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ARTICLE INFO ABSTRACT

Keywords: Layered crystal structures tend to form flat platelet-like crystallites, and nanofibers having such a structure
Polyvinylidene fluoride exhibit strip-like morphology. Crystallographic plane forming the dominant flat surface of the nanofibers can be
CeOz used for surface modification with catalytically active nanoparticles capable of anchoring to the dominant flat
I;SZ?Z I:Zr surface. In this study, polyvinylidene fluoride (PVDF) nanofibers exhibiting strip-like morphology and longitu-
Morphology dinal folding were prepared using wire electrospinning, and surface modified with CeOy nanoparticles. Exper-

imental characterization of the CeO,/PVDF membrane using (high-resolution) scanning electron microscopy and
X-ray photoelectron spectroscopy was supplemented by a force field-based molecular modeling. The modeling
has shown that the dominant PVDF(100) plane is suitable for anchoring the CeO2 nanoparticles. In this respect,
the PVDF(100) plane is comparable to the less exposed fluorine-oriented PVDF(010) plane, and both planes show
stronger interaction with CeOy compared to hydrogen-oriented PVDF(010) plane. Molecular modeling also
revealed preferred crystallographic orientations of anchored CeO» nanoparticles: these are the catalytically
active planes (100), (110), and (111). The successful surface modification and the finding that CeO; nano-
particles on the dominant PVDF(100) surface can preferentially exhibit these crystallographic orientations thus
provides the possibility of various practical applications of the CeO/PVDF membrane.

Molecular simulation

1. Introduction

In recent decades, many articles have been published on electro-
spinning technology and the influence of technological parameters on
the properties of nanofiber membranes [1-5], especially those made
from polyvinylidene fluoride (PVDF) [6-14]. However, less attention
has been paid to the effect of crystal structure on morphology and
properties. Electrostatic spinning leads to a specific microstructure of
polymeric nanofibrous materials. A characteristic feature of this
microstructure is the preferred orientation of the polymer chains in the
crystal structure of the nanofibers in the direction of the fiber axis. The
effect of polymer chains ordering and nanofiber morphology has been
reported by Gazzano et al. [15], who found an interesting relationship

between ordering of chains, fiber diameter, degree of crystallinity, and
degree of chain alignment. Gazzano et al. [15] presented fiber diameters
for polyethylene oxide, polyacrylonitrile, and nylon 6,6 (all of which
were prepared in the same way), and showed that polyacrylonitrile
(PAN) fibers exhibit the highest diameter. This indicates the effect of a
layered crystal structure that forms stripe-like fibers with a tendency to
longitudinally twist into hollow tubes, as recently described by Rysdnek
et al. [16] for PAN.

It is generally known that layered crystal structures form flat
platelet-like crystallites. In our recent work [16] we have shown by the
example of PAN that this rule also applies to the crystallization of
polymeric electrospun nanofibers. Flat stripe-like PAN nanofibers rolled
lengthwise forming hollow fibers, exhibiting a larger fiber diameter than

* Corresponding author. Nanotechnology Centre, CEET, VSB-Technical University of Ostrava, 17. listopadu 2172/15, 708 00, Ostrava-Poruba, Czech Republic.

E-mail address: adam.verner@vsb.cz (A. Verner).

https://doi.org/10.1016/j.polymertesting.2022.107568

Received 8 January 2022; Received in revised form 28 March 2022; Accepted 31 March 2022

Available online 4 April 2022

0142-9418/© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:adam.verner@vsb.cz
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2022.107568
https://doi.org/10.1016/j.polymertesting.2022.107568
https://doi.org/10.1016/j.polymertesting.2022.107568
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2022.107568&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Verner et al.

e.g. nylon prepared under the same conditions. PAN and B-PVDF phase
are both similar crystal structures, where polymer chains are arranged in
layers with acentric charge distribution. That means PVDF electrospun
nanofibers consisting of f-PVDF phase [8] are another candidate for the
formation of flat stripe-like morphology. The stripe-like nanofiber
morphology can also affect the chemical modification (especially the
adhesion of metal oxide nanoparticles) when the flat nanofiber surface is
preferably formed by a certain type of crystal plane. In this work, this
effect using cerium oxide nanoparticles (CeOy NPs) was studied.

CeO, NPs have been chosen as a model structure for this purpose due
to their unique properties described in many papers (see reviews [17,
181). The application potential of CeO3 NPs is very wide; from catalytic
[19-25] and photocatalytic [26-31] properties, through degradation of
toxic hardly degradable pollutants [32-37] to medical use [38-42].
Therefore, the manufacturing of CeO,NPs/PDVF membrane is a good
opportunity to utilize both the stripe-like morphology of p-PVDF fibers
and the unique properties of CeO2 NPs.

However, to achieve this goal, CeO, NPs must be able to anchor to
the dominant flat surface of the nanofibers. In our study, the fulfillment
of this condition was investigated by a combination of experiments
(SEM + HRSEM microscopy and XPS spectroscopy) with molecular
modeling (force field calculations) in Biovia Materials Studio 7.0
modeling environment.

2. Experimental
2.1. CeO3NPs/PVDF membranes: materials and technology

The fabrication of CeOoNPs/PVDF membranes was performed in two
steps: electrospinning of PVDF membranes with subsequent modifica-
tion by CeOy NPs. The spinning solution was prepared using PVDF
SOLEF® 6020/1001 powder (purity >99.9%; CAS no. 24937-79-9) from
Solvay Company [43] by dissolving and gentle stirring the PVDF for 24 h
at the temperature of 25 °C in dimethylformamide solvent, so the 12%
solution (w/w) was prepared. Electrospinning using wire spinning de-
vice NS 1WS500U (Nanospider laboratory device from Elmarco, Czech
Republic) has been carried out under the following conditions: applied
voltage 60 kV, electrode distance 180 mm, the temperature in spinning
chamber 25 °C, and relative humidity 34%.

CeO, NPs for modification of the PVDF membranes were prepared
using a low-temperature one-pot synthesis described recently by Tolasz
et al. [44]. Modification of the PVDF membranes with CeO, NPs was
performed simply by immersion of the PVDF membranes in a colloidal
water solution of CeOy NPs (c = 0.1 g/L) for 1 min. The resulting
CeO2NPs/PVDF membranes were air-dried at room temperature
overnight.

2.2. Characterisation of samples

SEM analysis was carried out using the FEI Nova NanoSEM 450
scanning electron microscope (FEI, Brno, Czech Republic) operating at
3 kV (CBS detector in B + C mode). When sample charging occurred, a
beam deceleration mode of the device with specimen negative bias of
500 V was used to minimize sample charging and improve the image
contrast [45]. The EDS standardless semiquantitative analysis was per-
formed on the FEI Nova NanoSEM 450 scanning electron microscope
operating at 15 kV with ETD/TLD detectors using an Ultim Max 100 SDD
detector and AZtecLive software (Oxford Instruments;
Abingdon-on-Thames, The United Kingdom).

X-ray photoelectron spectroscopy (XPS) as the most important tool in
the analysis of surface chemistry was used to confirm the presence of
CeO, NPs on the PVDF membrane, and to estimate the CeO, concen-
tration on membranes. SPECS Phoibos 100 X-ray photoelectron spec-
trometer operating in FAT mode with SPECS XR50 Al/Mg X-ray tube
was used for XPS spectra. The high-resolution spectra for the quantita-
tive analysis were obtained with 10 eV pass energy and X-ray from Al
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anode. The Mg anode was used to identify Auger peaks.

2.3. Atomistic models of CeO2NPs/PVDF membranes; modeling strategy

Building of initial models, geometry optimizations, and energy cal-
culations were carried out in Biovia Materials Studio 7.0 (MS) modeling
environment. Since electrospun PVDF nanofibers crystalize in the
B-PVDF phase structure, data for this phase were used to build the
atomistic model of the membrane. Crystal structure of the p-PVDF phase
has been determined by Hasegawa et al. [46] as orthorhombic, space
group Cm2m, with cell parameters: a = 8.58 A, b =4.91 A, and ¢ = 2.56
A (Fig. 1a). Distinctly layered ordering of polymer chains in the crystal
structure of B-PVDF phase is illustrated in Fig. 1b. Periodic models of
PVDF(100), fluorine-oriented PVDF(010) (denoted as PVDF(010)F), and
hydrogen-oriented PVDF(010) (denoted as PVDF(010)H) surfaces were
created by cleaving the structure along corresponding (hkl) planes (see
Fig. 1b). The resulting surfaces were enlarged to ~100 x 100 A and
finished by the addition of a vertical vacuum slab with a height of 400 A
(Fig. S1 in the Supplementary material).

CeO, cubic unit cell having lattice parameter a = 5.411 A (Fig. 2) was
built according to Wyckoff [47]. Bases of CeOy NPs were created by
cleaving the CeOg structure along the following (hkl) planes: (100),
(110), (111), and (211). Through these planes, the CeO, NPs were
adjacent to the PVDF surfaces. In the case of alternate occupation of
(hkl) planes only by Ce atoms or only by O atoms, both variants were
prepared and distinguished by Ce or O (i.e. (111)Ce, (111)O, (100)Ce,
and (100)0O; Fig. 2). Each model of CeO, NP contained 594 atoms
(Ce1980396)-

Eighteen initial NP/surface models were prepared by placing each of
the six CeOy NPs on each of the three PVDF surfaces. The NPs were
oriented with the base parallel to a given PVDF surface. Five variants of
each initial NP/surface model were built, so a total of ninety models
were studied. Geometry optimization of each model was performed in
MS/Forcite module. Examples of initial and optimized models are pro-
vided in the Supplementary material (Fig. S2). Atoms were parameterized
and their charges were assigned by COMPASS force field [48], which
was verified for use on models containing either CeOy NP or PVDF. Mei
et al. [49] simulated interactions of CeO; and silane coupling agent in
solution using COMPASS force field. The same force field was also used
by Bahlakeh et al. [50] in work focused on CeO, NP on polyester resin.
Zeng et al. [51] used COMPASS for simulations on the disintegration of
PVDF, and Satyanarayana et al. [52] used this force field to simulate o-
and p-PVDF phase changes.

The Smart algorithm, as implemented in the MS, with 5-10° steps
was used. Convergence thresholds for energy, force, and displacement
were 1.10~% kecal mol ™, 5.1072 kcal mol ! ;\_1, and 51073 A, respec-
tively. Cell parameters were not optimized. For each optimized model,
interaction energy (Ei; kcal/mol) was calculated from potential en-
ergies (E) using the following equation

Eine = Epl - EpZ - Ep3

where Ep is E; of a whole model, Ep; is E, of a PVDF surface, and Ej3 is
Ep of a CeO3 NP. Interaction energy values were related to 1 nm? and
denoted as Ein/S (kcal mol™! nm~?). The lower the Eint/S value, the
stronger the interaction between CeOy NP and PVDF surface.

3. Results and discussion
3.1. SEM and XPS analyses

SEM and HRSEM images (CBS detector in B + C mode) of PVDF
nanofibers (Fig. 3a-d) revealed their markedly flattened cross-section.
This is especially evident in the case of twisting fibers showing both
their main flat surfaces and significantly narrower edges (indicated by
vertical white arrows). Concerning the structure of the p-PVDF phase



A. Verner et al.

—

Q

(s

K

WPVDF(010)H

Polymer Testing 110 (2022) 107568

‘; PVDF(100)

PVDF(010)F

c

Fig. 1. (a) Unit cell of p-PVDF. (b) Layered ordering of chains in the p-PVDF crystal structure with marked positions of three main planes parallel to the c axis, i.e.
parallel to the carbon backbone of the chains (b). Atom color legend: grey — C, light blue — F, white — H. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

Fig. 2. (a) CeO; unit cell. (b) Side views of CeO, structure cleaved along (hkl) planes (111), (211), (100), and (110). The planes and atoms in them (forming the base
of the NP adjacent to the PVDF surface) are marked with a blue line. Alternating Ce and O atoms are demonstrated for (111) and (100) planes. Both Ce + O atoms in
one (110) or one (211) plane are clearly seen. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

(Fig. 1), it can be concluded that the PVDF(100) plane exhibiting the
layered structure corresponds to the surface of nanofibers. Another
property of nanofibers observable in Fig. 3a—d is their longitudinal
folding (indicated by horizontal white arrows) creating the effect of
"hollow" fibers. This bending caused by the charge distribution in the
structure of the PVDF chains (strongly electronegative F atoms only on
one side of the carbon backbone; see Fig. 1) has been previously
described also for the PAN structure [16].

The flatness of PVDF nanofibers is also documented on SEM images
(TLD detector in SE mode) of PVDF (Fig. 4a) and CeO;NPs/PVDF
(Fig. 4b) samples. The convincing example of the CeOy covering the
PVDF is available in Fig. 4b. The CeO; layer is not smooth, it is clearly
structured, composed of agglomerated CeO2 NPs. EDS analysis (Fig. 4c)
performed on the CeOoNPs/PVDF sample shows the presence of CeOo,
and the Ce:O weight percent ratio obtained (36.4 wt%: 8.7 wt% = 4.18)
is in good agreement with the ideal Ce:O weight percent ratio in a
stoichiometric CeO5 (81.41 wt%: 18.59 wt% = 4.38).

XPS analysis (Fig. 5) confirmed the presence of CeO5 NPs on PVDF
fiber surfaces exhibiting an atomic concentration of Ce atoms on fiber
surface layer 1.6 at.% just corresponding to the way of preparation, and
oxygen atomic concentration 8.2 at.%. Oxygen concentration is rela-
tively higher due to the surface impurities. The comparison of XPS
spectral profiles Ce3d for pristine CeOy NPs and CeO;NPs/PVDF mem-
brane (Fig. 5) shows the same character confirming the presence of CeOy
NPs on the PVDF surface. The additional peak in CeO2NPs/PVDS spectra
about binding energy 920 eV was confirmed to be the Auger peak.

3.2. Molecular modeling

Molecular modeling has shown the possibility of CeO2 NPs anchoring
on the surface of PVDF nanofibers. Negative E;,/S values were obtained
for all examined CeO5 planes on all examined PVDF planes (Table 1).
Interactions between CeO, NPs and planes PVDF(100) and PVDF(010)F
are comparable, and stronger compared to the interactions between
CeO, NPs and PVDF(010)H plane (Table 1).

This is due to the fact, that PVDF(100) and PVDF(010)F contains
contact atoms F providing strong hydrogen bonds with Ce atoms of the
NP, because of the highest difference in electronegativity values (yg-)ce
= 2.86 [53]) within the possible interacting atomic pairs. For other
interacting atomic pairs, the differences in electronegativity values are
as follows: yg-yce = 1.08, yr-xo = 0.54 and yo-yu = 1.24 [53].

Contact atoms of the PVDF(010)H plane are hydrogens. Therefore,
interaction with the oxygen atoms belonging to the NP structure is
stronger than the interaction with the cerium atoms (yo-yu = 1.24 > yu-
Xce = 1.08).

Concerning the morphology of PVDF nanofibers (Figs. 3 and 4), it
can be stated that the dominant surface is the layered PVDF(100) plane,
while the available area of the other two PVDF planes is significantly
smaller. In addition, in the case of longitudinal folding of the nanofibers,
the resulting edges are also formed by the PVDF(100) plane. The
anchoring of CeO; NPs to PVDF nanofibers is therefore controlled
mainly by the interaction between CeO, NPs and PVDF(100) plane (see
Fig. S2 in the Supplementary material). The remaining two planes do not
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Fig. 3. SEM images (CBS detector in B + C mode) of the PVDF membrane showing a stripe-like morphology of the nanofibers. Narrower edge compared to the
dominant flat surface and the longitudinal folding of nanofibers is indicated by vertical and horizontal white arrows, respectively. Image (b) provides a detailed view

of the upper right quarter of image (a).

play much of a role in the real sample, neither the strongly interacting
PVDF(010)F plane nor the weakly interacting PVDF(010)H plane.

CeO2 NPs having a crystallographic orientation (211) exhibit the
weakest interaction with each of the PVDF planes (Table 1). However, in
the case of the dominant PVDF(100) plane, none of the remaining three
CeO3 planes (111), (110), and (100) is significantly preferred (Table 1),
and CeOy NPs may therefore exhibit all of these crystallographic ori-
entations in the CeO,NPs/PVDF sample.

This result is promising because these CeO» planes are useful for their
catalytic activity. Stubenrauch et al. [23] described the catalytic per-
formance of (111) and (100) planes in the decomposition of formic acid
and acetic acid. High reactivity of (110) and (100) planes for CO
oxidation was reported by various authors, e.g. Tana et al. [22] and
references therein. The catalytic activity of (100) plane for benzene
oxidation was reported by Wang et al. [24]. Planes (110) and (100) are
typical of the surface of CeOy nanorods, while in the case of CeOy
nanoparticles, the surface is dominated by the (111) plane. This plane is
the most energetically stable, and thus shows weaker catalytic proper-
ties than the other two, yet its catalytic efficiency has been demonstrated
in hydrolysis [20] and the synthesis of dimethyl carbonate [25]. Pho-
tocatalytic properties have also been demonstrated in the reduction of
CO4, at the CeO5 planes (110) and (100) [26] and in the production of
hydrogen at the (111) plane [27].

Finding that CeOy NPs on the dominant p-PVDF(100) surface can
preferentially exhibit these crystallographic orientations thus provides
the possibility of various practical applications of the CeO,NPs/PVDF
membrane.

4. Conclusions

Wire electrospinning was utilized for the preparation of a non-woven

membrane consisting of p-PVDF nanofibers. These nanofibers exhibit a
strip-like morphology with the dominant flat surface formed by the
B-PVDF(100) crystallographic plane. The membrane was surface modi-
fied with CeO2 NPs. The presence of CeO3 NPs on the surface of p-PVDF
fibers was confirmed by SEM and XPS analyses. In addition to the
experimental characterization, molecular modeling using a force field
was also involved to compare the non-bond interactions of CeOy and
PVDF structures for different mutual crystallographic orientations. The
molecular modeling revealed that the $-PVDF(100) plane forming the
dominant flat surface of the nanofibers is suitable for anchoring CeO5
NPs. The interaction energies found for this plane are comparable to the
interaction energies found for the p-PVDF(010)F plane. Weaker in-
teractions with CeOy were found for the B-PVDF(010)H plane. Both
B-PVDF(010)F and B-PVDF(010)H planes forming the edges of the flat
nanofibers represent a significantly smaller surface area compared to the
dominant p-PVDF(100) plane. Moreover, due to the longitudinal folding
of the nanofibers, these planes come into contact, making them even less
accessible for CeOy NPs. The interaction energy between CeO3 and the
B-PVDF(100) plane is thus the most important factor influencing the
surface modification of the nanofibers by the CeOy NPs. The results of
molecular modeling support the conclusion made on the basis of SEM
analysis, i.e. the surface modification of PVDF nanofibers with CeOy NPs
is possible, and the CeO;NPs/PVDF sample is not just a mechanical
mixture of both materials.

Molecular modeling revealed that CeO2 NPs on the dominant §-PVDF
(100) surface can preferentially exhibit the following three crystallo-
graphic orientations: (100), (110), (111). This is a promising result
because these three CeO; planes are catalytically active.

The CeO,NPs/PVDF membrane is a type of material useful in ap-
plications that require a nanostructured polymeric carrier surface-
modified with catalytically active NPs with suitable crystallographic
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Fig. 4. SEM images (TLD detector in SE mode) of (a) the PVDF and (b) the
CeO,NPs/PVDF samples. (c) EDS analysis of the CeO;NPs/PVDF sample.

orientations. The molecular modeling method described in this study is
not limited to CeOy NPs and PVDF nanofibers - it can be used to study
interactions and preferred crystallographic orientations of different NPs
on different nanofibers.

Authors contribution

Adam Verner: Investigation, Data Curation, Writing - Original Draft,
Visualization. Jonas Tokarsky; Methodology, Validation, Investigation,
Data Curation, Writing - Original Draft, Writing - Review & Editing,
Visualization, Supervision, Funding acquisition. Pavla Capkova;
Conceptualization, Writing - Original Draft, Supervision, Funding

Polymer Testing 110 (2022) 107568

' Ce 3d

Normalised Intensity [cps]

T

T T T T T T T

T T
930 920 910 900 890 880 870

Binding Energy [eV]

Fig. 5. XPS spectral profiles Ce3d for samples CeO, NPs and CeO,NPs/PVDF.

Table 1

Ein/S (kcal/mol/nm?) values for each of the four CeO, planes adjacent to each of
the three PVDF planes. In the case of CeO- planes (111) and (100), E;,/S values
are provided for both types of adjacent atoms, and also the average of both E;;,;/S
values is provided in the last column. The E;,/S values for planes (110) and
(211) are provided in column Ce + O.

CeOy PVDF adjacent atoms
adjacent adjacent Ce o Ce+0 average
planes planes
(111) (100) —2619 —2297 - —2458 +
+ 62 + 65 181
(100) (100) —2479 —2441 - —2460 +
+ 62 + 155 120
(100) (100) - - —2412 -
+ 139
(211) (100) - - -1 687 -
+27
(111) (010)F —3073 —2285 - —2679 £
+ 92 + 93 405
(100) (010)F —2868 -1731 - —2300 +
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