to smooth signal reaching a 
potential value of -600 mV (Fig. S3). These findings, together with the 
post-mortem image showing the presence of some pits and oxides 
(Fig. 7b), validate the loss of full protection provided by the Epoxy- 
DMTD coating during the second cycle. 

The Epoxy-DMTD/TiOx coating on the other hand, initially shows a 
similar surface activity kinetics (Fig. 8, k = 1.0E-03 % s− 1 during first 30 
min) yet rapidly followed by an activity plateau reaching a maximum of 
1.7 % surface coverage, still within the boundaries of intermetallic 
particle surface coverage. [22] The EPN again shows some noise tran-
sients in the first 1800s attributed to local dealloying or/and local 
breakdown of the inhibiting layer followed by a slow smooth decrease 
indicative of inhibitor repassivation as shown in Fig. S3. The post- 
mortem image (Fig. 7b) after the second cycle confirms these mea-
surements with minor dealloying at some intermetallic particle sites. 

During the third wet-dry cycle, the inhibited Epoxy-DMTD and 
Epoxy-DMTD/TiOx coatings show analogous behavior to that shown in 
cycle 2 in terms of surface activity (Fig. 7c) and EPN signal (Fig. S3). An 
increasing surface activity with the immersion time observed in the 
Epoxy-DMTD sample indicates a progression of the local corrosion 
attack even if still at a slower pace than in the uninhibited coatings. The 
Epoxy-DMTD/TiOx coating on the other hand shows again a fast activity 
during the first half hour of immersion followed by a very slow pro-
gression of surface activity and EPN stabilization (Fig. S3, Fig. 8) to 
reach a remarkably low surface activity coverage below 2 % (Fig. 7c). 
These results demonstrate the advantageous use of a protective thin 
nanolayer around the organic corrosion inhibitor to induce sustained 
and efficient corrosion protection at damaged sites. 

3.4. Effect of protective nanolayer on the release mechanism responsible 
for sustained protection 

The above results clearly demonstrate that gas-deposited protective 
nanolayers on DMTD reduce the negative interaction with the sur-
rounding polymer matrix, improve inhibitor release and enable better 
corrosion inhibition. To unveil the mechanism that allowed comparable 
initial corrosion protection behavior in the two inhibited coating sys-
tems and clear differences after the first wet-dry cycle a dedicated 
release-to-protection analysis was made. 

In the studied coatings, the corrosion inhibitors have two paths to 
release and protect the damage: (i) through the path created during 
water ingress on the coating surface, and (ii) from the sidewalls at the 
damage location. The contribution of the former is clearly detectable 
during the wet exposure monitoring and global activity maps of the 
coating. 

Fig. 9a shows the related activity (maps and plots) localized and 
quantified at the surrounding coating matrix around a damage location 
at the end of each cycle for Epoxy-DMTD and Epoxy-DMTD/TiOx coat-
ings. Local activity appears homogeneously distributed on the two 
coatings surfaces, even though this is more evident, intense and growing 
in time in the case of the Epoxy-DMTD coating. The low local activity 
observed for the Epoxy-DMTD/TiOx coating suggests a low contribution 
of the exposed top surface to the inhibitor release. This coating activity 
appears different from the activity reported in our previous work with 
high pigment volume concentration loading (30 %) where water ingress 
from the damage walls and subsequent inhibitor dissolution and trans-
port to the damage location appears as local activity rings progressing 
outwards from the damage location. [10] The absence of such activity 
rings in this work suggests that in the studied coatings, no clear inter-
particle connection paths governing lateral release at the damage loca-
tion are present, as expected for the relatively low pigment volume 
concentration used (10 %). 

To quantify the DMTD release from the damage wall and from the 
top surface, UV–Vis release studies with an intact coating and a damaged 
coating were performed in steps of 2 h as in the wet-dry cyclic testing. 
Fig. 9b shows an overview of the DMTD release amounts for the Epoxy- 
DMTD and Epoxy-DMTD/TiOx from coating and from damage for each 
cycle. In agreement with the global activity maps (Fig. 9a), for the 
Epoxy-DMTD coating the majority of the DMTD is released from the 
coating surface through water diffusion, not from the damaged polymer 
walls. This is maintained during the three cycles, yet with decreasing 
DMTD release. 

During the first cycle, the Epoxy-DMTD/TiOx coating released twice 
the amount of DMTD compared to Epoxy-DMTD, with half of the release 
coming from the damage coating walls. The same release contribution 
was observed in the subsequent 2nd and 3rd cycle, yet with lower in-
hibitor release due to depletion and/or diffusion restrictions. 

Fig. 9b shows that in the first cycle, approximately 0.05 mM and 0.1 
mM DMTD were released from the Epoxy-DMTD and Epoxy-DMTD/TiOx 
coatings, respectively. Inhibitor release in these cases comes from the 
intact top surface of the coating and the walls of the induced hole. The 
amount of inhibitor released directly from the intact top surface (around 
0.05 mM in both cases) is significantly lower than that for coatings that 
have been surface damaged by sandpaper grinding as shown in Fig. 4c 
(with 1.7 mM for Epoxy/DMTD and 2.2 mM for Epoxy-DMTD/TiOx for a 
comparable exposure area of 2.5 cm in diameter). Such a release dif-
ference confirms the reduced reaction in the case of a protected DMTD 
with a gas-deposited nanolayer and the higher release for such samples 
in the presence of damage (i.e. hole in this work). As observed in Fig. 7a, 
the exposed metal surface at the hole remains protected in both cases in 
this first exposure cycle. This indicates the inhibitor amounts released 
are sufficient for corrosion protection. This is confirmed by the results 

Fig. 8. Surface activity kinetics at the damage every half hour for 1 cycle Epoxy, 3 cycles Epoxy-DMTD and 3 cycles Epoxy-DMTD/TiOx coatings exposure.  
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shown in Fig. S4 demonstrating that the minimum required concentra-
tion of DMTD in the electrolyte to protect a Ø = 1 mm damage on an 
Epoxy coating is 0.05 mM. 

In the second and third cycle, the Epoxy-DMTD coating exhibited 
some dealloying and trenching on the intermetallic particles as shown in 
Fig. 7b, whereas Epoxy-DMTD/TiOx coating did not display any 

significant signs of corrosion. During the second cycle, roughly 0.02 mM 
of DMTD was released from Epoxy-DMTD, and 0.03 mM was released 
from Epoxy-DMTD/TiOx coating. Even a bit less during cycle 3. As 
shown in Fig. S4, the damage on an Epoxy coating can be protected with 
at least 0.05 mM in 0.05 M NaCl solution. However, once the samples 
were re-exposed to a fresh 0.05 M NaCl solution without DMTD, only the 

Fig. 9. (a) Surface activity plots and global activity maps at coating areas around a damage location at the end of each cycle for Epoxy-DMTD and Epoxy-DMTD/TiOx 
coatings. For each exposure period, fresh 4.5 mL 0.05 M NaCl solution was used. The diameter of circles in activity maps is 1 mm. Figure shows the higher level of 
homogeneous activity due to water ingress and inhibitor dissolution in the Epoxy-DMTD coating. Despite the lower activity the Epoxy-DMTD/TiOx coatings showed 
higher inhibitory effect. (b) Concentrations of DMTD released into 4.5 mL 0.05 M NaCl solution from an intact coating and from a coating with a damage for Epoxy- 
DMTD and Epoxy-DMTD/TiOx coatings during 3 cycles; (c) Proposed mechanism for the release of DMTD from Epoxy-DMTD and Epoxy-DMTD/TiOx coatings, and 
the stability of corrosion inhibition throughout 3 exposure cycles. 
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sample pre-exposed to 0.1 mM DMTD solution did not show any sign of 
corrosion (Fig. S4, second column), indicating a higher inhibiting layer 
stability. This supports the idea that despite the inhibitor release for the 
Epoxy-DMTD/TiOx coating in the second and third cycles being below 
protection levels, the surface is still protected due to a higher stability of 
the inhibiting layer created at a 0.1 mM concentration during the first 
cycle and the extra inhibitor released from the coating. These results 
support the idea demonstrated in our previous work [30] that finding 
methods to make the inhibiting layer more stable can contribute to the 
development of more efficient anti-corrosion systems, even when the 
inhibitor supply from the coating is reduced in time. Moreover, the 
continuous release at the second and third cycles is also beneficial for 
keeping the stability of the DMTD layer. 

Fig. 9c schematizes the release and protection at damaged sites in the 
absence of a protective nanolayer (Epoxy-DMTD) and in the presence of 
a gas-phase deposited nanolayer around the DMTD (Epoxy-DMTD/ 
TiOx). Supporting Information Fig. S5 presents the cross-sectional mi-
crographs of both coatings. The cross-section images reveal an enhanced 
dispersion of inhibitor particles due to the protective nanolayer, 
consistent with what is observed in the top view of the coatings shown in 
Fig. 1. Fig. 9c illustrates how the nanolayer allows a better homogeneous 
particle dispersion, with a higher content of available DMTD inhibitor 
due to reduced reaction with the surrounding matrix that in turn allows 
for fast formation of stable inhibiting layers and sustained release of 
corrosion inhibitors to allow for sustained local corrosion protection. 

4. Conclusions 

In this work, gas-phase deposition in a fluidized bed reactor is pre-
sented as a method to modify the surface of organic corrosion inhibitor 
particles to prevent their interaction with the epoxy-amine coating 
matrix. TEM of surface-modified inhibitor particles confirms the depo-
sition of a nano-thin TiOx layer on the surface of DMTD particles. The 
modified particles were incorporated in highly reactive epoxy-amine 
coatings. Optical images, thermal analysis and release tests show that 
a 20 nm nanolayer can effectively improve the particle dispersion and 
reduce the reaction between DMTD and epoxy-amine matrix. Further-
more, the effect of the nanolayer on the corrosion protection of damaged 
coating locations exposed to wet/dry cycles was evaluated by in-situ 
optical-electrochemical tests. The local image reflectometry coupled 
with electrochemical potential noise and release tests demonstrated that 
using a gas phase deposited nanolayer around the organic microparti-
cles, not only improves dispersion but improves inhibitor release and 
efficient long-term protection at damaged locations exposed to wet- 
wash-dry cycles. The results highlight the importance of sufficient 
release from the damage sites at the first cycle to (i) offer direct pro-
tection but also (ii) stable inhibiting layers during reimmersion, a new 
paradigm in corrosion protection with inhibitors. 

Overall, this work specifically tackles the enduring challenge of 
incorporating effective organic corrosion inhibitors into organic coat-
ings without triggering unwanted reactions and paves the way for uti-
lizing highly reactive yet functional organic particles with functions 
such as corrosion inhibition, painkilling, sensing, antifouling, antibac-
terial, or luminescence in polymers across a wide array of applications. 
Although these initial results are promising, there is a wealth of poten-
tial for further improvements in organic particle selection, nanolayer 
composition, cycle optimization, and specific process parameters. 
Furthermore, while gas-phase deposition demonstrates potential in 
controlling inhibitor release and enhancing coating properties and 
effectiveness through precise deposition layer growth, it requires further 
refinement compared to traditional wet chemistry methods, particularly 
in terms of reducing process complexity, enhancing cost-efficiency, and 
scaling up. 
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