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ARTICLE INFO ABSTRACT

Handling editor: P Rios Recently, metal organic frameworks (MOFs), crystalline porous materials, demonstrated their effectiveness for
the post-modification of coatings obtained by plasma electrolytic oxidation (PEO) treatment. The post-
modification leads to the sealing of PEO porosity as well as endowing the coating with active corrosion pro-
tection ability. In the current work, ZnO-based PEO coatings on the surface of Z1 Zn alloy was partially converted
into ZIF-8 by treatment with vapours of 2-methylimidazole (2-HmIm). It was found that the degree of PEO-to-
ZIF-8 conversion and the size of the ZIF-8 particles increased with an increase in temperature from 120 to
150 °C, and with an extension of the treatment with 2-HmIm from 5 h to 60 h. Furthermore, the sealing of the
PEO pores can be controlled by applying different treatment conditions. It was also found that such treatments
resulted in the enhancement of the corrosion resistance of the materials. However, the key factor determining the
performance of the final ZIF-8@PEO hybrid coatings was a balance between the level of ZnO-based PEO
dissolution and crystallisation of ZIF-8 phase.
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expanded to include photocatalytic and biomedical areas, where they
demonstrate high levels of biocompatibility and antibacterial activity

1. Introduction

Nowadays, multifunctional coatings possessing several functions at
the same time are being actively developed due to their beneficial
properties [1-5]. In this context, coatings obtained by plasma electro-
lytic oxidation (PEO) are of interest to numerous researches [6,7]. These
coatings are formed on the surfaces by applying short living
micro-discharges generated at high voltages, that leads to local heating,
melting and oxidation of the metals [8-11]. Applying the PEO technique
to Al- [12-15], Mg- [16-22], Ti- [8,23-25] and Zn-based [26-28] ma-
terials enables the formation of highly adhesive, mechanically strong
ceramic-like oxide layers on their surfaces. PEO coatings have already
demonstrated their potential for use in wear and corrosion protection.
Furthermore, the potential applications of PEO coatings have been also

[29-34]. However, the main feature of the PEO coatings is their highly
porous structure. Numerous pores can spread throughout the coatings
[35] and, as a result, impair their protective ability. In the context of
corrosion protection, this is disadvantageous and consequently, hinders
the further industrial integration of the PEO coatings. Conversely, this
highly developed pore system represents an outstanding
macro-container, i.e., the system that can be used for further
post-synthesis loading with functional species, enabling the tuning of
PEO coating properties or even the implementation of new
functionalities.

In this regard, the development of post-modification with corrosion
inhibitors, such as decylphosphonate [36], 3-methylsalicylate [37],
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8-hydroxyquinoline [20,38], 1,2,4-triazole and benzotriazole [39] is
underway. It enables the introduction of active corrosion protection into
the PEO coatings. Even more, Gnedenkov et al. demonstrated that
post-sealing PEO layers with 8-hydroxyquinoline can significantly in-
crease the antibacterial activity of the MA8 magnesium alloy [20].
Another example is the design of a biodegradable surface with a drug
delivery function, as reported by Bordbar-Khiabani et al., who
post-modified a PEO coating on the AZ91 Mg alloy with betamethasone
sodium phosphate [40]. However, it should also be mentioned, that the
biggest disadvantage of these systems is the uncontrolled release of
functional species during application.

A more advanced approach, which is currently the focus of numerous
research groups working in the field of post-modification for PEO
coatings, is the “container-in-container” method. This method involves
the sealing the PEO pores with nanocontainers, i.e. nanomaterials that
can intercalate, store and release different functional species in a
controlled manner [41,42]. In this context, the use of layered double
hydroxides (LDHs) nanocontainers has been widely studied [43-51].
This strategy involves growing LDH flakes on the upper surface and
inside the PEO pores followed by the intercalating corrosion inhibitors
into the LDH structure. This approach has been successfully applied to
PEO coatings formed on the surface of AA2024 Al [52,53], AZ31
[54-56], MA8 [57], and ZK60 [58] Mg alloys. As a result, self-healing
coatings that can inhibit corrosion processes on demand were obtained.

As an alternative to LDH for the sealing of PEO pores, metal organic
frameworks (MOFs), materials belonging to the class of coordination
polymers with highly regular porous networks, are attracting increasing
attention [59-63]. The increased interest is due to their range of fea-
tures, including variable pore size, large porosity, multiple functional-
ities and compatibility with a wide range of different materials. To date,
the post-modification of PEO layers on the surface of Z1 Zn [64] and
AZ31 [65] or AZ91D [66] Mg alloys with ZIF-8 has been the main focus
of interest. ZIF-8 is a zeolitic imidazolate framework structure composed
of Zn®*" ions interconnected by 2-methylimidazolate ions (2-mIm’)
[67-72]. Following the decoration of the PEO layers, the ZIF-8 crystals
can effectively seal the PEO pores, thereby improving the barrier
properties of the coatings. They can also act as a source of inhibitors
(2-methylimidazolate) endowing the coating with the ability of active
corrosion protection properties [73]. Moreover, it has been demon-
strated that ZIF-8 can also adjust the photocatalytic and photo-
luminescence properties of ZnO/ZnAl;04-based PEO coatings on Z1 Zn
alloy [64].

In our previous investigation, the development of a novel technique
for the formation of ZIF-8@PEO hybrid coatings on Z1 Zn alloy, known
as vapour-solid transformation (VST), was reported [74]. The Z1 Zn
alloy is widely used in the construction industry for producing roofing
materials, gutters, downpipes etc. Furthermore, Z1 Zn alloy found
application for the production of non-structural components for various
industries, including automotive, hardware, electronics etc [75]. In turn,
the formation of multifunctional coatings on its surface can facilitate
and/or develop new areas of industrial application. The VST is a tech-
nique based on the controllable partial transformation of PEO layers into
ZIF-8 in the presence of 2-HmIm under solvent-free conditions. This
transformation was found to run through a multistage mechanism
involving the partial dissolution of the PEO layers, accompanied by the
formation of new defects on the surface. The released zinc ions then
reacted with the organic ligands to form ZIF-8, whose crystallisation
began on the PEO surface and gradually spread into the internal PEO
pores. This seals the PEO pores and defects with ZIF-8 and, resulting in
the formation of a compact protective coating. The current investigation
aims to understand how the VST conditions affect the ZIF-8 phase dis-
tribution throughout the PEO coating, and how this influences the
coating’s corrosion resistance and photocatalytic properties.
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2. Experimental part
2.1. Materials

30 x 20 x 1 mm?® zinc alloy sheets (Z1, according to EN988, VMZinc)
were used as the substrate. The alloy had the following composition [wt.
%]: 0.08-1 % Cu, 0.06-0.20 % Ti, 0.02 % Pb, 0.002 % Cd, 0.001 % Sn,
<0.015 % Al, and Zn balance.

2.2. Preparation of the parental PEO coatings

The parental PEO coatings were formed on the surface of Z1 Zn alloy
(sheets with a size of 30 x 20 x 1 mm?, surface area of 22 cm?), similar to
the procedure reported in Ref. [74]. For this, a pulsed DC power supply
under a voltage of 300 V and current limits of 2 A (current density of 92
mA/cm?) with a pulse ratio of tonitoff = 1 ms:9 ms was used. The
experiment was conducted by connecting Z1 Zn alloy specimens to
function as the anode, with a stainless steel tube from the cooling system
serving as the cathode. The PEO coatings were prepared for 5 min under
continuous stirring at a temperature of 20 + 2 °C, which was maintained
by a circulating external water-cooling system. The applied electrolyte
contained 2 g/l potassium hydroxide (KOH, >99 %, Sigma-Aldrich
Chemie GmbH), and 10 g/1 trisodium phosphate (NagPOg, techn., Alfa
Aesar). The obtained specimens were rinsed with distilled water and
dried in air.

2.3. Preparation of ZIF-8@PEO coatings

ZIF-8@PEO coatings were synthesised via vapour-solid trans-
formation (VST). Details of the treatment are presented in Refs. [74,76].
In short, PEO coated specimens placed vertically were treated with 50
mg of 2-methylimidazole (2-HmIm, TCI, >97 %) organic linkers at
temperatures of 120 °C, 140 °C or 150 °C for 5h, 20h 40 hor 60 h in a
30 ml autoclave. The specimens were labelled as T-t, where T refers to
the treatment temperature and t to the treatment time. A table of the
prepared specimens is provided in the SI (Table SI-1).

2.4. Characterisation

The phase composition of the parental PEO and ZIF-8@PEO coatings
was evaluated by X-ray diffraction (XRD, Ni filtered Cu Ko radiation
source, Bruker D8 Advance, Germany). Analysis was performed at a
glancing angle of 3°, within a scan range from 5 to 50° and at a step size
of 0.02° and a scan speed of 1 s per step.

The surface morphology and cross-sections of the initial PEO and
obtained T-t coatings were analysed using a scanning electron micro-
scope (SEM, Tescan Vega3 SB, Czech Republic) equipped with an energy
dispersive X-ray spectrometer (EDX, Ultim Max 40, Oxford, UK). Surface
morphology was examined in secondary electron (SE) mode. Cross-
sections of the coatings were studied in back scattered electron (BSE)
mode. Data acquisition was performed at high voltages of 11.0 kV-15.0
kV and a beam intensity of 10.0-14.0. Prior to the cross-section analysis,
the Z1 Zn plates coated with PEO or ZIF-8@PEO were embedded in
resin, ground with silicon carbide paper (#1200, #2500 and #4000),
washed with distilled water, and dried in air. Before the measurement,
the materials were sputtered with carbon. The size of the ZIF-8 particles,
the thickness of the coatings and the surface porosity were estimated
from the SEM micrographs (magnifications: 200x, 500x and 2000x,
respectively) using ImageJ software [77].

The distribution of crystal phase across the PEO and ZIF-8@PEO
coatings was evaluated at the nano-focus end station at the PO3 beam-
line of the PETRA III storage ring at the Deutsches Elektronen-
Synchrotron (DESY, Germany) [78]. The experimental set-up is pre-
sented in detail in the reference [79]. Data were acquired using an Eiger
9 M detector with a pixel size of 75 pm by 75 pm. The X-ray beam had an
energy of 19.7 keV and was focused to a beam size of 1.5 pm by 1.5 ym
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by means of KB mirrors. A mesh scan was performed across the interface
of the coatings on an 80 x 80 pum area: 40 steps perpendicular to the
interface with a 2 pm step size, and 20 steps parallel to the interface with
a step size of 4 pm. The acquisition time was 1 s for each step. Azimuthal
integration was done using PyFai [80] and two-dimensional analysis of
the diffraction profiles was done using an in-house developed Matlab
routine.

The corrosion protective ability of PEO and ZIF-8 @PEO coatings was
evaluated by electrochemical impedance spectroscopy (EIS) with a
Gamry Interface 1000 potentiostat (Gamry, Warminster, USA). Testing
was carried out using a conventional three electrode cell, which
included PEO- and ZIF-8@PEO-coated specimens with an exposed sur-
face area of 0.5 cm? as working electrodes, a Pt wire as the counter
electrode, and a saturated Ag/AgCl reference electrode. Experiments
were conducted in a 0.5 wt% NaCl solution at 22 °C, within a frequency
range from 100 kHz to 0.1 Hz at open circuit potential (OCP) with 10 mV
RMS sinusoidal potential perturbations. The EIS measurements were
performed after the following immersion times: 1, 3, 6, 12, 24, 72, and
168 h. To demonstrate the reproducibility of the data, each type of
specimen was evaluated for three times.

The photocatalytic activity of the initial PEO and ZIF-8@PEO coat-
ings was evaluated using photodegradation of methyl orange (MO, ACS
reagent) dye as a model reaction. Prior to the photocatalytic tests, the
samples were cut into 1 x 1 cm? size pieces and activated at 100 °C for 3
h under reduced pressure. The photocatalytic tests were performed in a
photocatalytic reactor (Photocube ThalesNano, Hungary) in UV mode
(365 nm, 100 %). The specimens were placed into 5 ml of 8.8 mg/1 MO
solution in water and treated at 22 °C for 6 h. In parallel with the
photocatalytic tests, the adsorption properties of the coatings were
evaluated by stirring under dark conditions. MO concentrations were
determined by UV-Vis spectroscopy (Shimadzu UV-2600i, Japan) based
on an MO calibration curve (0.96-9 mg/L).

3. Results and discussions

3.1. Optimisation of the VST conditions for preparation of ZIF-8@PEO
coatings: XRD study

Our previous study showed that the VST technique was effective in
forming ZIF-8@ZnO PEO coatings on the surface of Z1 Zn alloy [74].
ZIF-8 crystallisation occurred not only on the upper surface of the
coatings, but also inside the PEO pores, effective sealing them. In the
current study, the VST conditions were systematically varied to under-
stand their effect on the properties of the final ZIF-8@PEO coatings.
Prior to the VST treatment, PEO coatings were produced on the Z1 Zn

a)
+

+
e % k] % 120-60
* * § + +

Parental PEO
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alloy surface using the conditions reported in Refs. [74,81]. The
resulting coatings were mainly composed of ZnO (PDF: 00-001-1136) as
the main phase, with Zn,P»,07 (PDF: PDF 00-001-0841) detected by XRD
as the secondary phase (Fig. 1).

At the next stage, the as-prepared ZnO-based PEO coatings were
treated with 50 mg of 2-HmIm in an autoclave, with the temperature and
treatment time systematically varied. Fig. 1 shows the XRD patterns for
the three batches of specimens obtained at 120, 140 and 150 °C. As it can
be seen, ZIF-8 was the main phase formed during transformation at all
three temperatures. Reflections corresponding to ZnO were also present
in the patterns, indicating that the treatment conditions did not allow for
a complete transformation of the PEO layers. Alongside the ZIF-8 re-
flections, a signal appeared at 10.9° 20 in the XRD patterns of all T-t
coatings, demonstrating the formation of an unknown admixture phase.
Even more, the reflection at 8.7° 20 was also detected in the XRD pattern
of 120-60, which can correspond to the C32H49N16Zn4 phase (PDF: 00-
060-1335) (Fig. 1, a). It should also be emphasised that this admixture
formed even after numerous repetitions of the process at 120 °C for 60 h.

The ZnO PEO-to-ZIF-8 recrystallisation process was affected by both
temperature and VST time. Firstly, regardless of the applied tempera-
ture, the ZIF-8 formation was observed after 5 h of VST. The intensity of
the ZIF-8 reflections increased with treatment time from 5 h to 40 h,
while the intensity of the ZnO reflections decreased for all three batches.
A similar effect was observed when the VST temperature increased from
120 to 150 °C; this can be seen by comparing the diffraction patterns of
the T-20 or T-40 coatings. Among the three batches, reflections of the
ZIF-8 phase in the XRD patterns of 150-20 or 150-40 were significantly
higher than those obtained at 120 and 140 °C for 20 and 40 h, respec-
tively. This indicates that increasing the VST temperature accelerates
the ZnO-to-ZIF-8 transformation. However, whereas the intensities of
the ZIF-8 reflections further increased for 120-60 and 140-60 compared
to 120-40 and 140-40, respectively, for the 150-60 specimens (Fig. 1, c),
they slightly dropped. This observation could indicate the termination of
the transformation process due to a deficiency of the 2-HmIm linker,
either because it has been consumed or because it can not diffuse to the
surface of the PEO coating due to ZIF-8 particles, as discussed previously
in Ref. [74]. Moreover, it could be associated with partial flaking off of
the ZIF-8 layer from the surface, as observed in Ref. [64].

3.2. SEM study of ZIF-8@PEO surface morphology

The surface morphology of the initial PEO and the obtained T-t
coatings is presented in Fig. 2. The initial PEO coating formed on the Z1
Zn alloy has a porous structure, which is typical of the PEO coatings
(Fig. 2, a)). The size of the pores on the PEO surface varied from 1 to 60

Parental PEO

Parental PEO

30 40 50 60 10 20
20

10 20

30

20

40 50 60 10 20 30 40 50 60

20

Fig. 1. XRD patterns of ZIF-8@PEO coatings prepared by the VST approach at a) 120 °C, b) 140 °C and ¢) 150 °C for 5, 20, 40 and 60 h + - ZnO, * - ZIF-8, + % -

Zn,yP507, § - Zn, & - C33H4oN16Zny and # - unknown admixture phase.
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Fig. 2. a)-m) SEM micrographs of the obtained T-t specimens. The inserts show the high-magnification images of the surface. n)-p) Distribution of ZIF-8 particle size
(from minimum to maximum values estimated from SEM images using ImagelJ software) showing the samples prepared at 120-150 °C over time.

pm. Following the transformation treatment, the surface porosity
changed, and these modifications depended strongly on the applied VST
conditions. Firstly, the SEM image of the 120-5 specimen (Fig. 2, b))
shows that the surface porosity of the PEO coating increased compared

Table 1
Surface porosity for the initial PEO coating and T-t specimens (%) estimated
from SEM micrographs.

to the initial coating, with values of 21.3 + 2.1 vs. 18.3 &+ 1.3 %, 120,°¢C 149, °C 150,°C
respectively (Table 1). At the same time, the presence of ZIF-8 particles 5h 21.3 + 2.1 11.0 £ 0.5 9.9 + 0.5
can already be detected on the surface of the PEO coatings. SEM images 20h 13.7+1.8 9.6 £0.5 9.6 £0.7
. : 40h 127 £ 0.8 8.0+ 1.4 7.2+ 0.2
of the specimens prepared at 5 h, but at elevated temperatures, (i.e., 60h 117407 71406 83417
140-5 and 150-5; Fig. 2, c), d)), already revealed a high level of sealing PEO 183+ 13 ' ’ ’ '
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of the surface pores. Thus, the surface porosity decreased to the values of
11.0 + 0.5 % and 9.9 + 0.5 % for the 140-5 and 150-5 specimens,
respectively. Furthermore, increasing both the temperature and the time
of the VST process resulted in decreased surface porosity, which was
associated with the sealing of the pores by active formation and growth
of ZIF-8 particles. However, the highest level of the PEO pores’ sealing
was observed for the 140-40, 140-60 and 150-40 samples, which is
indicated by the surface porosity of 8.0 + 0.6 %, 7.1 + 0.6 % and 7.2 +
0.2 %, respectively (Table 1). It should be noted that, despite the 150-60
coatings demonstrated comparable pore sealing values (i.e., 8.3 + 1.7
%), high-magnification SEM micrographs show that treatment at these
conditions (i.e. 150 °C for 60 h) caused new cracks and surface defects to
form. This was most likely due to the stresses created in the layer by ZIF-
8 particles growing in all directions on the PEO coating surface.

Variation in VST parameters also impacted the shape and the size of
the ZIF-8 particles. Only a few poorly shaped ZIF-8 particles with a size
of 1.0-1.8 pm, and distributed inhomogenously across the surface can be
seen in the SEM image of 120-5 (Fig. 2, b). The number of particles
increased when the treatment was prolonged to 20 h (Fig. 2, e). They are
mainly similar in size, with some measuring up to 2.6 pm. In the case of
120-40, most of the ZIF-8 particles were still poorly shaped, and only a
few had recognisable shapes. These particles reached a size of 3.7 pm
(Fig. 2, h). However, in contrast to 120-5 and 120-20, the coating surface
was homogeneously covered by ZIF-8. Further prolongation of the VST
treatment up to 60 h mainly affected the size and the shape of the ZIF-8
particles. In that case, they were well-formed and grew to a size of up to
3.0 pm (Fig. 2, k).

Increasing the VST temperature to 140 °C resulted in the ZIF-8

120-40 120-20 120-5 PEO

120-60

o)
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particles enlarging further and increasing in their number. Thus, all
specimens showed a homogeneous covering of the surface with ZIF-8,
with size ranging from 1.0-4.4 pm to 3.0-11.8 pm for 140-5 and 140-
60, respectively (Fig. 2¢-f, i, 1). However, while the shape of the parti-
cles can be easily followed for 140-5, 140-20 and 140-40 (i.e. rhombic
dodecahedron morphology typical of ZIF-8), the surface of 140-60
appeared to be covered with sintered particles. A similar tendency was
observed for the batch of the coatings, which were prepared at 150 °C.
Thus, the SEM images of these specimens show, that the PEO surface was
fully covered by the particles with a size of 0.6-2.9 pm, 1.8-7.2 pm,
2.5-12.0 pm and 4-12.5 pm for 150-5, 150-20, 150-40 and 150-60
coatings (Fig. 2d-g, j, m), respectively. Similarly to the 140-60 coat-
ings, the ZIF-8 particles looked intergrown on the surfaces of the 150-40
and 150-60 coatings (Fig. 2j—m).

3.3. Surface elemental composition of the coatings by EDX

EDX analysis was performed to evaluate the elemental composition
of the ZIF-8@PEO coatings. Figs. 3-5 represent the EDX elemental
mappings for the 120-t, 140-t and 150-t systems, respectively. Zn, O and
P are relatively homogenously distributed across the surface of the
parental PEO coating formed on the Z1 Zn alloy (Fig. 3). Following the
treatment with 2-HmIm, areas with a higher Zn concentration were
observed, indicating the location of the ZIF-8 particles. Treatment time
had a strong effect on the distribution of N, O and P on the top surface of
the coatings. N was unevenly located on the surfaces of specimens
treated for short periods (5 and 20 h) with small areas of high concen-
tration being particularly evident in the 150-5 material (Fig. 5).

P N

Fig. 3. Results of EDX elemental mappings for the parental PEO coating and the specimens from the 120-t batch.
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Zn 0] P N

Fig. 4. Results of EDX elemental mappings for the specimens from the 140-t batch.
Zn (0 P N

Fig. 5. Results of EDX elemental mappings for the specimens from the 150-t batch.

140-5

140-40 140-20

140-60

150-5

150-20

150-40

150-60

Specimens obtained after 40 h and 60 h showed a more uniform dis- particularly evident in the EDX mapping of the T-40 and T-60 materials.
tribution of N on the surface. In the case of allocation of O and P, the Based on the SEM images, the surfaces of these coatings’ surfaces exhibit
longer the PEO coatings were treated with 2-HmIm, the more irregular a high level of pore sealing. The O and P mappings appeared ,,meshy”, as

the distribution of these elements on the surfaces became. This is can be seen in the EDX images of the 150-40 and 150-60 plates (Fig. 5).
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This is associated with a high level of ZIF-8 crystallisation on the PEO
surface in coatings that have undergone longer treatment. The exception
was the 120-60 coating. However, this sample showed the presence of
admixtures, as proven by XRD analysis.

Table 2 lists the chemical composition of the initial PEO coatings and
ZIF-8@PEO specimens. The concentrations of Zn, P and O decreased
mainly with the prolongation of the VST transformation, while the
amount of N increased on the surface. A similar trend is evident when
comparing the samples obtained at the same treatment times, but at
different temperatures. Thus, the N content (wt. %) increased from 9.60
+ 0.02 to 16.58 + 0.03 with an increase in VST time from 5 h to 60 h at
120 °C, from 14.91 + 0.03 to 22.06 + 0.03 at 140 °C and from 11.29 +
0.02 to 22.55 + 0.03 at 150 °C. These observations correlate with the
results of the XRD results, which demonstrate that the ZIF-8 phase
crystallises more readily with an increase in both VST time and tem-
perature. It should also be mentioned, that clear trend emerges from the
carbon concentration data. The variation in C concentration in the
specimens might be due to the way the samples were prepared and their
subsequent exposure to air.

3.4. Elemental and phase distribution through the coatings

To understand how the VST conditions affect the distribution of el-
ements and main phases within the coatings perpendicular to the sur-
face, elemental mapping of the cross-sections was carried out using
SEM/EDX and nano-focused synchrotron X-ray diffraction analyses.
Based on the SEM cross-section analysis, the thickness of the initial ZnO-
based PEO coating ranged from 5 pm to 45 pm (Fig. 6, Fig. SI-1). This
significant variation in PEO thickness is most likely related to variations
in the distribution of current density during the process, leading to
different growth rates in different areas. The PEO layer structure was
relatively dense, containing pores of various sizes located on the
external part of the coating and in the inner layer close to the metallic
substrate. Similarly to the EDX mapping of the top view (Fig. 3), the
cross-sectional mappings also confirmed the homogeneous distribution
of Zn, O and P elements throughout the initial PEO layer.

Treatment with 2-HmIm linkers had little effect on the thickness of
most final T-t coatings, which ranged from 4 pm to 50 pm. This slight
variation from the initial PEO coating value can be associated with

Table 2
Chemical compositions of the specimens by EDX, wt. %.
Sample Zn, % 0, % P, % C, % N, %
PEO 60.12 + 27.12 £ 11.96 +
0.02 0.01 0.01
120-5 38.69 + 19.06 + 6.99 + 28.51 + 6.76 +
0.02 0.01 0.00 0.02 0.02
120- 35.06 + 16.07 + 6.20 + 32.98 + 9.60 +
20 0.01 0.01 0.00 0.02 0.02
120- 22.72 + 12.32 + 5.10 + 40.27 + 19.59 +
40 0.02 0.01 0.01 0.03 0.03
120- 26.32 + 12.64 + 5.07 + 39.93 + 16.58 +
60 0.01 0.01 0.00 0.02 0.03
140-5 28.51 + 10.93 + 5.10 + 40.55 + 14.91 +
0.02 0.01 0.01 0.01 0.03
140- 28.10 + 11.50 + 5.10 + 39.60 + 15.50 +
20 0.01 0.01 0.01 0.02 0.02
140- 23.00 += 10.00 += 3.60 + 43.10 £ 20.40 +
40 0.02 0.01 0.00 0.03 0.04
140- 22.43 + 9.30 + 3.85 + 42.35 + 22.06 +
60 0.01 0.01 0.00 0.02 0.03
150-5 31.98 + 14.03 = 6.02 + 36.67 £ 11.29 +
0.02 0.01 0.00 0.02 0.03
150- 24.32 + 9.14 + 3.64 + 43.57 + 19.32 +
20 0.02 0.01 0.00 0.03 0.03
150- 21.90 + 9.80 + 3.40 + 44.20 + 20.70 £
40 0.01 0.01 0.00 0.02 0.03
150- 21.02 + 10.65 = 3.35+ 42.43 £ 22.55 +
60 0.01 0.01 0.00 0.02 0.03
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consecutive transformation of the PEO layer and deposition of ZIF-8
particles on the surface, as previously discussed in Ref. [74]. Local
dissolution of the PEO layer can be observed in certain areas of the
coatings. For the coatings obtained at elevated temperatures and longer
reaction times, the thickness values increased up to 16-78 pm, as can be
seen in the cross-section images of the 140-60, 150-40 and 150-60
samples (Figs. 7 and 8). This thickening was primary due the deposi-
tion of a large quantity of the ZIF-8 phase on the upper surface, as well as
the enlargement of particles, as demonstrated by the SEM analysis of the
upper surface of the coatings (Figs. 4 and 5). Furthermore, it is evident
that these coatings consist of two layers: the residual PEO layer and the
deposited ZIF-8 layer.

When discussing the impact of the VST conditions on the elemental
distribution throughout the coatings, no significant changes were
observed in the mappings of O and P. The Zn maps remained mainly
unchanged for most of the coatings. Only in the case of the T-40 and T-60
samples, two Zn layers can be clearly distinguished: a denser one with a
higher concentration Zn corresponding to the ceramic PEO layer, and a
less dense one, where the Zn signal was less intense and associated with
the presence of ZIF-8 particles. However, the distribution of ZIF-8 within
the ZIF-8@PEO coatings can mainly be followed from the nitrogen
maps. Therefore, comparing the N mappings from the 120-t batches
shows that no ZIF-8 was detected in the 120-5 samples, and only a few
dots of this phase were found in the 120-20 and 120-40 samples. It can
be mainly associated with the inhomogeneous coverage of the PEO
layers with the ZIF-8 particles on the surface, as well as the small size of
the particles, which was previously observed by SEM of the top view of
the coatings (Fig. 3). Homogeneous coverage of the PEO layers with the
ZIF-8 phase was only detected for the 120-60 coatings. Meanwhile, the
ZIF-8 phase was mainly located on top of the PEO layers, rather than
within them. Such observation indicates that a temperature of 120 °C
was not sufficient to seal the inner pores of the PEO layers, and pro-
longing the treatment did not improve the process. In turn, increasing
the temperature to 140 °C and 150 °C resulted in the sealing of both the
external pores located on top of the PEO layers and the internal pores.
This was particularly evident in the 140-40, 140-60, 150-40 and 150-60
coatings, the N elemental mappings of which showed the presence of N
throughout the coatings’ thickness (Figs. 7 and 8).

Further evaluation of the initial PEO coatings and ZIF-8@PEO
specimens across the layers was performed by synchrotron X-ray
diffraction. Mesh scan analysis was performed for this purpose, enabling
the location of the different phases within the coating at particular
points to be followed. Similarly to the results of the laboratory XRD
study, ZnO was the main phase forming parental PEO coating, while ZIF-
8@PEO coatings contained both ZIF-8 and ZnO. Fig. 9 shows 2D maps
based on the analysis of ZnO (100), ZIF-8 (110) and Zn (100) reflection
intensities, which were used to determine the location of the substrate
and consequently the thickness of the coatings. In all cases, the thick-
nesses of the materials obtained varied within the range of 20-80 pm,
which differed slightly from the thicknesses values obtained by the EDX
cross-section analysis. This inconsistency could be mainly due to the
different experimental settings applied in both analyses. Thus, syn-
chrotron XRD mappings only covered a small part of the coatings (80 x
80 pm), while EDX cross-sectional analysis allowed following larger
regions of the specimens to be examined. Moreover, such difference
could be associated with different sample preparation methods for both
analyses. In the case of EDX cross-sectional analysis, it includes cutting
the samples followed up embedding them in resin and grinding them.
Consequently, this multi-step procedure could slightly affect coating
structure and thickness. In contrast, synchrotron measurements only
require the samples to be mounted on holders, meaning they remain
intact.

Firstly, Fig. 9 shows that a homogeneous distribution of either the
ZnO or ZIF-8 phases was not achieved, regardless of the applied treat-
ment conditions. Secondly, regardless of the treatment temperature, it
was found that the intensity of ZnO decreased with an increase in
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Fig. 6. SEM micrographs of the cross sections and elemental distribution for the parent ZnO based PEO coating and the 120-t coatings.
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Fig. 7. SEM micrographs of the cross sections and elemental distribution for the 140-t coatings.
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Fig. 8. SEM micrographs of the cross sections and elemental distribution for the 150-t coatings.

treatment time from 5 h to 60 h (for all three batches). This is consistent
with the laboratory XRD results and can be associated with the ZnO-to-
ZIF-8 transformation. In the case of the ZIF-8 phase, both treatment
parameters, i.e. time and temperature, influenced its distribution. Thus,
for the 120-t coatings, no strong signal indicating for the formation of
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ZIF-8 was detected for the specimen obtained for 5 h of treatment. This
was most likely due to the inhomogeneous distribution and small size of
the ZIF-8 particles (i.e., 1.0 pm-1.8 pm). Due to the use of a highly
focused beam, the chance of hitting a particle is reduced, and, in addi-
tion, the scattering signal from a small particle is weak, which makes
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Fig. 9. 2D maps of ZnO, ZIF-8 and Zn phases distribution across a) PEO, b) 120-5, ¢) 120-20, d) 120-40, e) 120-60, f) 140-5, g) 140-20, h) 140-40, i) 140-60, j) 150-5,
k) 150-20, 1) 120-40, m) 120-60 coatings. A, C and S refer to the air, coating and substrate areas, respectively.

ZIF-8 detection challenging. A strong ZIF-8 signal was only detected for Unlike the 120-t batch, homogeneous coverage of the PEO surface with

the 120-20 coating, and its intensity increased with the increase of ZIF-8 particles was achieved for all 140-t specimens. Conversely, no
treatment time up to 40 and 60 h. However, ZIF-8 was only present in additional surface defects were formed compared to samples obtained at
the upper part of the coatings, was therefore not detected within the longer treatment at 150 °C (Fig. 2j-m). Fig. 10a—e) shows the Bode and
layers. This result is consistent with EDX cross-sectional analysis and phase angle plots after the immersion for 1-168 h, while corresponding
confirms that a decreased temperature does not promote sealing of the Nyquist plots are presented in Fig. SI-2 (SI). The spectra demonstrate the
PEO pores throughout the entire thickness of the coatings. presence of several relaxation processes in the parental PEO and ZIF-
In the case of the coatings obtained at 140 and 150 °C, 2D mappings 8@PEO coatings. However, not all the time constants can easily be
demonstrated the presence of the ZIF-8 phase in the coatings already distinguished due to overlap, particularly in the case of the ZIF-8@PEO
after just 5 h of the treatment, which is consistent with the results of the spectra.
XRD and SEM analyses (Figs. 1 and 2). Moreover, ZIF-8 concentration The EIS spectra of the initial ZnO-based PEO coatings grown on the
increases with increased VST time and temperature. The effect of tem- surface of Z1 Zn substrate are characterised by the presence of four time
perature can be illustrated by comparing the 140-5 and 150-5 coatings. constants. At the beginning of the immersion in corrosive media, the
Thus, while the ZIF-8 phase was inhomogeneously distributed within spectra contained a time constant of around 10° Hz. This high-frequency
both coatings, areas with a higher ZIF-8 concentration were clearly time constant is most likely due to the response of the porous part of the
apparent in the 150-5 material. A similar effect was also observed with PEO coatings. The relaxation process observed at middle-frequencies
increased treatment time, as the amounts of ZIF-8 inside the coatings (10* Hz) can be attributed to the response from the inner barrier layer
were higher for coating obtained through prolonged treatment, i.e., T-40 of the PEO coating. At lower frequencies (about 10 Hz), another relax-
and T-60 (Fig. 9, h, i, 1, m). Moreover, mapping of the 150-20, 150-40 ation process is observed, which can be caused by the corrosion process.
and 140-60 coatings (Fig. 9i-k, 1) revealed that the ZIF-8 phase was not At very low frequencies (0.01 Hz), the relaxation, whose presence could
only present on the surface of the coatings, but also in areas close to the be associated with electrochemical activities on the metallic surface, is
substrate. Consequently, these observations confirm the positive effects visible. As the immersion time is prolonged from 12 h to 168 h, these
of elevated temperatures and longer treatment times on sealing the PEO time constants shift in terms of frequency and become even more
coating throughout its thickness. depressed. The impedance modulus drops significantly in full frequency

range, reaching the values below 10% Q cm? at 0.01 Hz after just one day
of exposure, suggesting low barrier properties and stability of the PEO
3.5. Evaluation of corrosion protection properties of the ZIF-8@PEO layer as well as a high rate of corrosion processes. However, an increase
coatings in the impedance modulus was observed for the PEO sample when the
immersion time was increased from 72 to 168 h, suggesting that pore

The effect of the ZnO-to-ZIF-8 transformation on the protective  sealing with corrosion products had taken place to some extent.

ability of the Z1 Zn alloy was evaluated using electrochemical imped- In contrast to the original PEO, the 140-5 specimen exhibits a
ance spectroscopy (EIS) after the parental PEO plates and 140-t plates significantly higher impedance level in the inner barrier layer. Although
were immersed in a 0.5 wt % NaCl solution. The 140-t batch was it drops very quickly over time, reaching levels similar to those of

selected for the evaluation based on the results discussed previously.
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Fig. 10. Bode and phase angle plots for a) parental PEO, b) 140-5, ¢) 140-20, d) 140-40, e) 140-60 coatings grown on the surface of Z1 Zn alloy after the immersion
in a 0.5 wt % NaCl solution for 1, 3, 6, 12, 24, 72 1nd 168 h. f) Evolution of |Z| at 0.01 Hz with an immersion time for PEO and ZIF-8@PEO coatings.

untreated PEO after comparable immersion periods. However, an
important difference can be observed in the region related to corrosion
processes, namely the significantly increased resistance associated to the
charge transfer process.

In the case of samples prepared via the long post-treatment conver-
sion process (20-60 h), changes in the spectra evolution are observed,
which especially remarkable for the samples immersed for 1 h in 0.5 wt
% NaCl. The identification of the processes in the spectra of 140-20, 140-
40 and 140-60 coatings after 1 h of the immersion proved to be chal-
lenging. This observation could be associated with the limitation of the
access of 0.5 wt % NaCl due to the high level of PEO pores sealing by ZIF-
8 particles and consequently. In another words, it can thus be posited
that the pores were only partially moistened. A similar effect was
observed in the spectra of 140-20 after 3 h of immersion. Nonetheless, in
all cases two time constants could be identified in the spectra: at
approximately 10° Hz, this is most likely attributable to the response of
the porous part of the PEO coatings in combination with ZIF-8; and at
around 10°-10* Hz, that is related to the response of the inner PEO layer.
In turn, the presence of three time constants was followed in the 140-40
and 140-60 spectra after 3 h of the immersion in a 0.5 wt % NaCl. The
nature of these relaxation processes is similar to those already described
above for the original PEO and the one post-treated specimens for 5 h.
Identifying all time constants in the spectra of the samples immersed for
a long time, i.e., after 24-168 h, became again tricky, which is possibly
associated with the dissolution of ZIF-8 from the upper surface and the
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pores and the PEO layer itself.

In order to compare the effect of the VST conditions on the protective
ability of the ZIF-8 layer, |Z| at 0.01 Hz was plotted as a function of time
(Fig. 10, ). |Z0.01 for the parental PEO was ~10* Q cm? at the beginning
of the immersion. It then decreased by one order of magnitude reaching
a value around 10° Q cm? (after 24 h of immersion), which demon-
strated comparable values until the end of the immersion. Partial
transformation of PEO-to-ZIF-8 even for 5 h of treatment time has a
positive effect on the protective ability of the coatings. |Z|.o; was higher
by around one order of magnitude throughout the whole period of the
immersion in a 0.5 wt % NaCl solution. The corrosion resistance of the
coatings was further improved with an increased VST reaction time of
20, 40 and 60 h. Thus, 140-20, 140-40 and 140-60 coatings resulted in
the values of |Z|o01 around ~10° Q cm?. These values decrease with
increased immersion time in corrosive media. However, while |Z|¢ 01
has a value of ~10° Q@ cm? after 12 h of EIS for 140-20, it was around
~10* @ cm? for 140-40 and 140-60. In all three cases |Z|o; continued
to decrease with an increased exposure time to the corrosive solution.
Finally, the values for all three coatings were comparable to those of the
untreated PEO. However, while the |Z|¢ o1 values for 140-20 and 140-60
coatings reached ~10% Q cm? after 168 h, the |Z|o.01 value for parental
PEO sample had already dropped to the same value after 72 h and
decreased slightly further (564 Q cm? after 168 h).
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3.6. Photocatalytic properties of ZIF-8@PEO coatings

Photocatalytically active surfaces are currently in the focus of
numerous investigations as an alternative to traditional powder photo-
catalysts. The main area of interest relates to their potential application
for wastewater treatment. In this context, the photoactivity of the ob-
tained ZIF-8@PEO coatings was also evaluated. The photodegradation
of MO under UV light was chosen as the model reaction. Alongside to the
photocatalytic test, the obtained coatings were also treated with a MO
solution in the dark to evaluate their adsorption abilities. Fig. 11 shows a
comparison of the MO adsorption and photodegradation for the PEO and
ZIF-8@PEO coatings after 6 h of exposure. Although the investigation
focused on the 140-t batches, additional testing of 120-20 and 150-20
specimens was conducted to determine whether the temperature of
the VST affected the MO adsorption and photoactivity properties.

The initial PEO coating exhibits relatively low photocatalytic activity
for MO degradation. Only 28.6 % of MO was decomposed after 6 h of
treatment, which is consistent with our previous investigation reported
in Ref. [64]. However, it also exhibited a higher level of MO adsorption,
namely 17.1 % of MO. Based on these results, it can be assumed that the
real photocatalytic ability of untreated PEO coatings was even lower. It
should also be mentioned, that such enhanced adsorption performance
is generally considered to be rather negative, as adsorbed MO molecules
can further block access of MO molecules to the active sites of
photocatalysts.

Adsorption and photocatalytic activities decreased after partial
transformation of PEO to ZIF-8. Comparing the adsorption properties
among ZIF-8@PEO samples, the lowest value of MO adsorption, 4.9 %,
was observed for the 140-20 material. A similar value of MO adsorption
(5.9 %) was also found for the 140-60 coatings. For comparison, the
percentages of the adsorbed MO were slightly higher for coatings pre-
pared at shorter reaction times, i.e., 140-5, and other reaction temper-
atures, 120-20 and 150-20. 7.3, 9.3, 6.5 %, respectively. These results
are strongly correlated with values of the surface porosity presented in
Table 1 confirming that the decrease in the adsorption ability for ZIF-
8@PEO materials was mainly associated with the sealing of the PEO
porosity with ZIF-8 particles, and consequently blocking of MO
adsorption in the inner part of the PEO coatings.

Comparing the effect of the condition of the PEO-to-ZIF-8 rear-
rangement on photocatalytic degradation of MO, 140-5, 140-20 and
120-20 samples exhibit similar results. Thus, the concentration of MO in
the solutions decreased by only 9.2 % in the presence of these samples.

504 Il VIO adsorption, %
Il MO photodegradation, %
25+
20
15

MO adsorption/photodegradation, %

PEO

140-5 140-20 140-60 120-20 150-20 Blank
Specimen

Fig. 11. MO adsorption and photocatalytic degradation of MO by the initial
PEO and ZIF-8@PEO coatings from on Z1 Zn alloy after immersion in a 5 ml of
8.8 mg/1 MO solution for 6 h.
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The highest value in the decrease of MO concentration was observed for
140-60, reaching only 13.5 %. Such deteriorated behaviour of ZIF-
8@PEO materials in MO photodegradation was generally unexpected
and differed from our previous results on post-treatment of ZnO/
ZnAl,04 based PEO, where VST improved the performance of the
parental coating by two times [81]. This decrease in MO photo-
degradation was also most likely due to the PEO coating being covered
by ZIF-8 particles, which limits access of MO to ZnO, the compound
mainly responsible for the photocatalytic activity of ZIF-8@PEO coat-
ings (the ZnO bandgap is 3.2 eV vs. 4.9 eV for ZIF-8).

3.7. Discussion

Presently, post-modification of PEO with MOFs is regarded as a
promising technology. This is due to the fact that it can provide effective
sealing of PEO pores and enable the introduction of active corrosion
protection in the coating. In our previous work, we reported on the
possibility of post-modification of the PEO layer with ZIF-8 using the
VST method. The VST as a technique has a range of advantages
comparing to the solvothermal modifications. Firstly, the VST is a
solvent-free approach. This prevents contamination of the PEO coatings
and dissolution of the PEO layer by solvent, that is methanol or water in
case of most ZIF-8 syntheses. Furthermore, the possible corrosion of the
metallic surface by methanol similarly to reported in [82-84] is pre-
vented. Moreover, the VST can be efficacious in sealing PEO pores of
varying sizes. In contrast, the solvothermal growth of MOFs on the
surface of PEO coatings grown on the surface of AZ31 Mg alloy [65,85]
was reported to be insufficient for the effective sealing of the big size
pores. And even more the formation of a highly porous upper layers is
possible [66,85], whose barrier protection ability is limited.

The VST is a complex process involving several processes. It begins
with the sublimation of the 2-HmIm linker present in the autoclave,
which then reacts with ZnO, the main component of the PEO coating, to
form crystalline ZIF-8 by the following reaction:

ZnO + 2HmIm — Zn(mIm), + HyO

In order to understand how variations in VST conditions affect the
characteristics and further performance of the final ZIF-8@PEO coat-
ings, two main processes were followed: ZIF-8 crystallisation, and the
effect of the transformation from PEO-to-ZIF-8 in and on the PEO layers.

Firstly, regardless of the applied treatment conditions, complete
recrystallisation of the ZnO-based PEO layer into ZIF-8 did not occur.
The present results are consistent with those obtained in our earlier
study, which focused on the VST transformation of ZnO [74] and
Zn0/ZnAl;04-based PEO coatings [64]. Even more, as was reported in
Refs. [76,86,87], the treatment of ZnO nanorods or films under condi-
tions analogous to those reported in the current publication did not
permit the complete transformation of the nanorods or films into ZIF-8.
Such observation can be related to the fact that ZIF-8 particles, that grow
on the top and inside the PEO pores, can obstruct diffusion of 2-HmIm
linkers to ZnO and, consequently, terminate further recrystallisation.
Conversely, this observation can be explained by the depletion of
2-HmIm in the reactor over time. However, as demonstrated in our
previous investigation [74], increasing the amount of 2-HmIm in the
VST (100 mg vs. 50 mg in the current work), did not result in complete
PEO-to-ZIF-8 transformation.

Secondly, the VST conditions were critical for the sealing of the in-
ternal and external pores of the PEO coating. Based on the SEM top view
and cross section analyses, as well as 2D synchrotron mappings, treat-
ment at 120 °C was effective for sealing neither the surface nor the in-
ternal PEO pores and even the coatings obtained with long reaction
times (i.e., 120-60) still contained a high number of original PEO pores.
As presented in Table 1, the surface porosity was estimated to be 11.7 +
0.7 % vs. 18.3 £+ 1.3 % for the 120-60 and the initial PEO samples,
respectively. This is related to the fact that at this reaction temperature,
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ZIF-8 particles growth was limited. Despite numerous ZIF-8 particles
being located on the upper surface of the coating, their size (with a
maximum value of 3.7 pm) was insufficient for effectively sealing the
large pores of the parental PEO layer with sizes up to 60 pm. In contrast
to the results obtained at 120 °C, applying the VST to the PEO coatings at
150 °C resulted in the fast formation of ZIF-8 particles, further particle
growth, and effective sealing of the PEO pores throughout the entire
coating. However, this fast growth of ZIF-8 on the upper surface was also
accompanied by cracks in the particles. It was most likely related to the
space limitations for the ZIF-8 particles, i.e., mechanical stress in the
layer caused by the growth of the ZIF-8 in all directions. Such cracks
represent new surface defects that can provide fast access for the cor-
rosive media to the metallic surface, and consequently provoke corro-
sion processes. In this context, 140 °C is the optimum reaction
temperature for the formation of ZIF-8 @PEO coatings. On the one hand,
the nucleation and growth of ZIF-8 particles are relatively fast,
providing effective PEO pore sealing. VST for 5 h-40 h allowed effective
sealing of the surface pores, while long-term treatment (60 h) also led to
the crystallisation of ZIF-8 inside the PEO layer (Fig. 9, i). On the other
side, the surface remained dense even after long-term treatment with no
cracking of the particles was detected in any of the materials in the
batch.

Discussing the effect of the partial transformation of PEO layers into
ZIF-8 on the coating performance, an improvement in corrosion resis-
tance was observed. All coatings from the 140-t batches showed
enhanced protection ability in a 0.5 wt % NaCl solution compared to the
parental PEO samples. However, as shown in Fig. 10, f), the corrosion
resistance of ZIF-8@PEO coatings decreased, becoming comparable to
that of the PEO coating after 168 h of immersion was. Generally, the
porous PEO layers provide a certain barrier protection for the metallic
surface. ZIF-8, in turn, is an excellent nanocontainer of 2-HmIm corro-
sion inhibitors, that can be released into the medium upon the ZIF-8
decomposition, forming an adsorption layer on the metallic surface
[64]. Application of VST results in the partial transformation of the PEO
layer, and, therefore, decreases its barrier ability, while ZIF-8 formation
can implement active corrosion protection for the coating, as previously
mentioned, and consequently improve corrosion resistance. Moreover,
ZIF-8 particles improve the barrier properties of PEO by sealing the
pores. However, ZIF-8 particles must be large enough to seal the surface
PEO pores on the surface and crystallisation of ZIF-8 throughout the
entire thickness is also necessary. In this context, balancing PEO
depletion with ZIF-8 formation is a key factor determining the perfor-
mance of the final coating. Thus, among all coatings tested, the one
obtained at 140 °C for 20 h provided the most effective protection. In
turn, the protective ability of 140-5 was lower due to the lower amount
of ZIF-8 present, i.e., fewer corrosion inhibitors can be released from the
system. In the case of the 140-40 and 140-60 coatings, i.e., that have a
high degree of PEO-to-ZIF-8 transformation, both demonstrated per-
formance comparable to a 140-20 coating at the beginning of the im-
mersion. However, this quickly dropped due to active ZIF-8 dissolution
from the surface during corrosion. However, while the performance of
the 140-40 material after 168 h of immersion was even worse than that
of the untreated PEO specimen, for the 140-60 material it remained
comparable. This result is most likely related to the sealing of the deep
PEO pores in the 140-60 specimens, as shown by cross section analysis
and 2D synchrotron mappings.

Discussing the photocatalytic and adsorption properties of the ZIF-
8@PEO coatings, it should be noted, that the VST had a negative ef-
fect on both. These results differ from our previous investigations on the
photocatalytic performance of ZIF-8@ZnO/ZnAl;04-based PEO coatings
[64] and powder ZIF-8@ZnO powder composites [66,88]. All these
materials exhibited enhanced photocatalytic activity compared to sys-
tems that were not modified with ZIF-8. The negative effect as observed
in the current study is most likely associated with the high level of the
sealing of the PEO surface, and, consequently, with the blocking of MO
access to ZnO, which is mainly responsible for the photocatalytic
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activity in the coatings. In that context, further investigationson opti-
misation are needed, as well as on understanding of the effect of ZIF-8.

4. Conclusions

The current investigation focused on the applying VST (vapour-solid
transformation) method to PEO coatings based on ZnO on the surface of
the Z1 Zn alloy. Under the applied conditions, the PEO layer was
partially transformed into ZIF-8. Increasing both the reaction tempera-
ture from 120 °C to 150 °C and the reaction time from 5 h to 60 h
resulted in a higher degree of the PEO-to-ZIF-8 transformation as well as
in an increase of the amount and/or size of the surface ZIF-8 particles.
Moreover, applying the VST method at elevated temperatures and for
longer times led to the sealing of the PEO pores. While treatments at
lower temperatures and times only sealed the surface pores, high tem-
peratures and long VST led to the sealing of the both external and in-
ternal PEO pores. EIS tests demonstrated that the partial PEO-to-ZIF-8
transformation positively affected the protective ability of the coatings.
The key factor determining the protective ability of the final coating was
a balance between the decrease of amount of ZnO phase forming the
PEO layer and the formation of ZIF-8.
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