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Tailored cerium phosphate/silica hybrid epoxy for
enhanced corrosion protective coating+

*a,b

Nithyaa Jayakumar®® and Nishanth Karimbintherikkal Gopalan

The current study focuses on finding a viable and sustainable alternative to hazardous chrome-based pig-
ments commonly used in organic anticorrosive coatings. We investigated the effectiveness of cerium and
phosphate precursor modified conventional silica through a simple synthetic route. The synthesised
pigment was further surface-modified with aminopropyl trimethoxy silane to improve its interaction with
the epoxy binder. The resulting silane functionalised hybrid pigment-reinforced epoxy coating has a resis-
tance of 9.91 x 10° Q cm?, two and five orders of magnitude higher than those of silica—epoxy and bare
epoxy coatings, respectively. Also, it shows a hydrophobic contact angle of 100°, which further enhances
the barrier properties. Continuous electrochemical impedance spectroscopy (EIS) was used to examine
coating performance with and without artificial defects. The results showed improved performance com-
pared to commercial chrome-based pigments and an active protection mechanism. Our study presents a
reliable, inexpensive, and healable approach using conventional silica particles to prevent steel corrosion

rsc.li/rscapplpolym in saline media.

Introduction

Intense research is persisting on sustainable coatings to meet
the challenging requirements for protecting valuable metal
resources. Also, sustainable anticorrosive coatings are vital for
environmental conservation. An array of resins combined with
highly effective anticorrosive pigments can offer an extensive
range of benefits, such as self-healing and hydrophobicity.
Traditional methods for corrosion prevention rely on chrome-
based systems, which can be detrimental to the environment.
In contrast, sustainable coatings are designed to decrease
environmental impact. Silica delivers a wide range of function-
ality and superior performance in multiple fields, such as cata-
lysts, fillers, electronics, and sensors.’ Silica is a valuable
material for the coating industry due to its non-toxic nature
and ability to significantly enhance the mechanical properties
of organic coatings, such as strength, fracture toughness, and
scratch/creep resistance. Its refractive index closely matches
that of the polymer matrix, allowing for the creation of trans-
parent coatings. Silica incorporation also results in enhanced
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film formation, rheological control of the coating, and
improved gloss properties.” When silica is incorporated with
other active inorganic pigments, the hybrid can upgrade the
efficiency of barrier coatings.*™

Several studies have experimented with different combi-
nations of silica with other materials to achieve hydrophobi-
city. For instance, silica nanoparticle (~20 nm) crafted boro-
silicate (~500 nm to 1.5 pum) in an epoxy matrix,® cetyltri-
methoxysilane treated silica-silicon carbide particles in
epoxy,” silica-perfluorodecyltriethoxysilane in a polyurethane
matrix,® 2-methylimidazolezinc salt-micro/nano-sized silica®
and perfluorodecyltriethoxysilane-silica with tea polyphenol®
were reported as superhydrophobic anticorrosive coatings.
However, there are limitations, such as tedious synthetic pro-
cedures, high costs, or difficulty scaling up materials with
enhanced corrosion protection.

The combination of silica with diverse inorganic or
organic elements in several polymer matrices has been exten-
sively studied for essential anticorrosive properties for centu-
ries. The use of conducting polymer-silica hybrid pigments
also evolved as one of the strategies for efficient anticorrosive
coatings.>™ ™ In recent past, silica-hexamethyldisilazane
and zinc oxide," 1H-benzotriazole and 5-phenyl-1H-tetrazole
inhibitor loaded silica,"> carboxy-betaine salicylate-silica,®
husk-derived  silica-polypyrrole,’”  and silica-graphene
oxide'®'® have been reported for durable anticorrosive
coating. These recent articles suggest the crucial role of
silica in the coating formulation for self-healing
functionality.
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Literature reports suggest that there is a requirement for an
improved alternative to the current chrome-based and heavy
metal-based pigments. Numerous research studies have been
conducted on inorganic inhibitors that prevent corrosion.
Anionic inhibitors, such as phosphates, molybdates, vana-
dates, chromates, tungstates, and nitrates, play a crucial role
in this process. Phosphates are the most extensively studied
system due to their efficient replacement of chloride ions and
ability to form a phosphate conversion coating on a bare metal
surface, which is hardly soluble and highly adsorbed. This
non-conductive phosphatisation layer provides corrosion inhi-
bition and a strong base for applying a strongly adhesive
organic coating. Phosphate-based systems are considered
economical, less toxic green inhibitors and an alternative to
chromate-based systems.?®*' Recently, cerium has been com-
bined with a phosphate system to create efficient fillers in pro-
tective organic coating systems, providing synergistic cathodic
and anodic protection.***?

The objective of the present study is to propose a simple
synthetic method to transform conventional silica into an
active anticorrosive pigment using cerium and phosphorus
precursors. This process offers a promising alternative to the
prevailing anticorrosive pigments, such as strontium chro-
mate, zinc chromate, and zinc tetroxy chromate systems.
Furthermore, fluorine-free silane functionalisation enhances
the  polymer-pigment interaction and  hydrophobic
surface.”*>® The ultimate aim of the present work was to
achieve cost-effective transparent hydrophobic multifunctional
epoxy coatings that could have great potential in anticorrosive
coating formulations. With the aid of EIS and XPS, systematic
and scientific evaluation was performed to address the protec-
tion mechanism.

Experimental section
Materials

Cerium nitrate hexahydrate (99.9%), ammonium dihydrogen
phosphate (>98%) and y-aminopropyl triethoxysilane 99.9%
(APS) were purchased from Sigma-Aldrich; n-butyl alcohol and
sodium chloride were purchased from Merck; epoxy and polya-
mide hardener were purchased from Aditya, India, steel; and
precipitated silica was locally purchased.

Hybrid pigment preparation

A hybrid of cerium phosphate (CP) and silica pigment was pre-
pared via the wet chemical method (Fig. 1a). After dispersing
silica in cerium nitrate hexahydrate solution (0.05 M),
ammonium dihydrogen phosphate solution (0.05 M) was
added dropwise under stirring. Two wt% of CP precipitated
over silica and was labelled as CP-SiO,. The pH of the reaction
mixture was adjusted to 8 by adding ammonium hydroxide
solution. The reaction mixture was kept at room temperature
for 24 hours for ageing. The hybrid pigment was centrifuged
and washed with distilled water to attain a neutral pH and
dried at 60 °C.
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Fig. 1 Schematic illustration of (a) CP-SiO, preparation and (b) functio-
nalisation of CP-SiO,.

Surface modification of the hybrid pigment

The prepared hybrid pigment was functionalised with APS.
Hydrolysis reaction was performed with 95 ml ethanol, 5 ml
water, and 0.5 ml APS, and stirred at 300 rpm for 2 h at room
temperature. The pH of the reaction was adjusted to 2 by
adding hydrochloric acid. The hybrid pigment (1 g) was added
to the reaction mixture, and the pH was adjusted to 9, using
an ammonia solution. The solution was stirred for 3 h to
achieve surface modification over the pigment. The surface-
modified pigment was collected by centrifugation (6000 rpm),
washed with distilled water and ethanol, and dried at 60 °C.
The surface functionalized hybrid pigment is labelled as
fCP-SiO,, and a schematic representation of surface modifi-
cation is shown in Fig. 1b.

Coating preparation

Steel coupons with 4 x 3 cm dimensions were polished with
sandpaper (grit size: 220, 320, 400, 600, 800 and 1000). The
coupons were washed in distilled water and degreased with
acetone via ultrasonic vibration.

The pigment was dispersed in n-butyl alcohol, and commer-
cial epoxy and polyamide curing agents were added in
sequence. The epoxy, solvent, and hardener ratio was fixed at
2:2:1. The resultant coating solution was coated on the
cleaned coupon using a dip-coating instrument with a dipping
rate of 80 mm min~" and 1 min immersion time. Eventually,
the coating was cured at room temperature for 24 hours. In a
similar procedure, silica (5, 10, and 15 wt%) and a 10 wt% of
hybrid pigment embedded commercial
matrix was prepared.

epoxy-polyamide

Techniques

Commercial silica and hybrid pigment composition were ana-
lysed by powder X-ray diffraction (PXRD) using a Philips X'pert
Pro diffractometer from 26 = 5° to 70° with Cu Ka as a radi-
ation source. A Bruker Alfa-E Fourier transform infrared
(FT-IR) spectrometer was used to confirm the hybrid formation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and surface functionalisation using a spectral range of
4000-400 cm™" with a resolution of 4 cm™ in the attenuated
total reflection (ATR) mode. The thermal properties of the
pigment were examined using a thermogravimetric analyser
(TG-DTA 6200, SII Nanotechnology Inc.). Pigments were heated
from 30 to 1000 °C under a N, atmosphere at a 5 °C min™"
heating rate and a N, flow of 150 mL min~ % N, adsorption-de-
sorption isotherms were plotted using a Micromeritics Tristar
analyser. The microscopic investigation was performed using
Field emission scanning electron microscopy (FESEM, JEOL
JSM5600 model) and high-resolution and transmission electron
microscopy (HRTEM; FEI Tecnai 30 G2 S-TWIN microscope, The
Netherlands). The pigments were outgassed under vacuum at
200 °C for 3 h. Constant temperature and pressure ranged from
0.01 to 0.99, and data were collected by admitting or removing
N, gas over the pigment. The specific surface area was calcu-
lated using the Brunauer-Emmett-Teller (BET) model, and the
pore volume versus diameter distribution was calculated using
the Barrett-Joyner-Halenda (BJH) method. The surface chem-
istry of the synthesised pigments was analysed using X-ray
photoelectron spectroscopy (XPS). The analysis was performed
with a PHI 5000 VersaProbe II machine manufactured by
ULVAC-PHI Inc. in the USA. The machine was equipped with a
micro-focused monochromatic Al-Ka X-ray source, with a beam
size of 200 pm and energy of 15 kV (Av = 1486.6 eV). Both survey
scans and high-resolution spectra were recorded. The survey
scans were recorded with a 50 W X-ray source power and
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187.85 eV pass energy. High-resolution spectra of the major
elements were recorded at a 46.95 eV pass energy. The contact
angle of the coating with the surface-treated hybrid pigment
was measured using the sessile drop method. The dry thickness
of the coating was measured using a profilometer.

Electrochemical analysis was performed on an Autolab
potentiostat/galvanostat  analyser by  Metrohm  (The
Netherlands) utilised for electrochemical impedance spec-
troscopy (EIS) analysis to evaluate the corrosion resistance of
coatings in a 3.5% NaCl solution. The working electrode and
coated steel coupon (4 x 3 cm) were placed into flat corrosion
cells, with a 1 ecm® coupon exposed to 3.5% NaCl solution.
Graphite and saturated calomel electrodes were used as
counter and reference electrodes. Intact coat and scratched
coat coupons were analysed. A surgical lancet was used to
create a scratch in the coated sample. The open-circuit poten-
tial was measured for 1 h followed by EIS measurements with
a frequency ranging from 10° to 107> Hz using an alternating
current signal with an amplitude of 10 mV. EIS data were fitted
to equivalent circuit diagrams using the Ec-lab software.

Results and discussion
Characterisation of the hybrid pigment

The PXRD patterns of silica and the hybrid pigment (CP-SiO,)
are shown in Fig. 2a. The PXRD pattern of the commercial
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Fig. 2 (a) PXRD pattern, (b) IR spectra, (c) N, adsorption and desorption i
hybrid pigment CP-SiO,,
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precipitated amorphous silica displayed a typical broad peak
around 23° associated with the amorphous phase.>”*® Hybrid
pigment formation, evidenced from the diffractogram
(CP-Si0,), holds significant cerium phosphate peaks and
amorphous silica. The hybrid pigment shows a 20 peak at
28.7, 31.1, 37.3, 41.0, 41.9, 48.4, 52.4, 53.9 and 59.4 degrees,
symbolising the cerium phosphate incorporation into amor-
phous silica. An unknown low intensity peak at 15° seems to
be there in a diffractogram of the hybrid pigment.

Furthermore, IR results confirm the hybrid formation and
IR spectra of SiO, and the CP-SiO, hybrid pigment displayed
in Fig. 2b. Commercial silica displays peaks in its infrared
spectrum at 1085 cm™", with a shoulder at 1188 and 957 cm™".
These peaks are typically attributed to asymmetric stretching
vibrations involving Si-O-Si and are assigned to the transverse
optical phonon-TO and longitudinal optical phonon-LO
modes.*® The IR band at 3400 cm™" is due to the stretching
vibration of water molecules. Consistently, the IR band at
1632 cm™" is due to water molecule bending vibrations.?”*®
The IR band at 800 cm™" is due to Si-O-Si symmetric stretch-
ing vibrations, whereas 466 cm™" represents O-Si-O bending
vibrations. The 1000-1100 cm™" vibration corresponds to the
asymmetric stretching vibration of PO, tetrahedra in CP. Peaks
at 540 and 620 cm ™" are assigned to the bending vibration of
P-0O, a typical feature of phosphates (displayed in the inset of
Fig. 2b).”%3%31 CP-Si0, shows IR bands of both CP and SiO,,
evidencing the hybrid pigment formation and confirming the
PXRD results.

The BET isotherm and the distribution of pores in the
silica and hybrid pigment were obtained from BET N, adsorp-
tion-desorption analysis, as shown in Fig. 2c and d. The iso-
therms describe a sharp capillary condensation step at high
relative pressure, showing that all samples correspond to iso-
therms of type II (IUPAC). Significantly similar pores and hys-
teresis loop (H3) sustained in the hybrid pigments. The iso-
therm depicts the loose assembly of primary particles forming
slit-like pores.** The slit-like poresize distribution was broad,
with the majority falling in the diameter range of 50 to 100 nm
(Fig. 2d). This indicates specifically the macro-porosity in the
SiO, particle. Changes observed in the BET-specific surface
area, pore size, and pore volume associated with hybrid
pigment formation are tabulated in Table S1.}

CP-SiO, was further examined by XPS analysis to confirm
the surface composition of the material and to reveal the
valence chemical state of the individual element. The presence
of cerium and phosphorus over silica is confirmed by the XPS
survey data shown in Fig. 3a.

High-resolution spectra of Si 2p show peaks around 102.2
and 103.9 eV, attributed to the indication of Si-O and Si-P
bonding in the hybrid pigment (Fig. 3b).>*> Three peaks of the
O 1s spectra of CP-SiO,, centred at 531.4, 532.2 and 533.8 €V,
developed from Ce-O, P-O and Si-O bonding, respectively
(Fig. 3c). Four peaks were detected in the Ce 3d spectrum
around 881.3, 884.9, 899.9 and 903.4 eV, corresponding to two
spin-orbit features (Ce 3ds, and 3ds;).>*>” Therefore, the
existence of the Ce(m) oxidation state in the hybrid pigment
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was confirmed from Ce 3d deconvolution (Fig. 3d). P 2p evalu-
ation provides a chemical state of phosphorus, as shown in
Fig. 3e. The literature value for phosphate was found to be
around 133 eV.***° The deconvoluted peak at 127.5 €V binding
energy reported for phosphide indicates Si-P bonding.** With
this result, the correlation with the 15° PXRD peak matches
the silicon phosphide (SP). The shift in binding energy is due
to the higher electronegativity of P than that of Si. XPS con-
firms the formation of a chemically active CP over silica and
reveals the unexpected chemical behaviour of phosphorus
(silicon phosphide) in the hybrid pigment. The excess peak
around 125.2 eV is attributed to the satellite peak of cerium
4dj,. XPS results disclosed the formation of cerium phosphate
and silicon phosphide by adding cerium and phosphorus pre-
cursors with silica.

The morphological feature was recognised from micro-
graphs. The SEM images of commercial silica shown in Fig. 4a
reveal uneven particle size and shape. The prepared hybrid
pigment CP-SiO, retained the same morphology as silica
(Fig. 4c). Furthermore, the TEM analysis was performed to dis-
close the depth of internal structural information. Unlike the
micron size particle in the SEM image, TEM inspection with a
high magnification revealed a cluster of primary SiO, nano-
particles having a size in the range of ~10 to ~20 nm. The
observed TEM image displayed a brighter region between the
SiO, primary particles, indicating the porosity in the nano-
particle cluster (Fig. 4b and d). Porosity can be explained as
the ratio of the total pore volume to the volume of the particle
or agglomerate. The micrographic results match well with the
BET isotherm. Energy dispersive X-ray color-coded maps show
the elemental (Si, O, Ce, and P) distribution on the surface of
the synthesised pigment (Fig. 4e).

Characterisation of a silane functionalised hybrid pigment

Surface treatment is utilised to acquire a hydrophobic hybrid
pigment, which is confirmed using IR spectra. Along with the
IR bands of hybrid silica CP-SiO,, bands appeared at 1483 and
1583 cm™’, corresponding to bending vibrations of C-H and
N-H. Thus, it confirms the covalent bond formation between
the APS and the surface of CP-SiO,.*° The band at 1730 and
1637 cm ™" indicates the C=O stretching vibration and C=C
stretching vibration (Fig. 5a). Formation of the band around
2800-3000 cm™' (Fig. 5a inset) is due to asymmetric C-H
stretching of ~CH; and that at 1300 cm™" corresponds to Si-
CH,-R, which also indicates the APS surface modification over
the hybrid pigment.*' The BET results of fCP-SiO, indicate a
single-point surface area of 110.57 at P/P, = 0.273853. The BET
surface area of fCP-SiO, is 112.58. The BJH desorption cumu-
lative surface area of pores ranging from 1.7 nm to 30 nm in
diameter is 94.68. Lastly, the average pore diameter of the des-
orbed BJH is 38.25. These results suggest that fCP-SiO, has
only a slight variation in surface area and porosity with the
CP-SiO, pigment. The isotherms from BET analysis with the
inset of BJH pore size distribution are shown in Fig. 5b. The
micrographic SEM and TEM images of fCP-SiO, are presented
in Fig. 5¢ and d, respectively. The silane functionalisation on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS spectra of CP-SiO; (a) and survey and high-resolution spectra of (b) Si 2p, (c) O 1s, (d) Ce 3d and (e) P 2p.

CP-SiO, is expected to enhance the interaction of the filler
with the epoxy matrix and the interfacial force between the
filler and epoxy due to siloxane bond formation. Energy disper-
sive X-ray generated colour-coded maps visually represent the
elemental distribution across the surface of a sample (Si, O, C,
N, Ce, and P) as shown in Fig. 5e.

Fig. 6a depicts the XPS survey spectra of fCP-SiO,, and
Fig. 6(b-g) shows the deconvoluted high-resolution spectra of
constituent elements. Fig. 6b illustrates the C 1s deconvoluted
high-resolution spectra, where along with the graphitic carbon
peak (284.6 eV), the appearance of a peak at 285.9 eV with a
low intensity shoulder peak confirms the C-N bonding and
silane surface functionalisation.*>** The deconvoluted N
peaks at 399.9 eV and 402.3 eV symbolise free amine, proto-
nated or hydrogen-bonded amine, respectively. The N 1s spec-
trum confirms the APS surface modification (Fig. 6c).****

Surface-modified hybrid pigment O 1s core spectral peaks
around 533.6, 532.8 and 531.8 eV correspond to Si-O, P-O and
Ce-O bonding (Fig. 6d).*> Moreover, the Si 2p spectra are sep-
arated into Si-O-C (101.5 eV), Si-O-Si (103.9 eV), and Si-P

© 2025 The Author(s). Published by the Royal Society of Chemistry

(102.6 eV) as shown in Fig. 6e.*® fCP-SiO, exhibits high-resolu-
tion spectra of Ce 3d and P 2p similar to CP-SiO, as shown in
Fig. 6f and g. Consistent with the IR spectra, the XPS analysis
results also show successful surface modification of CP-SiO,
with APS.*!

Characterization of the coating

The contact angle between water and coatings was optically
measured using the sessile drop method (Fig. Sla-ct). Even
though epoxy has strong chemical stability and adhesion pro-
perties, due to the polar epoxy group, it provides a hydrophilic
surface, as shown in Fig. Sia.f The hydroxyl group on the
silica surface makes it naturally hydrophilic. The hydrophili-
city contribution of silica and epoxy resulted in a hydrophilic
surface in the CP-SiO, embedded epoxy coating (Fig. S1b¥).

The water-repellent nature of the surface-treated pigment
fCP-SiO, provides a hydrophobic coating (Fig. Sict). The alkyl
groups in the APS replace the hydroxyl group on CP-SiO,, creat-
ing the covalent bonding with the epoxy binder and enhancing
the barrier property of the coating.

RSC Appl. Polym., 2025, 3,181-195 | 185
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Fig. 4 Micrograph of silica and CP-SiO, (a and c), SEM images (b and d), TEM images and (e) SEM elemental mapping of CP-SiO,.

Electrochemical impedance analysis

The small magnitude of alternating current perturbation
(0.005 V) at the steady state (open circuit potential) is observed
from the EIS data. The impedance spectra of the bare metal
and all coated steel coupons (bare epoxy, silica and hybrid
pigment incorporated epoxy) were analysed in a 3.5 wt% NaCl
solution (Fig. 7). For quantitative information, impedance data
were fitted into two different equivalent circuits based on the
type and age of a particular coating given in Fig. S2.f Rg
denotes solution resistance, R. represents coat resistance and
the corresponding capacitance is Q., R, sighifies charge trans-
fer resistance and Qg is the associated double-layer capaci-
tance. Pure capacitance is replaced with the constant phase
element (Q) by considering surface heterogeneity.*”

Bare steel shows poor resistance (1200 Q cm’ - Fig. 7a)
towards a corrosive environment (3.5% NacCl solution). Epoxy
is chosen as the binder in the coating solution based on

186 | RSC Appl. Polym., 2025, 3,181-195

chemical and moisture stability. The bare epoxy coating exhi-
bits a charge transfer resistance of 2.05 x 10° Q cm® during the
early immersion stage due to pore formation during the curing
process. In the early immersion stage, the bare epoxy coating
exhibits charge transfer resistance at 2.05 x 10° Q em” due to
pore formation during the curing process (Fig. 7b). The
electrochemical parameters are tabulated in Table 1.

The anticorrosive nature of silica and optimum loading in
the epoxy-polyamide matrix were evaluated using EIS and are
displayed in Fig. 7c. The steel coupons coated with various
wt% (5, 10, and 15 wt%) silica-loaded epoxy were a better cor-
rosion-resistive system than a pristine epoxy coating. Silica par-
ticles act as obstacles to the penetration of the corrosive
medium. Silica coating with 10 wt% loading shows superior re-
sistance. However, the increase in wt% does not follow the
trend. Higher loading than optimum (10 wt%) leads to a
viscous coating solution that provides poor dispersion, result-
ing in aggregation and unwetted pigment in the epoxy-polya-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5
image, (d) TEM image and (e) SEM elemental mapping of fCP-SiO,.

mide matrix, which significantly drops the barrier property of
the coating. However, a bare silica-incorporated epoxy coating
produces the second-time constant at initial harsh exposure,
showing poor integrity of the silica coating.

Furthermore, CP-SiO, was assessed by electrochemical
impedance spectroscopy (Fig. 7d). The impedance value of
CP-SiO, incorporated coatings is higher than those obtained

© 2025 The Author(s). Published by the Royal Society of Chemistry

(a) IR spectra, (b) N, adsorption and desorption isotherms from BET analysis with the inset showing BJH pore size distribution, (c) SEM

for silica-loaded coating. The higher active component (5 wt%
of cerium and phosphorus precursor) is labelled as 5CP-SiO,.
Nyquist results of 10 wt% 5CP-SiO, confirm that 2 wt% of CP
(CP-Si0,) is sufficient for enhancing the performance of the
coating (Fig. 7e). EIS results revealed that the coating loaded
with hybrid pigments exhibits capacitive behaviour and higher
impedance values than silica. At the lower frequency region,
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the lower capacitive nature of bare epoxy and the silica-incor-
porated coating reveals their inferior efficiency compared to
the coatings with the hybrid pigment. Silica-incorporated coat-
ings exhibit a barrier mechanism. In contrast, the hybrid
pigment provides additional prevention, as evidenced by high
coat resistance. Also, EIS spectra were utilised to reveal the

188 | RSC Appl. Polym., 2025, 3,181-195

physicochemical process on steel in a corrosive medium (3.5%
NaCl solution). EC-lab software fitted impedance data of each
electrical equivalent circuit element are given in Table 1. The
high coat resistance R. and capacitive nature of the hybrid
pigment coating evidenced the intactness of the coating,
where corrodent (water, oxygen or corrosive ion) transportation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Nyquist plots of (a) bare steel coupon, (b) bare epoxy coating, (c) silica loaded (5, 10 and 15 wt%) epoxy coatings, (d) 10 wt% of hybrid
pigment CP-SiO, epoxy coating, (e) different compositions of CP-SiO, (10 wt%) loaded epoxy coatings and (f) 10 wt% of P-SiO, epoxy coating

(electrochemical equivalent circuit given in the inset of Nyquist plots).

is impossible through the coating. To acknowledge the role of
CP, the hybrid pigment was prepared without a cerium precur-
sor and evaluated the accomplishment using EIS (P-SiO,). The
enhanced impedance of the CP-SiO,-epoxy coating is attribu-
ted to CP and SP (Fig. 7f).

Additionally, bode plots were evaluated to support the
Nyquist results of different coatings of SiO,/epoxy, P-SiO,/
epoxy, CP-SiO,/epoxy and fCP-SiO,/epoxy shown in Fig. S3.f

© 2025 The Author(s). Published by the Royal Society of Chemistry

The phase shift or time constant associated with different pro-
cesses in the coating systems is displayed as a function of fre-
quency in the Bode plot. The Bode plot of SiO,/epoxy and
P-SiO,/epoxy exhibits a peak in the lower frequency region
attributed to the steel corrosion process (Fig. S3a and S3bf).
The phase angle in the high (10*-10°> Hz) and middle (10°-10>
Hz) frequency regions of CP-SiO,/epoxy of higher than 80
degrees and that of the fCP-SiO,/epoxy coating around 90
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Table 1 Electrical equivalent circuit data of coated metal coupons

Qc Qai
Rc YO Rct YO
Sample Qem?*)  (Q@'em™S") n; (Qem?) (Q'em™?SY) n,
Epoxy 1.63x10° 2.72x1077 0.7 2.05x10° 1.13x107° 0.6
5 wt% SiO,  7.96 x 10° 1.84 x 107° 0.7 9.25x10" 2.37x107° 0.4
10 wt% SiO, 1.36x 107 2.59 x 1078 0.3 3.71x10° 1.33x107° 0.9
15 wt% Si0, 4.98 x 10° 2.48 x 107 0.4 7.86x10° 1.39x107° 0.9
CP-SiO, 5.76 x 10°  1.05x 107° 0.7
5CP-SiO, 4.38x10° 1.04x107° 0.6
P-SiO, 2.86 x 107 8.45x 107® 0.8 822x10° 5.98x107° 0.9

degrees illustrate the good performance and intactness of the
coating. EIS results evidenced the enhanced restiveness of the
synthesised pigment than the SiO, and P-SiO, reinforced

View Article Online
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epoxy coating towards the penetration of corrosive ions and
water molecules.*®*® Moreover the high impedance modulus
at lower frequency (|Z]o.01 1) Of the synthesized pigment sup-
ports the barrier nature of the formulated coating.”

The entanglement of epoxy with the APS groups of fCP-SiO,
occurs. An increase in cross-link density influences the resis-
tance property of the resultant coating. Due to greater inter-
action between the surface-treated pigment and epoxy, a low
capacitance (C. = 5.33 x 107° Q™' cm™? S”) was gained among
other coatings, as shown in Table S2.{ The EIS analysis results
of fCP-SiO, are presented in Fig. 8a. Around the surface
treated hybrid pigment in the epoxy matrix, there is a unique
vicinity of different morphologies, creating a hydrophobic
surface and thereby preventing water and electrolyte pene-
tration. EIS results show a significant variation in R, values for
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Fig. 8 Continuous EIS study of the fCP-SiO, loaded epoxy-polyamide coating in 3.5% NaCl solution (a—f) and without artificial defect and (g—1)
artificial defect coating (electrochemical equivalent circuit given in the inset of Nyquist plots).
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surface-treated and non-treated hybrid pigment-embedded
epoxy-polyamide matrices.

For continuous immersion of the efficient coating in a cor-
rosive medium, a conventional procedure was adopted to
explain the durability and corrosion prevention mechanism.
After a few days of immersion, coating resistance at low fre-
quencies and the capacitive nature of the coating decrease
gradually, revealing the formation of fine capillary channels in
the coating (Fig. 8b). The capacitor performance or intactness
of the coating is revealed by the single semi-circle, as shown by
30 days of impedance evaluation. The formation of R in the
impedance spectrum suggests that electrochemical reactions
originated at the metal-coating interface.*

Subsequently, in the EIS spectrum at the end of the first
semi-circle, an arc developed after 45 days of immersion
corresponding to the faradaic process beneath the coating
(Fig. 8c). Coating resistance decreases, implying that the cor-
rosive medium starts to penetrate through the pores, and the
generation of further pores decreases the barrier property of
the film. An increase in permittivity eventually shifted the
capacitance of the coating to a large extent. The capacitive
nature of the second loop shows the controlled reaction
process. The electrochemical data were obtained using a
circuit with two apparent time constants. The high capacitance
arc exhibited reaction progress beneath the coating in a self-
restrained aspect (Fig. 8c).

The Bode plots in Fig. 8d-f substantiate the Nyquist results.
At the beginning of the immersion, the impedance modulus (|
Z|o.01 1z = 10" Q cm?) of fCP-SiO, was higher than those of
other coating formulations at the onset of immersion. The
impedance modulus is continuously monitored to reveal the
effectiveness of the coating and detect the early signs of degra-
dation. After immersion of 7 days the |Z|o.01  is 5.67 x 10° Q
cm?, implying the activation of the coating by the aggressive
saline environment and gradual reduction of the barrier per-
formance. The impedance modulus diminishes to 8.65 x 107 Q
cm? after 30 days of continuous immersion in 3.5 wt% NaCl
solution, but still the coating delivers acceptable corrosion re-
sistance. The coating capacitance 4.75 x 10™° Q™' em™> S" after
immersion of 30 days shows the prolonged service life of the
coating. After continuous immersion for 45 days in the low fre-
quency region due to the double-layer capacitance of the cor-
rosion region, aggressive corrosive ions start penetrating into
the defect of the coating, probably due to electrochemical reac-
tion at the metal-coating interface. To know the mechanism of
the active inhibition of the hybrid pigment, EIS is highly
precise and capable of evaluating kinetics and diffusion, pro-
viding the details of charge transfer parameters and double-
layer behaviour at the metal-coating interface. The charge
transfer resistance 5.09 x 10° Q cm?” (45 days) slightly increased
to 1.41 x 10’ Q cm? (60 days), owing to inhibitive layer for-
mation at the defective site due to continuous immersion in
the harsh saline environment. The gain in capacitance from
5.33 x 107° to 2.54 x 107 Q7' em™> S” endorsed the pene-
tration of the corrosive medium through the generated coat
defects.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The diffusion coefficient (D) of the metal-coating interface
was calculated using simplified Fick’s second law of

diffusion.’*>*
T

where Qq, Q., and Q. are the coating capacitances at the
beginning of the immersion time ¢,, the time t. and the time
in the saturated water absorption state ¢, respectively. D is the
diffusion coefficient and L is the coating thickness. The D was
calculated to be 9.23 x 107'° ecm? s~ using logQ. — ¢
(Fig. S5t). This further suggests comparable barrier perform-
ance of fCP-SiO,/epoxy with the reported coatings.>">*

To disclose the active inhibitive role of the coating, artificial
defects with dimensions of 1 cm length and 15 um depth
(from a profilometer) were created using a surgical knife. The
electrochemical behaviour of the defective coupon in 3.5%
NaCl was continuously monitored using the EIS technique.
Since the charge carriers are permeable through the artificial
crack, the OCP of the coupon (—0.61 V (with respect to the
SCE)) is close to the OCP of the bare metal (-0.65 V (with
respect to the SCE)). The high value of capacitance C. with
consistently poor R. also indicates the ingress of the corro-
dent.”® The impedance curve consists of two semi-circles at
the initial immersion time (10 min), suggesting a corrosion
process through the artificial defect. Two well-distinguishable
semi-circles become two overlapped semi-circles in succeeding
EIS analysis (2 h) with a slight increment in resistance, con-
firming the initiation of the corrosion inhibition process at
the metal-coating interface.

Migration of electrolytes through the coating involves a
reaction process with the active component of the coating mar-
ginally increasing the impedance. The active components in
the coating are released and adsorb on the surface of the
exposed steel surface by replacing the water molecules pre-
viously occupying the steel surface. The consecutive EIS result
(4 h) again shows the increment in impedance, and the
Nyquist plot appears to be well-merged (Fig. 8g). The sequen-
tial Nyquist plot appeared as a single semi-circle with a capaci-
tive arc at the tail, implying a controlled diffusion process,
possibly due to passive layer formation at the metal-coating
interface (Fig. 8h). The second time constant is the impedance
value obtained by extrapolating the arc to the X-axis. The
capacitive nature of the arc weakened in the subsequent
Nyquist plots indicates the progression of flaws due to a strong
corrosive medium (Fig. 8i).

The minimal resistance variation during prolonged immer-
sion, even in a corrosive medium, manifests the active inhi-
bition action of the coating at the metal-coating interface.
Fig. 8i shows the impedance after 2 weeks of continuous
exposure to a corrosive medium. The partial recovery of the
anticorrosive performance substantiates the self-healing
nature of the coating. The impedance parameters are pre-
sented in Table S2.1

log Q. —log Qo
log Qo —

log Qo
log Q
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The Bode plots of the defective coating are shown in
Fig. 8j-1. In general, the distinct peaks at varying frequencies
in the Bode plots reveal the different phenomena. The peak
between 10" to 10° Hz is predominantly associated with the
responses generated by the protective coating, which plays a
crucial role in safeguarding the underlying metal surface.
Whereas, the peak at 10° to 10> Hz shows the responses connected
to defects in the coating. Eventually, the low-frequency peak at
1072 to 10° Hz illustrates the corrosion processes on the steel
surface.”® The phase angle plot at 10 minutes, shown in Fig. 8j,
clearly exhibits the low frequency peak (around 10° Hz) related to
the corrosion process in the defective site. After 4 h exposure, the
peak shifted between 10" and 10 Hz due to corrosion product for-
mation at the defective site, with restriction of the passage of the
corrosive medium which results in improvement in the impedance
modulus (1.11 x 10° to 3.26 x 10°> Q cm?). Even after 24 h of con-
tinuous exposure the impedance modulus remained at 8.35 x 10°
Q cm” and 345 h of immersion resulted in 3.98 x 10> Q cm?.
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The SEM image of the defective coating is shown in Fig
S3af and the corresponding profile image is generated using
WSxM software as displayed in Fig S3bf} (to extract cross-sec-
tional profiles from SEM images); these enable the analysis of
the height, depth, and width of the artificial defect. The depth
of the defect matches with the coating thickness measured
using the profilometer (15-20 micrometer). The artificial
defect coating taken for SEM analysis after continuous impe-
dance measurement in 3.5 wt% NaCl solution is shown in Fig
S3c.t The generated profile of the surface revealed changes in
height or depth along a selected cross-section, and the defec-
tive site was covered with the corrosion products. Furthermore,
the corrosion product evaluated using SEM-EDX analysis,
which clearly shows the presence of Fe, O and P, reveals the
corrosion product and inhibitive layer formation. Even though
the active performance of phosphate is confirmed from the
SEM-EDX results, the active participation of cerium not visual-
ized may be due to the trace amount of cerium trapped
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Fig. 9 XPS curve fitting of (a) the survey spectrum. (b) O 1s, (c) P 2p, (d) Fe 2p and (e) Ce 3d of the inhibitive film beneath the CP-SiO, loaded epoxy

coating on steel depart from the 3.5 wt% NaCl solution.
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between the corrosion products. Furthermore, to understand
the chemistry of the inhibitive layer XPS analysis was carried
out.

The survey spectrum confirmed the presence of Fe, O, Ce,
and P shown in Fig. 9a, and deconvoluted O 1s, P 2p, Fe 2p
and Ce 3d are shown in Fig. 9(b-e). The O 1s spectrum gener-
ated three peaks at 533.2, 532.2, and 531.5 eV binding ener-
gies. The peak of the O 1s deconvolution shows the presence
of hydroxide and phosphate components. A peak position at
532.3 €V was reported for FePO, (Fig. 9b).>> The binding
energy at 133.3 eV (Fig. 9¢c) is associated with PO,*”. Three
peaks at 710.2, 724.3 and 713.7 eV in Fig. 9d belong to iron
oxide (Fe 2P3, and Fe 2P,;) and FePO,, respectively. The
occurrence of Ce in the core spectrum confirms cerium
hydroxide formation in the defective region (Fig. 9e).

Consequently, XPS results concur with the EIS results for
forming an inhibitive iron phosphate layer beneath the
coating during self-healing. As a result, the active components
in the hybrid pigment started to react on the defect area at the
initial stage of the complex corrosion process. Iron phosphate
and cerium hydroxide formation occurs at the defective site,
possibly due to Ce**, Fe**, OH™ and phosphorus combined
reactions. The possible inhibitive layer mechanism can be
written as follows: eqn (1)-(5).

O, +4e” +2H,0 — 40H™

(1)

(b) SiO,-Epoxy

(a) Epoxy

siloxane cross links with hybrid pigment

® ¢

Artificial crack
fCP-SiO,-Epoxy

NaCl Solution
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Ce*t +30H — Ce(OH), (2)

Ce(OH), + OH™ — Ce(OH), (3)

Fe — Fe*t 4 3¢~ )

3Fe’" 43P0, + 8H,O — Fe3(PO,), - 8H,0 (%)

The iron phosphate and cerium hydroxide film acts as a
corrosion barrier at artificial cracks during corrosion.’*
Compared with conventional phosphate pigments like zinc
phosphate, the hybrid pigment CP-SiO, also shows inhibitive
performance.>>™>’

Mechanism of protection

Fig. 10(a-d) shows the different types of coatings used in the
study: bare epoxy, SiO,, CP-SiO,, and fCP-SiO, embedded
epoxy coatings. The micropore in bare epoxy allows corrosive
substances to reach the metal surface, leading to corrosion
(Fig. 10a). However, when silica is added to the coating, it
reduces the porosity and increases the density, thus making it
more resistant to corrosion (Fig. 10b). Furthermore, cerium
and phosphorus precursor modified silica provides active-
passive protection, making it even more effective against cor-
rosion (Fig. 10c).

CP-SiO, is subjected to silane surface functionalisation,
which reduces the hydrophilicity of silica and introduces

(c) CP-Si0,-Epoxy (d)fCP-SiO,-Epoxy

A R
e 1=
AR s
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& i / Hydrophobic
’ \‘ 4 1

/A\
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cross-linking with epoxy matrix

T

FePO, formation at defected region

Fig. 10 Schematic representation of (a—d) bare epoxy, SiO,, CP-SiO, and fCP-SiO, loaded epoxy coatings. (e) Bonding of APS with the pigment and

epoxy matrix, and (f) FePO,4 formation in the defect region.
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Table 2 Impedance assessment with commercial pigments

Sample CPVC (Wt%) Impedance (Q ¢cm?) Ref.
fCP-SiO, 10 9.9 x 10° This work
CP-SiO, 10 5.7 x 10° This work
5CP-Si0, 10 4.3 x10° This work
ZnCrO, 15 3.1 x10° 58 and 59
Zn;(PO,), 20 2.2 x 10° 58 and 59
SrCrO, 10 4.8 x107 58 and 59

hydrophobicity in the epoxy coating. This improves the water-
repulsive nature of the coating, preventing the penetration of
water into the metal surface (Fig. 10d). APS provides siloxane
cross-links with the hybrid pigment, whereas the organofunc-
tional group (-NH,) delivers dense cross-linking with an epoxy
matrix (Fig. 10e). The silane acts as an adhesion promoter,
enhancing the inter-coat adhesion and resisting the develop-
ment of coat defects, thereby increasing the durability of the
coating.

Finally, the EIS analysis confirmed the spontaneous phos-
phatisation process, which takes place within a few hours of
immersion of defective coupons (Fig. 10f). The barrier nature
of silica, the active inhibitive action of cerium phosphate, and
the hydrophobic surface make the coating an efficient anticor-
rosive coating.

Comparative analysis with a commercial pigment

Table 2 shows the potential performance of our synthesised
pigment in comparison with commonly used chrome and
zinc-based pigments. Our group has previously reported on
the CPVC and impedance results of commercial pigments. It is
important to note that creating a pigment that is free from car-
cinogenic or toxic elements is crucial for ecological and regu-
latory reasons.

Based on Table 2, our synthesised pigment has the poten-
tial to replace efficient but toxic anticorrosive pigments. Our
invention provides a hybrid inorganic pigment that is resistant
to corrosion, free of harmful elements (specifically chromium),
chemically stable, and well-suited for use in harsh saline
environments.

Conclusion

A newly developed anticorrosive pigment has excellent pro-
perties such as barrier protection, hydrophobicity, and active
inhibition through phosphatisation. By modifying convention-
al silica with a cerium and phosphorus precursor, the anticor-
rosive performance of the coating has been significantly
improved. The hybrid pigments in the coating respond to
microanodic regions through the phosphatisation process,
which has been systematically explored using EIS and XPS.
This work provides a simple, cost-effective strategy to create an
efficient, eco-friendly alternative pigment to replace toxic pig-
ments. The surface-modified hybrid pigment fCP-SiO, incor-
porated into the transparent epoxy-polyamide coating shows

194 | RSC Appl. Polym., 2025, 3,181-195
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water-repellency, phosphatisation, and barrier performance,
which can significantly extend the service life of the coating in
saline media.
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