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ARTICLE OPEN

Influence of TiO2 pigment particles on chromate ion transport
in epoxy films
Małgorzata Kopeć 1✉, Brenda D. Rossenaar1, Kees van Leerdam1, Arne Janssen1, Antony N. Davies1,2, Stuart B. Lyon 3,
Peter Visser4 and Simon R. Gibbon5

Transport of active species (i.e., ions) leaching from pigment particles incorporated in a polymer matrix is the main mechanism
behind the anticorrosive performance of protective coatings. Understanding this mechanism is necessary for the effective design of
the systems utilizing pigments less toxic than the most efficient chromate salts. It was demonstrated that anticorrosive pigment
particles can themselves facilitate the transport of active species via the pathways formed after pigment leaching from a coating. It
was also suggested that other paint components, e.g., certain additives, pigments, and fillers can be involved in the formation of
transport pathways. Investigation of the possible influence of inert pigment (TiO2) on creating the pathways for chromate ion
transport in polymer coatings was the primary objective of this work. In an experiment mimicking the transport of pigment species
(i.e., chromate ions), a model epoxy coating containing particles of a single pigment (TiO2) was exposed to a chromate solution
(aqueous, or with the addition of acetone as a polymer swelling agent). It was shown that the chromate ions can be transported in
the epoxy film preferentially via the TiO2 particles/polymer matrix interface.

npj Materials Degradation             (2021) 5:9 ; https://doi.org/10.1038/s41529-021-00156-7

INTRODUCTION
Despite decades of research, there is still some doubt about how
corrosion-protective organic coatings work1. Two commonly
accepted mechanisms state that corrosion protection occurs
either by the formation of a barrier to external corrosive species or
by the blocking of charge transfer between anode and cathode
areas on a metal surface due to the high volumetric resistivity of
the polymer binder (or by a combination of these mechanisms)2.
Polymer coatings are generally formulated to contain functional
pigments (including anticorrosive agents such as corrosion
inhibitors), additives, and nonfunctional fillers, dispersed in the
coating volume3. Active corrosion protection is a key benefit of
such systems that allow mitigation of the substrate corrosion that
can occur during the service lifetime upon, e.g., coating damage
or aging. Generally, anticorrosive pigments are incorporated into
coatings, where active species (i.e., ions) leach in presence of
water and migrate to the metallic substrate resulting in inhibition
of the corrosion process4. Effective pigments have limited
solubility in water to prevent excessive leaching and provide
long-term release over the entire service time. Leachable
chromate pigments are commonly included in the best-
performing anticorrosive coatings5,6. However, other solutions
are being searched for due to the highly toxic properties of
chromates7–9, but one of the key obstacles for the effective design
of chromate-free anticorrosive coatings is that most alternatives
are just not as effective. Although the diffusion of water within
polymer membranes is well-studied10,11, the migration of ions
within polymers and the localization of water and ions at polymer
interfaces with solid second phases, such as pigments, additives,
and substrates, is not well-understood. It is commonly assumed
that water diffuses into polymers via its free volume; however,
ionic transport is less understood as this must occur via a solvation
mechanism. It has been proposed that ions migrate via

interconnected pathways the formation of which is not fully
understood12–15. Of course, how ionic inhibitive species leach
from pigments and migrate to corroding surfaces is fundamental
to how active corrosion protection works1.
The rate of migration of the pigment species from coatings can

be measured indirectly, i.e., by leaching experiments, where the
pigmented samples are exposed to deionized water or an
electrolyte solution containing, for example, NaCl. However,
where pigments are known to act via ion exchange, the use of
deionized water will prevent the release of active species. The
concentration of leached inhibitor into the solution after exposure
can be measured using techniques, such as ion chromatography
or inductively coupled plasma mass spectrometry (ICP-MS)16,17.
The distribution of pigments in a coating matrix and depletion
depth as a result of inhibitor leaching may also be characterized
by methods like Raman spectroscopy or scanning electron
microscopy/energy-dispersive X-ray spectroscopy (SEM/EDS), as
well as 3D imaging methods, such as X-ray computational
tomography (XCT) or SEM-based 3D-sectioning techniques15,18.
Recently, leaching of anticorrosive pigment particles (SrCrO4)

has been studied from a model epoxy coating upon exposure to a
NaCl solution using tomography techniques. The uneven deple-
tion depth of particles leached out during exposure, and the low
level of chromate within the polymer matrix suggested that
pigment species did not diffuse significantly into the epoxy19,20. It
is commonly assumed that the size of a chromate ion, which is of
the same order as the free volume in the polymer, prevents
transport through the coating matrix21. A proposed mechanism of
pigment leaching assumed that the particles exposed to the
environment via the coating surface leached first. Leaching of the
other particles from the coating was via transport through a
network of connected voids formed after dissolution of SrCrO4

clusters. This was demonstrated by a 3D distribution study of
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inhibitor particles with XCT and serial block-face SEM showing that
the pigment particles formed connected structures in the polymer
matrix22.
However, evidence for leaching of unconnected pigment

particles has also been observed, suggesting migration through
other pathways. Connected clusters of other particles included in
the coating, such as TiO2, which themselves remain inert to
dissolution, were considered; however, no evidence was found for
such mechanism23.
Current analytical methods do not allow direct, real-time

observation of the movement of ions in polymer films24. In
addition, analysis of data obtained non-directly from the leaching
experiments is challenging for complex fully formulated systems
with many additives which role in the transport is not understood.
Recently, we proposed an experimental approach that allowed

focusing on one type of additive used in the formulation of coatings
and studying its potential role in the transport of chromate ions25.
Simplified model epoxy films with the addition of one type of
particle (BaSO4) were used to study the transport of chromate ions
into the coating from an external solution. BaSO4 particles were
shown to actively contribute to the chromate ion migration via an
ion-exchange mechanism while slowly leaching from the film. A
similar methodology was applied in this paper to study the influence
of inert pigment particles (TiO2) on chromate ion transport in epoxy
films immersed in chromate solutions at different conditions.
Unpigmented and TiO2-containing films at pigment volume

concentration (PVC) of 30 and 50% (30TiO2 and 50TiO2,
respectively) were exposed at temperatures below and above
the Tg of the polymer and with the addition of acetone to act as a
swelling agent. Both PVCs were above the theoretical percolation
threshold, which is 15.7% for randomly distributed spheres26.
30TiO2 film was expected to be internally connected via the
polymer, while 50TiO2 film was in the range of the critical volume
concentration for TiO2 pigment where particles not fully covered
by the resin are likely to be present in the film27,28. SEM/EDS and
scanning transmission electron microscopy/EDS (STEM/EDS) were
used for examination of the morphology and elemental analysis of
the films after exposure.

RESULTS AND DISCUSSION
Unpigmented films exposed to Na2CrO4 solutions
Unpigmented epoxy films were tested as a reference for further
experiments with TiO2-filled films. After exposure, the films were
visually inspected to record any changes. The film exposed to the
aqueous solution of Na2CrO4 for 24 h at 60 °C remained
transparent while the film exposed to the chromate solution in

the water/acetone mixture took up the yellow hue of the
chromate solution (see Supplementary Fig. 1). This suggested a
higher uptake of chromate into the film where acetone was
present in the external environment as a film plasticizer.
For further analysis using SEM/EDS, the films were cut using an

ultramicrotome to obtain uniform smooth cross sections. The
comparison of EDS spectra of the film after exposure to Na2CrO4

solution in water and water/acetone for 24 h at 60 °C and an
unexposed reference film is presented in Fig. 1a. The characteristic
Cr peak (Kα 5.4 keV) is apparent only in the spectra of the film
exposed to the chromate solution in water/acetone. Silicon peak
(Kα 1.7 keV) arising from adventitious contamination, was also
evident at the limit of detection.
The chemical composition of an unexposed film was measured

at the cross section at 1/2 of the film thickness by SEM/EDS. The
elements identified in the film were C, O, and Cl at average
concentrations of 83.0, 16.6, and 0.3 wt. %, respectively
(Supplementary Table 1).
In the case of films exposed to chromate solutions, EDS spectra

were acquired at different film depths (see Supplementary Fig. 2).
Based on the EDS spectra, the average concentration of elements
was calculated for three different points at the same depth. In the
case of the film exposed to aqueous chromate solution, the
concentrations of C, O, and Cl were similar to the composition of
an unexposed sample, independent of the depth (Supplementary
Table 2). No Cr was detected in the sample, indicating either that the
migration of chromate into the film did not occur or that the Cr
concentration was below the detection limit of EDS. The same was
concluded for the unpigmented films exposed to an aqueous
Na2CrO4 solution in different conditions (14 days at 60 °C and
6 weeks at RT) and these samples are not further considered in
this paper.
Figure 1b presents the comparison of the spectra measured at

distances of 3 and 50 µm from the surface of the film exposed to
Na2CrO4 solution in water/acetone mixture for 24 h at 60 °C. The
characteristic Cr peak is clearly seen in the spectrum at the depth
of 3 µm but is not visible at 50 µm. EDS data showed that the
concentrations of C, O, Cl, and Si were similar as in the unexposed
film. In addition, Cr was clearly detected with its level depending
on the distance from the surface (Supplementary Table 3).
Quantification of the EDS data indicates that close to the surface
the Cr level was highest (~0.6 wt. % Cr at 3 µm depth), which
gradually decreased down to 0.1 wt. % at 25 µm depth (Table 1);
deeper into the film (50 µm) no Cr was found.
Cr was detected in the unpigmented film exposed to the

chromate solution containing acetone at the temperature above
Tg but not in the film exposed to the fully aqueous solution. In the
temperature above Tg, the addition of acetone promotes polymer

Fig. 1 EDS spectra of unpigmented epoxy films. a Comparison of EDS spectra for the reference (unexposed) film and for films after exposure
to Na2CrO4 solution in water and water/acetone for 24 h at 60 °C (measured in the top region of the films close to the surface). b Comparison
of EDS spectra measured in the top and the middle region of a cross section of an unpigmented epoxy film after exposure to Na2CrO4 solution
in water/acetone for 24 h at 60 °C.
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swelling hence aiding the ingress of chromate into the film29. On
the other hand, Cr was below the detection limit in the films
exposed to aqueous solutions even when immersion was
extended to 6 weeks at RT and up to 14 days at 60 °C. It is
commonly assumed that chromate ions cannot penetrate an
epoxy matrix due to size exclusion. For an epoxy system similar to
the one used in this investigation, the free volume pore radius is
reported to be 0.29 nm17,18, the radius of the anhydrous CrO4

2−

anion is 0.229 nm30, and the radius of the hydrated anion is
calculated as 0.525 nm31. Based solely on size, penetration of
hydrated chromate via polymer-free volume indeed does not
seem possible, however, the migration of ions in polymers
depends on the ionic interaction and is not fully understood32.

TiO2-filled films exposed to Na2CrO4 solution with acetone
As for the unpigmented film, the pigmented 30TiO2 sample
changed color after exposure to Na2CrO4 solution with acetone
addition for 24 h at 60 °C (see Supplementary Fig. 3). SEM analysis

of the surface and cross sections of the films before and after
exposure was performed. Most of the TiO2 particles appeared fully
coated with the polymer (Fig. 2a, b). The cross-sectional analysis
showed a uniform distribution of the particles in the films (Fig. 2c,
d). After exposure, the particle size (d= 100–200 nm) and shape
remained the same as in the unexposed film.
Figure 2e compares the SEM/EDS spectra of 30TiO2 film: the

unexposed and after exposure to Na2CrO4 solution in the water/
acetone mixture where chromium was additionally detected in the
film. C, O, Ti, and Al were detected in the unexposed film
(Supplementary Table 4). Where present, Al originated from the
surface additives were used to modify TiO2

26,33.
The spectra were acquired at three different points at the same

depths as for the unpigmented film and Cr was detected when
exposed to the acetone-containing solution for 24 h of at 60 °C
(Supplementary Table 5). Cr was detected up to 50 µm of the film
depth showing chromate had penetrated considerably deeper
than in the unpigmented film (Table 2). The concentration of Cr

Fig. 2 SEM/EDS analysis of 30TiO2 films. a SEM image of 30TiO2 surface before exposure. b SEM image of 30TiO2 surface after 24 h exposure
to Na2CrO4 solution in water/acetone at 60 °C. c SEM image of 30TiO2 cross section before exposure. d SEM image of 30TiO2 cross section after
24 h exposure to Na2CrO4 solution in water/acetone at 60 °C. e Comparison of EDS spectra measured at the cross section at 1/2 of the 30TiO2
film thickness before and after exposure to the Na2CrO4 solution in water/acetone mixture for 24 h at 60 °C. The thickness of the film is
100 µm.

Table 2. Concentration of Cr at different depths of 30TiO2 film after
exposure to Na2CrO4 solution in water/acetone for 24 h at 60 °C.

Sample
depth (µm)a

Cr (wt. %)
point 1

Cr (wt. %)
point 2

Cr (wt. %)
point 3

Cr (wt. %)
average

s (±)

3 0.2 0.3 0.3 0.3 0.08

6 0.4 0.2 0.4 0.3 0.12

12 0.5 0.4 0.4 0.4 0.06

25 0.2 0.3 0.5 0.3 0.15

50 0.2 0.3 0.2 0.2 0.06

aComposition of the film at different depths is reported up to half of its
thickness (50 µm); the film was exposed from both sides, hence the
maximum migration distance equals to 1/2 of the film thickness.
The thickness of the film was 100 µm.

Table 1. Concentration of Cr at different sample depths for epoxy film
exposed to Na2CrO4 solution in water/acetone for 24 h at 60 °C.

Sample
depth (µm)a

Cr (wt. %)
point 1

Cr (wt. %)
point 2

Cr (wt. %)
point 3

Cr (wt. %)
average

s (±)

3 0.6 0.7 0.6 0.6 0.06

5 0.5 0.5 0.5 0.5 0

15 0.2 0.2 0.2 0.2 0

25 0.1 0.1 0.1 0.1 0

50 – – – – –

aComposition of the sample at different depths is reported up to half of its
thickness (50 µm); the film was exposed from both sides, hence the
maximum migration distance equals to 1/2 of the sample thickness.
The thickness of the film was 100 µm.
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within the film was uniform indicating saturation of the film with
the solution.
For polymer materials such as investigated films, the sampling

volume in SEM/EDS analysis at typically used voltage can reach
2 µm34. As this is significantly larger than the TiO2 particle size
(100–200 nm of diameter), it is not possible to separate TiO2 and
polymer matrix signals using SEM/EDS. Every measurement point,
therefore, consists of a combination of signals from both phases,
the ratio of which may vary (see Supplementary Discussion for
more details). Due to the sampling volume of the electron beam
interacting with the polymer material, it is also difficult to
determine if Cr is located within the matrix or on the TiO2

particles. Analytical resolution can be improved using STEM/EDS
where the thin sample limits the spread of the incident electron
beam. Sections, of thickness ~70 nm, were thus imaged at the
center of the film depth (Fig. 3a). The TiO2 particles are clearly
visible in the polymer matrix as well as other features (smaller with
lower contrast) that were identified as alumina. Such material is
associated with the TiO2 pigment as it is used for modification of
the particle’s surface33. The spectral images show the distribution
of C, O, Ti, Al, and Cr in the investigated area (Fig. 3b–f), where C
represents the polymer matrix, Ti and O correspond to TiO2

particles, while Al is concentrated mostly at the surface of the
pigment particles. Significantly, Cr appears to be evenly distrib-
uted in the polymer matrix. An overlay of the Ti, Al, and Cr
distribution shows alumina (red) located on the surface of TiO2

(green) or in the matrix (detached from the particle surface) and Cr
(blue) uniformly distributed in the matrix (Fig. 3g). The quantita-
tive chemical composition of the analyzed area was in good
agreement with SEM/EDS results (Supplementary Tables 5 and 6).
A STEM/EDS analysis with higher magnification was performed

to evaluate the exact location of the elements. As seen in Fig. 4, Al
is concentrated at the TiO2 particle surface while Cr is uniformly
distributed in the polymer matrix.
The results suggest that, in the water–acetone environment at a

temperature above Tg, the film was penetrated with the chromate
by ion transport mainly via the polymer matrix. The Cr penetration
depth was twice as high as in the unpigmented film after the
same length of exposure. This indicated that Cr was transported
further (more rapidly) into the pigmented film than in the pure
polymer. The morphology and chemical composition of the TiO2

particles did not change after exposure, indicating that the

presence of the particles in the film accelerated the chromate
transport without significant interaction with the solution. A key
factor allowing chromate transport within the film was the
increased swelling of the polymer matrix with acetone; however,
the pigmented film reached an equilibrium with the chromate
solution faster than the unpigmented film. After 24 h of exposure,
the film was in equilibrium with the solution and the concentra-
tion of Cr was uniform in the entire polymer film. The fact that
chromate penetrated pigmented film twice faster than pure
polymer film allows concluding that in the pigmented film must
be short-circuit pathways for chromate migration. These pathways
are postulated to be located at the interface of the interconnected
particles (at the volume above theoretical percolation threshold)
and polymer matrix as suggested for water transport in a model
composite system35. However, the pathways could not be
observed since the tested films reached equilibrium with
chromate solution and Cr was uniformly distributed.
In summary, Cr was detected within the unpigmented film (i.e.,

within the polymer) after exposure for 24 h at 60 °C to Na2CrO4

solution when acetone was added. This suggested the transport of
chromate in the film was facilitated by the interaction of acetone
with the polymer matrix presumably due to film swelling.
Similarly, Cr was detected in 30TiO2 film; however, the Cr had
penetrated twice as deep into the pigmented film compared to
the unpigmented film. Under these conditions, Cr was present
predominantly within the polymer matrix and not segregated to
the pigment/matrix interface. Thus, in the presence of pigment,
chromate penetration into the film was accelerated however the
mechanism of transport in comparison to transport via a pure
polymer was not changed.

TiO2-filled films exposed to aqueous Na2CrO4 solution
Cr was not detected in the unpigmented films exposed to
aqueous Na2CrO4 solution independently of the time and
temperature of exposure (1–14 days at 60 °C and up to 6 weeks
at RT). Films pigmented with TiO2 at PVC of 30 and 50% (i.e.,
respectively, below and in the range of critical PVC) were exposed
in the same conditions as unpigmented films. SEM/EDS analysis
was performed at the cross sections of the films after exposure. Cr
was detected only in 50TiO2 film after 14 days exposure at 60 °C
but not in any other tested film (Fig. 5e). Analysis of the surface
and cross sections of 50TiO2 film before and after exposure was

Fig. 3 STEM/EDS analysis of 30TiO2 film after exposure to Na2CrO4 solution in water/acetone for 24 h at 60 °C. a STEM lamella of 30TiO2
film after exposure to Na2CrO4 solution in water/acetone for 24 h at 60 °C. b–f Distribution of C, O, Ti, Al, and Cr, respectively. g Overlay of the
distribution of Al, Ti, and Cr.
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performed. As expected for a film containing pigment in the
range of the critical PVC, the surface of the film was rough,
showing TiO2 particles stacking upon each other, only covered
with a thin layer of polymer (Fig. 5a). The morphology after
exposure was similar to that prior to exposure; however, some
thin fragments of polymer peeled off from the surface were
identified (Fig. 5b). Analysis of the cross sections did not show
differences in the morphology of the particles and the matrix
before and after exposure (Fig. 5c, d).

The elemental composition measured by EDS for the 50TiO2

film after 14 days of exposure at 60 °C is presented in
Supplementary Table 7. The distribution of Cr across the depth
of the film is reported in Table 3. Cr penetration depth was 30 µm
(half of the film thickness) from both sides of the immersed film
indicating that the entire film was penetrated.
STEM/EDS analysis was performed in order to determine the

exact location of Cr in the film. The lamella prepared for the
analysis is presented in Fig. 6. TiO2 and alumina particles are

Fig. 4 High-magnification STEM/EDS analysis of 30TiO2 film after exposure to Na2CrO4 solution in water/acetone for 24 h at 60 °C. a STEM
lamella of 30TiO2 film after exposure to Na2CrO4 solution in water/acetone for 24 h at 60 °C. b–d Distribution of Ti, Al, and Cr, respectively. e
Overlay of the distribution of Al, Ti, and Cr.

Fig. 5 SEM/EDS analysis of 50TiO2 film after 14 days of exposure to aqueous Na2CrO4 solution at 60 °C. a SEM image of 50TiO2 surface
before exposure. b SEM image of 50TiO2 surface after 14 days of exposure to aqueous Na2CrO4 solution at 60 °C. c SEM image of 50TiO2 cross
section before exposure. d SEM image of 50TiO2 cross section after 14 days of exposure to aqueous Na2CrO4 solution at 60 °C. e EDS spectra
from the middle part of the cross sections of 50TiO2 and 30TiO2 films after exposure to the aqueous solution of Na2CrO4 for 14 days at 60 °C.
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clearly visible in the polymer matrix. Examples of manually
selected points for EDS analysis at three different areas in the
sample (TiO2, alumina, and polymer matrix) are shown in Fig. 6.
Analysis of the matrix showed mainly C and O, with a small
amount of Ti and Si found at some points as adventitious
contamination. A detailed composition of the film at selected
points is presented in Supplementary Table 8. Notably, Cr was
identified close to both alumina and titania particles. The origin of
Cr in the film was clearly the exposure solution since Cr was not
detected within the film before exposure (Supplementary Table 9).

STEM/EDS spectral images were acquired to analyze the
distribution of elements in the film and more importantly to
determine where Cr was located. In Fig. 7, the distribution of Cr, Ti
(representing TiO2), and C (representing polymer matrix) is shown.
It is evident that Cr is located at the surface of the TiO2 particles
but not in the polymer matrix. This is in contrast to the 30TiO2 film
exposed to the acetone-contained chromate solution where Cr
was found in the matrix. This indicates that chromate transport
was promoted by the presence of the connected particles and
voids within polymer film pigmented closely to the critical PVC.
Similarly, the preferential movement of water through the matrix/
particle interface was demonstrated for model systems with
microsize glass spheres mimicking pigment particles in polymer
coatings36. Possible explanations for such phenomenon include
the segregation of water and solvated ions on the pigment
surfaces36 or preferential transport via connected pigment path-
ways where the PVC is above the percolation threshold35.
In summary, after exposure to purely aqueous solutions, Cr

could not be detected under any experimental conditions in
30TiO2 films. However, in 50TiO2 (PVC of 50%, i.e., close to the
critical PVC) Cr was detected at the particle–matrix interface (or on
the pigment particles) thus suggesting that in the absence of
significant swelling of the polymer matrix, ion transport occurs
along the pigment/matrix interface. TiO2 pigment particles can
contribute to forming an interconnected network of particles in
anticorrosive coatings, and likely, the mechanism of chromate ion
leaching from the anticorrosive pigment particles in the coating
can be influenced by such particles included in the formulation.
Moreover, different types of additives present in the polymer
matrix play a different role in the migration mechanism. In the
case of inert TiO2 pigment, acceleration of chromate ions
migration was via the particle/matrix interface of the network of
interconnected particles. In contrast, for other type of particles
(commonly used filler: BaSO4) studied recently, it was shown that
BaSO4 particles were actively contributing to the migration
mechanism via the ion-exchange process while slowly leaching
from the film25. BaSO4 particles were shown to partially dissolve
and leach from the films when exposed to chromate solution,
leaving the space for the connected transport pathways to be
formed. This shows a strong dependence between the role of the
particles in the transport mechanism and their chemical nature,
hence their interaction with the environment (inert TiO2 and
partially soluble BaSO4). Likely, both types of particles interlocked
in a polymer protective coating alongside anticorrosive pigments
can contribute to a complex leaching mechanism.

METHODS
Materials and samples preparation
Similarly, as in our previous work25, free-standing films were prepared from
epoxy resin Epikote 828 and hardener Ancamine 2500 (resin:hardener

Table 3. Concentration of Cr at different sample depths for 50TiO2

film exposed in aqueous Na2CrO4 solution for 14 days at 60 °C.

Sample
depth (µm)a

Cr (wt. %)
point 1

Cr (wt. %)
point 2

Cr (wt. %)
point 3

Cr (wt. %)
average

s (±)

3 0.3 0.3 0.1 0.2 0.12

7 0.4 0.5 0.1 0.3 0.21

15 0.5 0.5 0.3 0.4 0.12

30 0.6 0.7 0.5 0.6 0.10

aComposition of the film at different depths is reported up to half of its
thickness (30 µm); the film was exposed from both sides, hence the
maximum migration distance equals to 1/2 of the film thickness.
The thickness of the film was 60 µm.

Fig. 6 STEM image of a lamella of 50 TiO2 film after exposure to
the aqueous solution of Na2CrO4 for 14 days at 60 °C. The image
shows alumina and TiO2 particles in the polymer matrix (white
circles show examples of the areas of acquired EDS spectra).

Fig. 7 STEM/EDS analysis of 50TiO2 film after 14 days of exposure to aqueous Na2CrO4 solution at 60 °C. a–c Distribution of C, Ti, Cr in the
selected region of 50TiO2 film after exposure to the aqueous solution of Na2CrO4 for 14 days at 60 °C. d STEM lamella.
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weight ratio 1.4:1) with the addition of methyl isobutyl ketone (MIBK) (30
wt. % of the resin and hardener weight). The ingredients were mixed and
then applied on polypropylene (PP) plates with a spiral applicator. Films
were left to dry overnight at room temperature and then cured at 70 °C for
2 h, which was above the glass transition temperature (Tg) of the polymer
(56 °C). The thickness of the dry films was between 60 and 120 µm
(100–120 µm for unpigmented films, 100 µm for 30TiO2 films, and 60 µm
for 50TiO2 films). The samples were cut and peeled off from the PP surface.
Unpigmented epoxy and films containing TiO2 pigment were prepared
with PVC of 30 and 50%. Pigmented resins were shaken on a Skandex®

paint shaker with solvent and Zirconox® pearls (1.7–2.4 mm) to aid
dispersion (the pearls were removed by filtration after mixing), then the
hardener was added, and the samples were applied on the substrate and
cured as described above. The pigment used was commercially available
titanium dioxide TIOXIDE TR92 which contains Al and Zr additives, as
reported elsewhere37.

Exposure and analysis of epoxy films
Free-standing films both unpigmented and pigmented with TiO2 were
exposed for 24 h at 60 °C (slightly above Tg of the tested polymer) to
Na2CrO4 solutions in water and water/acetone mixture (volume ratio 3:1) at
concentrations of 2 mol dm−3 and 0.5 mol dm−3, respectively. For pig-
mented films, extended exposure to the aqueous solution of Na2CrO4 for
6 weeks at RT (21 °C) and 14 days at 60 °C was also conducted. The
solutions were prepared from Fischer Scientific sodium chromate 99.9%.
After exposure, the samples were rinsed with deionized (DI) water and
dried above aluminosilicate drying pearls for 24 h.
The film geometry allowed for transport via both sides of the film. It has

been assumed that the transport mechanism from both exposed sides is
the same and corresponds to the possible transport in the coating applied
on a substrate.

SEM/EDS
SEM/EDS was used to study the morphology and composition of the
samples before and after exposure. For SEM analysis, unpigmented epoxy
films were cross-sectioned using an ultramicrotome (Leica EM UC6) and
covered with a 12-nm layer of carbon by sputtering (Leica EM ACE 600).
Films with TiO2 particles were cross-sectioned using broad beam Ar+ ion
milling (primary energy 6 keV) (Hitachi High-Technologies Corporation
IM4000). Zeiss Crossbeam 540 or Zeiss Sigma 300 coupled to an Oxford
Instruments EDS detector were used for SEM imaging at 1, 2, and 5 kV and
EDS analysis at 12 kV and 400 pA (aperture 30 µm). The chemical
composition based on EDS spectra was calculated with the AZtec software
supplied by Oxford Instruments.
The composition of the films after exposure to chromate solution was

measured by SEM/EDS at three points within the prepared cross sections
(Supplementary Fig. 2). Films were probed at 1/2, 1/4, 1/8, 1/16, and 1/32
of the total film thickness. Not exposed reference films were measured
only at 1/2 of the total film thickness.

STEM/EDS
Samples analyzed with STEM/EDS were cut with a Leica EM UC6
ultramicrotome using a diamond knife into thin lamellae with a thickness
of ~70 nm and placed on Cu TEM grids. The samples were analyzed using a
JEOL2010F-FEG-TEM instrument equipped with a STEM unit and EDS
detector from ThermoNoran. EDS data acquisition and evaluation were
performed with the Noran System Six software. In EDS spectral images, the
lateral resolution was determined by the choice of the number of pixels
rather than by the size of the electron beam (1 nm). Typically, the
resolution of the spectral images was around 10 nm. In addition, high-
angle annular dark-field (HAADF) and dark-field (DF) scanning transmission
electron microscope imaging was performed on a Thermo Scientific Talos
F200X STEM with a high brightness X-FEG electron source and Super-X
energy-dispersive silicon drift detectors (SDDs). The microscopes were
operated at an accelerating voltage of 200 kV with beam currents of
0.65 nA and 1 nA, respectively. EDS spectral images were acquired in the
Velox software with a typical image size of 1024 × 1024 pixels.
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