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Abstract: The growth mechanism of Atomic Layer Deposition (ALD) on polymeric surfaces differs
from growth on inorganic solid substrates, such as silicon wafer or glass. In this paper, we report
the growth experiments of Al2O3 and ZnO on nonwoven poly-L-lactic acid (PLLA), polyethersul-
phone (PES) and cellulose acetate (CA) fibres. Material growth in both ALD and infiltration mode
was studied. The structures were examined with a scanning electron microscope (SEM), scanning
transmission electron microscope (STEM), attenuated total reflectance-fourier-transform infrared
spectroscopy (ATR-FTIR) and 27Al nuclear magnetic resonance (NMR). Furthermore, thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) analysis were used to explore the
effect of ALD deposition on the thermal properties of the CA polymer. According to the SEM, STEM
and ATR-FTIR analysis, the growth of Al2O3 was more uniform than ZnO on each of the polymers
studied. In addition, according to ATR-FTIR spectroscopy, the infiltration resulted in interactions
between the polymers and the ALD precursors. Thermal analysis (TGA/DSC) revealed a slower
depolymerization process and better thermal resistance upon heating both in ALD-coated and infil-
trated fibres, more pronounced on the latter type of structures, as seen from smaller endothermic
peaks on TA.

Keywords: atomic layer deposition; vapor phase infiltration; hybrid materials; composite; thermal
properties

1. Introduction

Atomic Layer Deposition (ALD) is a surface controlled layer-by-layer process based
on self-limiting gas-solid reactions between volatile precursors and reactive sites at the
substrate, forming pinhole-free, uniform and conformal thin films [1–3]. Currently, com-
mercial ALD applications range from microelectronics, photovoltaics and displays to optics,
protective coatings and biomedical applications [4–6]. Most of these innovations are based
on ceramic materials when metal oxide coatings are deposited on inorganic surfaces. How-
ever, an interest towards ALD on natural and synthetic polymeric surfaces is increasing
constantly. Deposition of Al2O3 onto polyethylene and SiLKTM were accomplished at the
beginning of the 2000’s, and ALD growth on polymeric surfaces in the form of sheets,
particles, membranes and biopolymers have been studied since [7–18]. The work on ALD
coatings on polymeric surfaces opens various possibilities for a wider range of applications
including materials for packaging, printed flexible electronics, membranes for environmen-
tal applications, biomedicine, catalysis, solar cells and other energy applications.

ALD on polymeric substrates is a thermally restricted process due to the low glass
transition and melting temperatures of the organic materials. The thermal budget can be
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lowered with plasma-enhanced ALD, but at the same time it can also deteriorate the poly-
mer surface [19]. ALD growth on polymers is often non-linear, especially at the beginning
of the deposition process and at low temperatures, since during the nucleation period pre-
cursors adsorb onto the surface and possibly into the sub-surface regions [10,11,18,20–23].
During the initial growth, metal oxides can nucleate and form clusters [24,25]. According
to several studies, the structure of the coatings depends strongly on the polymer composi-
tion [3,11,26–28]. The opinions concerning the role of different polar groups as adsorption
sites are diverse, but it is likely that these form the basis for nucleation and initial growth
as demonstrated with self-assembled monolayers [29]. Furthermore, surface roughness,
nucleation effects and unreactive adsorption sites explain abrupt changes in the surface
energy of the base material during the first deposition cycles [30,31]. Prolonged exposure
or surface pre-treatments may also cause detrimental changes in the substrate affecting
film growth, uniformity and film properties, such as barrier properties [32,33].

The most studied reaction suitable for thermal ALD is based on TMA (trimethylalu-
minum) and water. This process is producible even at 33 ◦C, although the physisorption
of the gaseous precursors results in relatively long purging times [8]. Nucleation and
growth of Al2O3 on various polymers have been studied widely [8,10–12,30,34,35]. Wilson
et al. studied the growth of Al2O3 on polystyrene (PS), polypropylene (PP), poly(methyl
methacrylate) (PMMA), polyethylene (PE), and poly(vinyl chloride) (PVC), and concluded
that the nucleation was dependent mainly on TMA uptake, and did not require specific
chemical groups on the polymer [10]. Respectively, the growth of a ZnO ALD coating on
PP, PMMA, PC, PET and P3HT have been studied by several groups [21,36–44].

In addition to ALD, the mechanical properties of biopolymers have been enhanced by
precursor infiltration [18,22]. It is based on ALD where prolonged precursor diffusion into
the polymer substrate structure and interaction with the functional groups at the molecular
level alters the polymer properties [10,22,28,45,46]. Azpitarte et al. reported recently
about the improved stability and mechanical properties of the polyaramide (Kevlar). With
infiltrated and hybridized ZnO, the degradation temperature increased, and thermal and
ultraviolet sensitivity of Kevlar were suppressed [47]. In addition, McClure et al. noticed
that the Al2O3 ALD treatment and precursor infusion increased the Young’s modulus and
mechanical strength of nylon 6, polypropylene, and pellethane fibres [48]. Furthermore,
infiltration has been used for improving the conductivity of polymers like polyaniline and
polythiophene, such as poly(3-hexylthiophene-2,5-diyl (P3HT) [49,50].

Previously, Al2O3 and ZnO ALD coatings on PLLA and PES polymers have been
studied by several research groups [40,51–54]. Vähä-Nissi and his colleagues observed
the enhancement of barrier properties of PLLA with Al2O3 and ZnO coatings. Choi et al.
reported changes in crystallinity, roughness and density, depending on the structure of the
ZnO/Al2O3 laminate grown at 60 ◦C [52]. The polymeric material in these studies was
either a commercial film or fabrics. In the present paper, we concentrate on the growth of
thermally ALD-grown Al2O3 and ZnO on three different polymers (PLLA, PES, CA) in
fibrous form. Fibrous substrates for deposition trials were made by electrospinning due
to relatively small diameters and the large specific surface area of such materials; there is
a possibility to cover samples from all sides. Furthermore, the thermal properties of the
prepared materials are studied.

2. Materials and Methods
2.1. Materials

The polymers were cellulose acetate (CA) from Acros Organics (Mw 100,000) (Waltham,
MA, USA), polyethersulphone (PES) from Goodfellow (Mw 58,000) (Goodfellow Cam-
bridge Limited, Huntingdon, England) and poly-L-lactide (PLLA) from Purasorb (PL24,
Mw 339,000, Tm 173–178 ◦C). Solvents used in electrospinning were acetone (Ac), chlo-
roform (CHCl3), N-methyl pyrrolidone (NMP), N,N-dimethyl acetamide (DMAc), and
N,N-dimethyl formamide (DMF) (Sigma-Aldrich, Helsinki, Finland). The reactants used in
the ALD processes were trimethylaluminum (TMA) from SAFC (99.999%) (St. Louis, MO,
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USA) and from Strem Chemicals (Newburyport, MA, USA), diethylzinc (DEZ) from SAFC
(> 52%) (St. Louis, MO, USA) and from Strem Chemicals and deionized water. Ozone was
generated by IN USA, Inc. (Norwood, MA, USA), ozone generator from 99.99% O2 (AGA,
Espoo, Finland).

2.2. Methods

Fibrous substrates from CA, PLLA and PES were prepared by electrospinning. The
spinning process and parameters are presented in the Supplementary information, and
the preparations of the electrospinning solutions and the electrospinnability trials are
described by Heikkilä et al. [55]. Electrospun materials were nonwoven sheets thick
enough to handle as self-sustaining sheets. Electrospinning materials obtained have loose
structures beneficial for coating and infiltration processes (see Figure 1). The average
fibre diameters of these fibres were (430 ± 350) nm, (540 ± 270) nm and (400 ± 270) nm,
respectively.

Figure 1. Electrospun fibres (a) CA, (b) PLLA, (c) PES.

PLLA reference substrates were prepared by encapsulation by solvent evaporation
(polymer powder) in the following manner. PLLA powder was prepared from polymer
pellets (Purasorb) with the encapsulation by solvent evaporation [56,57]. In the process,
the 4% PVA and PLLA polymers were mixed in methylene chloride (10 wt.%) solutions
in a 9:1 ratio. The solution was stirred overnight at 500 rpm, after which the methylene
chloride was evaporated. The PLLA precipitate was centrifuged and the PVA removed by
washing with hot water. The average size of the yielded PLLA particles was 100 µm (field
emission scanning electron microscope, FE-SEM ).

ALD coatings were performed in a Picosun R-200 ALD (Espoo, Finland) reactor
in single wafer mode. Nitrogen (>99.999%) was used as a carrier gas. Al2O3 was pro-
duced using TMA either with water or ozone as an oxygen source. The TMA precursor
was stored in a metallic container and evaporated at room temperature. The precursor
dose/purge times (s) were 0.2 s (TMA)/15 s/0.2 s (H2O)/15 s (for TMA + H2O) and 0.2 s
(TMA)/15 s/2.5 s (O3)/15 s (for TMA + O3). For ZnO using DEZ + H2O, the dose/purge
times (s) were 0.3 s (DEZ) / 10 s/0.2 s (H2O)/10 s (DEZ + H2O). The cycle amounts varied
between the processes, and target thicknesses were 2, 5 and 30 nm.

Infiltration of the substrates was performed in a commercial ALD reactor (Savannah
S100, Cambridge NanoTech Inc, Cambridge, MA, USA). The infiltration was carried out at
100 ◦C under a constant nitrogen gas flow of 20 sccm. DEZ and TMA were used as the metal
source and demineralized water as the oxygen source. The substrates were exposed to the
precursors for defined periods of time before purging, thereby allowing diffusion of the
precursors into the polymer. An infiltration cycle consisted of Pulse (DEZ, 0.08 s)/Exposure
(30 s)/Purge (N2, 30 s)/Pulse (H2O, 0.08 s)/Exposure (30 s)/Purge (N2, 30 s).

2.3. Characterization

Scanning electron microscope (SEM) imaging was carried out with a ZEISS Merlin
(Carl Zeiss GmbH, Jena, Germany), FE-SEM with a secondary electron detector, an accel-
eration voltage of 2 kV and a probe current of 60 pA and gold sputtered samples. The
morphologies and microstructures of the synthesized samples were characterized by scan-
ning transmission electron microscopy (STEM) FEI Titan G2 60–300 (Hillsboro, OH, USA),
operating at 300 keV, in scanning mode.
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Fourier-transform infrared spectroscopy (FTIR). The chemical functionalities in the
polymer surfaces (granules, powder, fibres), Si reference surface, as well as ALD coated
and infiltrated surfaces were identified with a Fourier-transform infrared (Nicolet iS50
FTIR (Thermo Fischer Scientific, Waltham, MA, USA) spectrometer using a single reflection
60◦ germanium attenuated total reflectance (ATR) crystal and the horizontal accessory
VariGATR. ATR-FTIR spectra were collected by averaging 64 scans at a resolution of 4 cm−1

in the scan region between 4000 and 590 cm−1. The chemical functionalities after infiltration
were studied by ATR-FTIR on a Perkin Elmer Frontier spectrometer with an UATR sampling
stage. All spectra were measured with 20 scans between 4000 and 520 cm−1 at a 4 cm−1

resolution. Each sample was measured 5 times and the results were averaged.
Solid state nuclear magnetic resonance (NMR). Al2O3 coordination as a function of

ALD cycles was evaluated by solid state 27Al NMR experiments carried out using an Agilent
DD2600 (Agilent Technologies, Santa Clara, CA, USA) NMR spectrometer (magnetic flux
density 14.1 T), equipped with a 3.2 mm triple resonance T3 MAS probehead, set up to a
double resonance operation. All spectra were externally referenced via the 13C spectrum of
adamantine by setting the low field signal to 38.48 ppm. The samples were packed into
ZrO2 rotors with KEL-F endcaps, with the same rotor having been used throughout the
experiments. The spinning rate was set to 20 kHz. The duration of the excitation pulse
was 0.7 µs, and the repetition delay between pulses was 0.2 s, with 1,480,000 repetitive
scans. A background spectrum with an empty rotor, acquired under identical experimental
conditions, was subtracted from the spectra. After background subtraction, a cubic spline
baseline correction was applied. All spectra were processed with MNova 13 (MestreLab)
and ssNake [58].

Tensile tests were performed with a BRUKER Universal Mechanical Tester with a
resolution of 50 µN and in accordance with the ASTM standard C1557-03 (2008). The
sample piece (2 mm × 10 mm) was fixed in a cardboard sample holder, which had a
punched hole of 6 mm diameter in the centre. After vertical alignment of the sample across
the hole, the sample holder was positioned in the mechanical tester with the sample being
unstrained. Finally, the sample holder was cut along the central guides and tensile force
was applied until rupture of the sample, while the strain was measured simultaneously.
The results are presented in the Supplementary information.

Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC). Simulta-
neous thermal analyses were carried out for determining the thermal degradation prop-
erties of the samples by using a Netzsch STA 449 F1 thermal analyser (Netzsch, Selb,
Germany). The resulting curves were analysed with the Proteus 6.1 software. The heating
rate was 10 K/min in a nitrogen environment.

3. Results and Discussion
3.1. Al2O3 and ZnO Growth on Polymers

The appearance (SEM images) of the polymeric fibres before and after the targeted
2 nm and 30 nm thick Al2O3 and ZnO coatings on CA, PLLA and PES are shown in
Figures 2–4, respectively. In the case of CA, the deposited Al2O3 is conformal and smoothens
the surface morphology of the fibre (Figure 2). The smoothening cannot be explained with
the bare Al2O3 layer, since a 2 nm thick layer of Al2O3 is not enough to smoothen such
grooves (Figure 2b), thus probably some polymer swelling is occurring. However, the
DEZ + H2O process resulted in grainy growth, and the gravures can be seen in both
images (Figure 2d,e). Because of the uneven growth of ZnO on CA, we also applied a
pre-deposition of 10 cycles of Al2O3 onto the surface, before a deposition of 30 nm of
ZnO in a separate experiment. In this case, the gravures could not be detected after the
deposition (Figure 2f).
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Figure 2. SEM micrographs of CA fibres (a) before ALD or, (b) with 2 nm Al2O3, (c) 30 nm Al2O3,
(d) 2 nm ZnO, (e) 30 nm ZnO, and (f) 1 nm Al2O3 + 30 nm ZnO.

Figure 3. SEM micrographs of PLLA fibres (a) before ALD, or (b) with 2 nm Al2O3, (c) 30 nm Al2O3,
(d) 2 nm ZnO, (e) 30 nm ZnO, and (f) 1 nm Al2O3 + 30 nm ZnO.

Figure 4. SEM micrographs of PES fibres (a) before ALD, or (b) with 2 nm Al2O3 (TMA + H2O),
(c) with 30 nm Al2O3 (TMA + H2O), (d) with 2 nm Al2O3 (TMA + O3), (e) with 30 nm Al2O3

(TMA + O3), (f) with 2 nm ZnO, (g) with 30 nm ZnO, and (h) with 1 nm Al2O3 + 30 nm ZnO.

The same phenomenon was also observed from PLLA and PES. The Al2O3 process
seems to modify the structure of PLLA, while the ZnO process does not (Figure 3). The
PES fibre surfaces (Figure 4) were already smooth prior to ALD coating, which made
observation of the film growth more difficult. However, differences between the coatings
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can be pointed out, since there are cracks on the Al2O3 coatings, tiny in 2 nm thick coatings
and wider in 30 nm thick coatings (Figure 4b,c). These cracks are probably resulting from
mechanical embrittling of the material and cracking upon bending. ZnO showed uniform
crack-free growth on the PES surface.

Since already 2 nm of Al2O3 resulted significant changes in CA surface morphology,
additional STEM imaging was carried out. STEM images were acquired to analyse the
thickness and morphology of the deposited coatings with an expected thickness of 30 nm,
as measured from reference Si substrates (Figure 5). The coated CA fibres (Figure 5a)
have a smooth Al2O3-coating of about 21.5 nm thickness, which appears homogeneous,
although the thickness is somewhat lower as compared to the expected value. The CA
fibres themselves have been decomposed due to the generated heat from the electron beam
during STEM characterization. However, this does not explain the smoothening of the
surface during ALD. In ZnO-coated CA fibres (Figure 5b), the coating is less homogeneous,
and its thickness is only around 10.8 nm, being approximately 1/3 of the target. Upon
closer looking (high magnifications not shown here), it is granular, which indicates that the
deposition proceeded through nucleation spots of ZnO.

Figure 5. STEM images of: CA fibres coated with (a) Al2O3 and (b) ZnO, PES fibres coated with
(c) Al2O3 and (d) ZnO, and PLLA fibres coated with (e) Al2O3 and (f) ZnO. The target thickness in
all cases was 30 nm.

For Al2O3-coated PES (Figure 5c) the coating is a complete shell wrapping the fibre.
Its thickness is close to what is expected, being about 31.3 nm. In this case, there is a
gap between the fibre surface and the coating, indicating detachment of the film from
the surface. This gap could be the reason for the fibres to not decompose during the
characterization since it limits the thermal conduction. In contrast, for ZnO-coated PES
fibres (Figure 5d), the thickness is approximately 14 nm. The coating is non-homogeneous,
and it is generated after the nucleation of ZnO in spots. Like on the CA, the Al2O3 coating
thickness on PES amounts to twice that of ZnO.

PLLA (Figure 5e) shows a relatively thick Al2O3 coating with a thickness of ap-
proximately 80–90 nm. Similar to the CA with the Al2O3 coating, here the polymer also
evaporated upon characterization due to the heat generated by the electron beam. Bubbles
are observable inside the coating after few minutes’ exposure to the electron beam. The
thick Al2O3 coating is an indication of a non-ideal ALD growth, although high uniformity
of the films is still indicating controlled growth, such as infiltration of the precursors into
the porous fibre. On PLLA fibres, no ZnO coating was observed by STEM (Figure 5f). EDX
measurements showed less than 1 at.% Zn in the samples, which indicates that no ALD
deposition occurred.
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3.2. Study of Film Growth and Interactions
3.2.1. ATR-FTIR of ALD Deposited Materials

The samples were analysed with ATR-FTIR in order to identify the species present
at the surface. The CA, coated with 30 nm Al2O3, showed the baseline shift in the re-
gion 590–900 cm−1 indicating presence of aluminium oxide (Figure 6). With TMA + O3,
the formation of Al-formate can be detected with the signal at 1610 cm−1 (dotted line,
in Figure 6). It is expected that the TMA + O3 process results in AlOCH3 (methoxy),
Al(OCHO) (formate), Al(OCOOH) (carbonate) and AlOH (hydroxyl) species. Previously, it
has been shown that the formation of the various carbon-containing species is temperature
dependent and that their formation can be prevented with processing temperatures of
380 ◦C or more [40,59]. The CA-fibres with a 30 nm thick ZnO coating (Figure 6, right)
show typical CA-bands and a baseline shift in the region 590–700 cm−1. This baseline shift
and the band at the wavenumber of 643 cm−1 indicate the presence of ZnO, since ZnO
stretching vibrations are typically found at around 450–681 cm−1.
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(red), (b) with a 30 nm Al2O3 (TMA + H2O) ALD coating (blue), (c) uncoated (black). On the
right: (d) ZnO as reference (red), IR-Library, HR-Minerals, Zincite ZnO, (e) 30 nm ZnO (blue) and
(f) uncoated CA fibres.

In the ATR-FTIR spectra of PLLA fibres, the Al2O3 coating was detectable only after
300 ALD cycles (80–90 nm according to STEM) (Figure 7). Thinner coatings were detectable
on the reference Si surface and CA fibres, indicating a different growth mechanism. The
sample with the thickest Al2O3 shows a baseline shift and a broad band at 600–900 cm−1,
stemming from the aluminum oxide. The PLLA appears to be unchanged, since the PLLA
bands are similar in both the coated and uncoated fibre spectra (Figure 7). A comparison of
the samples, processed with H2O or O3 as counter precursors, shows a similar chemistry
as in the case with CA. Namely, with ozone, the formation of Al-formate is observed with
the appearance of a band at 1610 cm−1, while with H2O only a small intensity peak is seen.
The ATR-FTIR spectra of ZnO-coated PLLA fibres (30 nm) show the typical PLLA bands
and a very weak baseline shift in the region of 640–700 cm−1 (spectrum not shown). The
baseline shift indicates the presence of ZnO, but not as defined as it was the case with
ZnO-coated CA fibres.

The ATR-FTIR analysis of Al2O3-coated PES (Figure 8, left) showed weak aluminum
oxide signals even with the thinnest ALD layers. With 30 nm thickness, the baseline shift
in the region of 628–900 cm−1 was more pronounced. The Al2O3 coatings, deposited with
either H2O or O3, are similar to those on CA and PLLA, where the baseline is shifted
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in the area around 1600 cm−1 due to the formation of carbonaceous species with O3 as
precursor (Figure 8, blue spectrum). Similar to CA and PLLA, the detection of ZnO on PES
is challenging. However, the band shift at 681 cm−1 is detectable with a 30 nm thick ZnO
coating, indicating the presence of ZnO on the fibre surface (spectrum not shown).

Figure 7. ATR-FTIRspectra of PLLA fibres with (a) nominally 30 nm Al2O3 (TMA + O3) ALD coating
(red) (b) nominally 30 nm Al2O3 (TMA + H2O) ALD coating (blue), and (c) uncoated fibres (black).
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3.2.2. ATR-FTIR of Infiltrated Materials

CA and PLLA substrates infiltrated with TMA or DEZ alone, as well as treated
with metal precursor and water, were measured with ATR-FTIR to evaluate possible
chemical interactions between the polymer and the precursors or from the formation of the
metal oxides.

A clear broadening of the O–H stretching band at 3400 cm−1 occurs after the infiltration
of the CA with TMA (Figure 9). This change may indicate a distortion of the intermolecular
hydrogen bonds due to the reaction of the TMA with the hydroxyl groups. However,
this broadening is not observed in the Al2O3-infiltrated sample. Since the TMA-treated
samples were transferred under ambient conditions to ATR-FTIR, the high amount of
OH groups can occur due to the reaction with moisture at room temperature conditions.
The baseline shifts in the region (600–800 cm−1), especially in the TMA infiltrated sample,
due to the presence of aluminium oxide species. Therefore, it may be concluded that the
infiltrated TMA reacts with the hydroxyl groups of the CA, but this interaction is weakened
by the reaction of the TMA and water, and thus the formation of Al2O3. In contrast to the
Al2O3-infiltrated fibres, ZnO and DEZ infiltrated CA fibres do not show any observable
changes in their vibration bands (Figure S1).

Figure 9. ATR-FTIR spectra of uncoated CA fibres (black), and Al2O3 (red) and TMA (green)
infiltrated samples.

The TMA and TMA + H2O infiltrated PLLA samples degraded during the treatment.
The FTIR spectra (Figure 10, left) show a shift in the baseline between 900 and 600 cm−1,
indicating the presence of aluminium oxide. A new broad band is observed at around
1650 cm−1, which indicates possibly some Al-formate structures and formation of C=O
bonds as a consequence of the degradation of the polymeric chain. Due to the strong
degradation, it was not possible to measure the TMA-infiltrated sample. After ZnO infil-
tration, several changes were observed in the FTIR spectra of the PLLA. The small band
at 1160 cm−1 (C–O stretch in esters) vanishes, while a new band appears at 920 cm−1

(OC–OH stretch in carboxylic acids) (Figure 10, right). This indicates chain scissoring and
degradation of the polyester to carboxylic acids. The same changes are observed from the
DEZ-infiltrated fibres, indicating that the reaction is driven by Zn and not by hydrolysis or
treatment temperature.
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After TMA or DEZ infiltration into PES (Figure 11), a band at 1680 cm−1 vanishes,
which may originate from residual solvent. A new broad band at 950 cm−1 appears,
indicating degradation of the ester to carboxylic acid (C–O–H bending). These changes
do not appear in the TMA-infiltrated sample; thus, water plays an important role here. In
contrast, no obvious changes occur in the PES bands after ZnO infiltration, besides the
residual solvent removal (Figure S2).
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According to SEM and STEM results, in the case of all polymers, the ZnO coating was
non-homogeneous and nucleation centers were observed. This is most probably the reason
for weak spectral changes in the ATR-FTIR spectrum in the case of both layer deposition
and infiltration. PLLA fibres degraded partially during the infiltration, and the growth was
nonideal according to the STEM images. With PES fibres, the Al2O3 coating and infiltration
was detectable both with STEM and ATR-FTIR techniques, but there were more variations
in thicknesses and infiltration reactions compared to CA fibres. Since on average the
growth of Al2O3 was most stable on CA, this material combination was selected for further
studies with 27Al Solid state NMR, tensile tests (mechanical behaviour results presented in
Supplementary information), and TGA/DSC for revealing the altered thermal properties.

3.2.3. 27Al Solid State NMR

While in crystalline alumina polymorphs the structural units consist of AlO4 and AlO6
units [60], amorphous alumina has more structural diversity. The 4- and 6-coordinated
structures may have distortions in their bond angles and lengths, and they also contain
5-coordinated aluminium species [61]. It has been shown that the deposition temperature
affects the relative amounts of different coordination species in thin amorphous alumina
films, and that the highest disorder corresponds to the lowest concentration of AlO6
units [62]. Particularly, the fraction of 5-coordinated Al is considered to be a measure for
the extent of disorder. The 27Al solid-state MAS NMR spectra of the Al2O3-coated CA
samples with different layer thicknesses are shown in (Figure 12a).
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Figure 12. 27Al NMR spectra of (a) Al2O3, deposited on CA and (b) Al2O3 infiltrated into CA.

The typical signals associated with different coordination environments appear at
approximately 0–20 ppm (AlO6), 20–50 ppm (AlO5), and 50–80 ppm (AlO4). The distortion
in the spectra at around 17 ppm is an artefact resulting from the baseline subtraction.
Initially, the main structural unit in the Al2O3 layer is AlO6, with lower amounts of
AlO4 and AlO5. This resembles the results obtained by Lee and Ahn [63], who studied
sputtered amorphous alumina thin films with thicknesses varying from 5 nm to 1400 nm.
To understand how the polymer matrices affect the layer growth, infiltrated samples were
analysed together with samples prepared using standard ALD process (Figure 12 b).

The relative amounts of the different aluminium coordination environments were ob-
tained by fitting a Czjzek distribution into corresponding signal areas in the solid-state 27Al
spectra [64]. An example of the result of such fitting is shown in Figure S3 (Supplementary
information). The results for infiltrated and conventional ALD processes are shown in
Figure 13. The intensities (normalized to the total intensity of the spectrum) of the various
fractions with different coordination sites are depicted as a function of the layer thickness.
In both infiltration and coating, the 6-coordinated Al-species is initially the dominating
species (74% of the total signal area in infiltrated, 87% in conventional ALD), with its
relative amount decreasing with an increased layer thickness. In the infiltrated sample the
relative amount of 5-coordinated aluminium is higher (18%) than in the conventionally
deposited samples (5%). When comparing the change in the coordination environments
during the layer growth, it can be seen that the growth rate of AlO5 in the case of infiltrated
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samples is similar to that of AlO4, with the amount of AlO5 being approximately 2.4-fold
between 2 nm and 30 nm samples. For the conventional ALD process the AlO5 content
increases more rapidly, and there is a 6.7-fold increase in the AlO5 amount in the 30 nm
thick film when compared to the 2 nm thick film.

Figure 13. Aluminium coordination as a function of the layer thickness in Al2O3-infiltrated and
-coated cellulose acetate films.

The biggest difference in conventional ALD and infiltration is the precursor pulse
times and the doses leading to different precursor diffusion depths into the polymer
substrate. It is expected that during infiltration, a larger effective substrate area is being
affected, whereas conventional ALD is primarily happening at the surface of the fibres. It
can be speculated that the higher amount of 5-coordinate aluminium can be attributed to
the interactions between the deposited layer and first deposited layers.

3.2.4. Thermal Behaviour

According to TGA, the thermal degradation of Al2O3-coated and -infiltrated CA takes
place in the temperature range of 30–400 ◦C, being close to the reported values for CA
bare fibres [65]. However, both infiltration and ALD coating changed the shape of the
TG curve, showing an onset of material degradation earlier than that of the reference
fibres. The TG curve of the reference material showed the lowest residual mass, since
polymers degrade within the applied temperature range and possible residual Al2O3 in the
ALD-treated samples is the final product (Figure 14). Furthermore, the deposited Al2O3
coating protects the fibres better from thermal degradation than the infiltrated Al2O3 since
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degradation starts earlier with the infiltrated fibre. In addition, the following degradation
step, the complete depolymerization of the degradation products beyond 380 ◦C, proceeds
much more slowly with the alumina-treated samples than with the reference sample.
Furthermore, at the end of the degradation, the amount of deposited Al2O3 is around
15%, and at 400 ◦C the amount of the polymer is around 14%–17% in the reference and
in both ALD samples, which shows a good correlation between all sample types. The
DSC curves show the first endothermic peak in both the reference sample and the ALD-
treated fibres at approximately 240 ◦C, which signifies the melting temperature. Thereafter
endothermic (ALD samples) and exothermic (reference sample) phase changes can be
detected in the temperature range between 300 and 400 ◦C. The exothermic peaks around
840 ◦C (infiltrated) and 870 ◦C (coated) samples show phase transitions, which in this case
are likely related to crystallization of amorphous Al2O3 [66–68].

Figure 14. TGA and DSC curves of CA (black), and CA treated with Al2O3 by 30 nm ALD coating
(blue), and after 300 infiltration cycles (red).

The slope of the TGA curves of infiltrated Al2O3 on CA in the temperature range
of 400–1000 ◦C is similar in all the samples (Figure 15) The illogicality of the placing of
2 nm infiltration can be explained by the unevenness of electrospun substrate material.
Since there is irregularity both in electrospun CA and the infiltrated material, it is possible
that small amounts of infiltrate are mingled. The endothermic DSC peaks shift to lower
temperatures while the infiltrated amount of Al2O3 increases. In the case of reference fibres,
the sample is completely degraded at 615 ◦C. For ALD-coated samples, the shift of the
endothermic peaks in DSC is similar to that with infiltrated fibres, but the temperatures
are lower (Figure 16). This might be due to the higher resistance of infiltrated fibres
against temperature and degradation. Furthermore, the shapes of the DSC curves are
different between infiltrated and coated fibres. Namely, with coated fibres, the peaks are
much broader than with infiltrated fibres, which indicates different reaction kinetics. The
variation in the slopes of the TGA curves in the temperature range between 400 and 1000 ◦C
is interesting (Figure 16). It seems that the 2 nm deposition protects the fibre for a longer
time than the thicker coatings, since the slope with 2 nm is more gently descending than
the slope with 30 nm coating Furthermore, it seems that extended exposure times to ALD
precursors degrade the CA fibres, as discussed already in the mechanical behaviour section
(supplementary information). This theory is supported by the transitions of T1% and T10%
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thermal windows. When looking at the transitions at the T1% and T10% temperatures
between infiltrated and the reference sample (Figure 15), one can see that in both cases the
infiltration lowers the temperature value approximately from 30 to 40 ◦C. We observed
the same phenomenon in the DSC curves, since, as mentioned earlier, the greater the
amount of Al2O3, the lower the temperature of the endothermal peak. With this in mind, it
appears that a small amount of ALD protects the fibres, but a thicker coating has already
an opposite effect.

Figure 15. TGA and DSC curves of CA fibres with Al2O3 of variable amounts infiltrated into them.

Figure 16. TGA and DSC curves of CA fibres with variable amounts of coated Al2O3.

4. Conclusions

Three polymers, CA, PLLA, and PES, were coated and infiltrated with Al2O3 and
ZnO by ALD, and notable differences between the film growth, coating appearance and
thermal properties of the resulting composites were observed. Based on the SEM analysis,
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the Al2O3 film is smooth and detectable on each of the three polymers, even down to
nominal 2 nm thickness. Uneven and granular growth of ZnO was seen by STEM. The
solid-state 27Al NMR spectra revealed a difference in the growth mechanism of the Al2O3.
In infiltrated samples the concentration of five-coordinated aluminium was higher than in
corresponding conventional ALD samples.

The thermal analysis revealed the altered properties of the ALD-treated fibres. With
both ALD techniques, the thermal degradation started earlier, but after degradation, the
complete depolymerization process was slowed down. Furthermore, the DSC analysis
revealed a stabilization of the fibres after ALD treatment. With ALD, we can see the
shift in the endothermic peaks: the greater the infiltrated amount of Al2O3, the lower the
temperature of the peak. Finally, a better resistance of infiltrated fibres against degradation
was observed, since the temperatures of endothermic peaks are lower with coated fibres.

Based on the findings in this paper, further research of the thermal properties of
these materials is needed for better understanding of the chemistry behind the reactions.
Furthermore, more thorough studies with 27Al solid state NMR could bring new and
interesting information of the precursor interactions and coordination during ALD growth.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11091028/s1, Figure S1: ATR-FTIR spectra of uncoated electrospun CA fibres (black),
and ZnO (red) and DEZ (green) infiltrated samples, Figure S2: ATR-FTIR spectra of uncoated
electrospun PES fibres (black) and ZnO (blue) and DEZ (purple) infiltrated samples, Figure S3: An
example of Czjzek fitting of the 27Al NMR spectrum of cellulose acetate infiltrated with Al2O3 with a
nominally 10 nm growth process, Figure S4: Mechanical properties of the native and ALD-treated CA
fibres, Figure S5: Mechanical properties of native and ALD-treated PES fibres, Figure S6: Mechanical
properties of native and ALD-treated PLLA fibres.
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