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ABSTRACT

Electrospun silica nanofiber membranes show a high potential in many advanced environmental applications.
However, little is known about their mechanical performance which could be a limiting factor for further
innovation. It is shown in this work that silica nanofiber membranes have a completely different deformation
behavior compared to conventional polymeric/thermoplastic nanofiber membranes, resulting from their significant
differences in chemical and physical properties such as fiber interactions and porosity. Furthermore, storage at
room temperature initiates remarkable changes in failure mechanisms, depending on the storage humidity, which
can be accelerated via a thermal treatment. These changes are linked to the structural changes of the membrane
resulting from its chemical reactivity towards moisture in the air. Additional interactions and crosslinks are
observed, leading to fiber shrinkage and rearrangement. As a result, more contact points are created between
nanofibers, creating additional friction forces and, as such, a complete shift in mechanical properties towards a
stronger, stiffer, and more brittle material (tensile strength of 14.0 + 3.8 MPa vs. 3.1 + 0.4 MPa and failure strain
of 0.9 £ 0.2% vs. 24.2 + 1.0%). The silica nanofiber membranes thus allow mechanical tunability via altering the
storage or treatment conditions.
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HIGHLIGHTS

e Electrospun silica nanofiber membranes show a completely different deformation behavior compared to
conventional thermoplastic (PA6) nanofiber membranes

¢ A mechanical shift is observed in silica nanofiber membranes, depending on the treatment conditions

e The mechanical shift can be linked to structural changes resulting from its chemical reactivity

e Shrinkage and an increase in areal density are observed, leading to more fiber contact points

e Mechanical tunability is possible through treatment conditions

GRAPHICAL ABSTRACT
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1. Introduction

Nanofiber membranes are attractive materials in view of many advanced applications such as microfiltration,
separation, and catalysis. Nanofibers typically have a submicron diameter and are generally produced via a method
called electrospinning [1]-[3]. This process results in the formation of randomly oriented nanofibers in the form
of a non-woven membrane. Due to the specific morphology of these nanofibers, the electrospun membranes have
some interesting properties such as high porosity, interconnected pores, and high specific surface area [4]-[6]. As
such, nanofiber membranes from e.g. polyamide (PA) are already widely used for water and gas filtration [7]—
[11]. While most research has focused on polymeric nanofibers in the past, great attention is currently being given
to inorganic nanofibers [12]-[14]. Inorganic nanofibers offer the advantages of a higher thermal and chemical
resistance than most polymeric nanofibers [12]. Additionally, via the direct electrospinning of a sol-gel mixture,
chemically tunable nanofibers can be produced, resulting in inorganic nanofiber membranes with a wide range of
properties and a broad potential application field [15]-[17].

A material with a high potential in this field is silica due to its abundant availability and low cost. Traditionally,
silica nanofibers have been produced via electrospinning a sol-gel mixture combined with an organic polymer
[13], [18]. This organic polymer allows for better control of the flow behavior during electrospinning. However,
when the organic polymer is removed via a thermal treatment afterwards to obtain purely inorganic fibers, the
nanofibers have bad mechanical properties [19]. Alternatively, our research group showed a production process
for silica nanofiber membranes via direct electrospinning of a sol without organic polymer, resulting in dense
inorganic nanofibers with a high purity and better coherency [20], [21]. This is the result of proper control of the
reaction mechanisms during the sol-gel synthesis. This synthesis starts from a precursor, tetraethylorthosilicate
(TEOS), which reacts with water during a hydrolysis reaction to form silanols in the presence of an acidic catalyst
and a homogenizing solvent like ethanol (EtOH). The formed silanols further react via polycondensation reactions
to form siloxanes resulting in a cross-linked 3D network (Figure 1) [22]-[25]. Upon controlling these reactions, a
TEOS-based electrospinnable sol is formed.
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Figure 1: Elementary reactions taking place during the sol-gel synthesis.
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It is to be noted that due to incomplete hydrolysis and polycondensation during the sol-gel synthesis, the obtained
network is not pure silica yet. Some unhydrolyzed ethoxy and reactive silanol groups are present after
electrospinning. These are unstable over time, causing a membrane with dynamic properties. For example, after
electrospinning a highly hydrophobic membrane is obtained. However, after storage for some time, a shift occurs
to hydrophilic behavior due to further hydrolysis and condensation of the silica structure with moisture in air. The
higher the relative humidity of the surrounding air, the faster this shift takes place. A thermal treatment can even
further accelerate this shift, and induces additional crosslinks [26]. This dynamic chemical behavior offers many
advantages for advanced applications, but the membranes often also require good and predictable mechanical
behavior. Due to the dynamic behavior of the chemical structure in silica nanofiber membranes produced via direct
electrospinning of a sol, it is expected that this can also have an influence on the mechanical properties of the
membranes, as crosslinks are usually linked to an improved mechanical strength [27]-[30].

Traditional silica materials (e.g. glass) are known to have a brittle failure mechanism [31], [32]. A dynamic brittle-
to-ductile mechanical behavior has already been observed in some cases. This is most often initiated by physical
conditions such as elevated temperature and/or high pressure [33]-[35]. Additionally, the same shift is also
observed in silica glass nanofibers, showing a size-effect dependency with brittle behavior for diameters > 18 nm
and a strong shift to ductile behavior for diameters < 18 nm [30], [36]. However, for electrospun silica nanofibers
via the sol-gel synthesis route, the amount of research on mechanical characterization is limited [19]. It is known
that the deformation behavior of electrospun nanofibers can be very complex and many researchers have developed
models and simulations to understand the mechanisms taking place [37]-[40]. Our previous work showed that
conventional polymeric nanofiber membranes such as PA6 have a high ductility and there are many cohesion
forces allowing the membrane to deform as a whole, which is similar as its bulk material [41]. The question remains
whether these silica nanofiber membranes will also show similar behavior as its brittle bulk material, or if the
nanofiber structure allows for a different deformation mechanism. In addition, the influence of the dynamic
chemical nature on their physical and mechanical properties is currently unknown. Gaining more insight into the
mechanisms inducing these dynamic properties can help in understanding the material better and to design silica
nanofiber membranes with optimal mechanical robustness for advanced applications.

In this research, the mechanical performance of electrospun silica nanofiber membranes is investigated. First, the
deformation behavior is studied for an as-spun (untreated) silica nanofiber membrane and compared with a
conventional polymeric nanofiber membrane (e.g. PA6). Additionally, the influences of a humidity and thermal
treatment on the mechanical properties of the as-spun silica nanofiber membrane are investigated and linked with
their chemical and physical nature. It is showcased that there is indeed a shift in deformation behavior as a result
of the dynamic chemical nature. An in-depth study with a.o. in-situ scanning electron microscopy (SEM) testing



is performed to understand the underlying mechanisms leading to this dynamic behavior. It is observed that the
electrospun silica nanofiber membranes show a strong increase in strength and stiffness after exposure to storage
conditions at 65% relative humidity (RH) at room temperature or a thermal treatment at 250-500 °C.

2. Materials and Methods
2.1 Materials

For the production of silica nanofiber membranes, TEOS (= 99%, Sigma Aldrich), EtOH (> 99.8%, VWR) and
hydrochloric acid (HCI, 37%, Sigma Aldrich) were used.

2.2 Methods
2.2.1  Production of silica nanofiber membranes

Prior to electrospinning, the silica network is formed during a sol-gel synthesis. For this, TEOS, EtOH, H,0 and
HCI are mixed with molar ratios of 1, 2, 2, 0.01, respectively. TEOS is first mixed with EtOH in an open beaker.
Additionally, the H,O:HCI mixture is added dropwise while vigorously stirring. Afterwards, the temperature is
increased to 80 °C and the reaction is proceeded until around 3/8™ of the volume remains. During the sol-gel
synthesis, the viscosity of the solution increases and this was measured using a Brookfield viscometer LVDV-II.
Once a viscosity of 110-200 mPa s was reached, the reaction was stopped and could be electrospun on a rotating
drum collector at room temperature for several hours (max 6) before the viscosity becomes too high. The flow rate
was set at 1 mL h, a voltage of 20 kV was applied and the needle-to-collector distance was set at 15 cm. The
electrospinning process was performed for 2 hours and nanofiber membranes with an areal density of + 10 g m
were produced.

2.2.2  Mechanical testing of nanofiber membranes

Tensile tests were performed using a small tensile tester (TA Instruments Dynamic Mechanical Analysis (DMA)
Q800) with a loadcell of 18 N and a strain rate of 1% min™. The ASTM D882 Standard for Tensile Properties of
Thin Plastic Sheeting was used as inspiration during tensile testing. Samples with a gauge length of 20 mm and
width of 7 mm were tested. To prevent clamp failure, the region of clamping was reinforced by gluing the nanofiber
membranes in between pieces of paper. The cross-section of the samples was calculated based on the mass and
density of the membranes to eliminate the contribution of the pores to the cross-section (Eg. 1), as proposed by the
study of Maccaferri et al. [37]. Since measurement of membrane thickness is unreliable for porous materials, the
tensile test data was normalized using the sample mass. Based on their extensive study on a universal approach for
tensile testing nanofiber membranes, this method was stated as the most reliable. A mass density of 2.20 g cm3
was used for (amorphous) silica. This is an approximation using the density of the bulk material, since the density
of the fiber materials is unknown. The cross-section is then equal to the cross-section of an equivalent solid material
where no pores are present, since only the contribution of the solid fibers is relevant. Because of this normalization
scheme through an equivalent solid material, different electrospun non-wovens can be quantitively compared with
each other.

Mmembrane

A=
Psilica * 1 Eq' 1

With Mmembrane the mass of the nanofiber membrane, psiica its corresponding density (approximated as 2.20 g cm
for bulk amorphous silica) and [ the length of the sample. For each membrane, three samples were tested. The
tensile tests were performed 48 hours after electrospinning, unless mentioned otherwise. Additionally, the porosity
(e) was determined via Eq. 2.

mmembrane/
Psilica Eq. 2

e =1-
wk]*t



With w the width and t the thickness of the membranes, measured with a precision micrometer. Note that
measurements of the thickness with a precision meter is unreliable for porous materials, as mentioned before, and
was therefore performed to calculate an estimation of the porosity only and not the membrane cross sectional area.
For testing the dynamic behavior over time, silica nanofiber membranes were stored in climatized rooms of either
25 £ 2% RH or 65 + 4% RH. Each week, tensile tests were performed on both membranes for a period of six
weeks. Additionally, the silica nanofiber membranes were also thermally treated at 250 °C, 400 °C and 500 °C for
one hour (and three hours at 250 °C) using a Muffle Furnace from Nabertherm GmbH. The chemical changes were
analyzed using attenuated total reflection Fourier transform infrared (ATR-FTIR, Nicolet iS50 FT-IR setup with
OMNIC software) in the range 400-4000 cm™. The spectra were normalized with respect to the Si-O-Si signal at
1076 cmL.

2.2.3  In-situ microscopy during mechanical testing

To investigate the deformation and failure behavior of the silica nanofiber membranes on a microscopic scale, in-
situ microscopy was used. First, the tensile tests were monitored using a digital optical microscope (DinoL.ite
AMA4515ZTL). Additionally, tensile tests were also performed in-situ using Scanning Electron Microscopy (SEM).
For this, a Phenom XL tensile stage was used with a dedicated loadcell of 150 N (Deben). Samples were first
coated with a gold layer of 10 nm. The tensile test was performed stepwise (steps of 0.02 mm), with a high quality
SEM image taken at each step. A small incision was made in the samples to predict the area of failure. The in-situ
SEM tensile tests were performed on samples with a gauge length of 10 mm and a width of 7 mm. Physical
properties such as area were measured via a micrometer.

3. Results and discussion
3.1 Deformation behavior of untreated silica nanofiber membranes

The untreated as-spun silica nanofiber membrane shows a remarkable mechanical behavior (Figure 2 black curve).
A strong brittle failure behavior with high stiffness is expected for silica based on its general bulk properties.
However, this is not observed in the case of the as-spun silica hanofiber membranes. There is a clear elastic region
until the ultimate tensile strength (UTS) is reached, which is in accordance with brittle behavior. Once the UTS is
reached, a region of slow decline is observed. This is the result of nanofibers unraveling from the membrane,
leading to high failure strains. However, the initial crack is formed at the UTS, and thus the additional strain is
completely related to the fibers moving and reorienting out of the crack opening along the tensile direction. This
behavior is also observed for classical non-woven materials that show under-bonding [42]. This indicates that there
is almost no cohesion (due to e.g. friction forces) present in the as-spun silica nanofiber membrane, allowing a lot
of individual fiber movements and failure at very low forces. Note that the mechanical properties obtained by the
normalization scheme will never be equal to that of a solid bulk material as they represent the aggregated response
of the non-woven membrane. As stated by the theories of cellular solids, a clear relationship exists between the
Young’s modulus of a porous material and its relative density (= ratio of density of the cellular solid and density
of the bulk material), similarly as observed in the case of the non-woven membrane [43], [44]. On the contrary, a
PAG6 nanofiber membrane shows clear Poisson contraction prior to failure (Figure 2 red curve) resulting in a ductile
deformation behavior. There is almost no fiber movement in the vicinity of the crack on a macroscopic scale
because the PA6 nanofiber membrane has a lot of cohesion in its structure, resulting in much more transfer of
forces [41]. Additionally, the as-spun silica nanofiber membrane has a lower stiffness than expected from its bulk
material, and the UTS is significantly lower than the PA6 nanofiber membrane (Table 1). These observations can
also be linked to the porosity of the membranes. A higher porosity is observed for the as-spun silica nanofiber
membrane compared to PA6 due to its bigger fiber diameter (Table 1, Figure 3), indicating that there are less
contact points between fibers [37], [45], [46]. As contact points are the main contributor for friction forces in
nanofiber membranes, lower forces are observed for the as-spun silica. Additionally, a comparison was made
between the as-spun silica nanofiber membranes from this work and silica nanofiber membranes produced with
the aid of a sacrificial organic polymer during electrospinning. As mentioned before, there is only limited amount
of research available on the mechanical performance of silica nanofiber membranes, and since an organic polymer
is used during electrospinning, the available data only shows the mechanical performance after calcination (Table
1). Contrary, in this work, a thorough study of the mechanical performance of silica nanofiber membranes
produced via the direct electrospinning of a sol without sacrificial organic polymer was performed for the first
time which gives more insight into the relationship between the chemical, structural and mechanical properties.
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Figure 2: Results of tensile tests on an untreated as-spun silica nanofiber membrane (tested at a strain rate of 1% min2),
compared to a PA6 nanofiber membrane from our previous work [41] with their corresponding failure mechanisms. The images
are taken during the tensile tests at points a), b), ¢) and d) as shown on the stress-strain curves.

Table 1: Mechanical properties of PA6 and untreated silica nanofiber membranes during a tensile test.

UTS (MPa) Failure strain (%) E (MPa) Porosity (%) REF

PA6 nanofiber

38.,5+6.0 30.0+2.8 370+ 34 81.5+1.0 [41]
membrane
As-spun silica
nanofiber 3.1+04 242+1.0 184 + 36 96.4+0.8 This work
membrane
Silica nanofiber
membrane 0.5-4.5 0.5-6.5 - - [47]
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Figure 3: SEM images of a) PA6 nanofibers and b) untreated as-spun silica nanofibers with their corresponding fiber diameter.

More detailed insights into the deformation behavior of as-spun silica nanofiber membranes are obtained via in-
situ SEM tensile testing (Figure 4). A small incision perpendicular to the tensile direction was made prior to testing
to locate the crack region. It was observed that the crack propagates from this incision, with complete alignment
of the fibers to the tensile direction. There is almost no fiber failure (Figure 4b) and the large failure strains result
from very large unraveling lengths of no less than 960 pum in the case of the in-situ tensile test. This indicates that
the observed stress-strain behavior from Figure 2 entirely relates to the membrane structure, with movement and



reorientation of the brittle silica nanofibers. Little to no cohesion between the nanofibers is observed, resulting in
a very low UTS and stiffness.

a)

300 pm 300 um 300 pm

b)

Figure 4: Snapshots during in-situ SEM tensile testing on untreated as-spun silica nanofiber membranes, a) showing large
fiber unraveling areas. Focus at the crack propagation zone in b) shows complete alignment of the fibers, with an unravelling
length of no less than 960 pm.

3.2 Dynamic mechanical behavior: influence of humidity and thermal treatment

Tensile tests were performed on the silica nanofiber membranes over a course of 43 days, during storage at 25%
RH and 65% RH, to investigate the changes in mechanical behavior upon applying a humidity treatment (Figure
5). In both cases, a remarkable shift is observed, going from a membrane with large failure strains prior to
treatment, to a stronger and more brittle behavior after ageing. This shift is highly dependent on the storage
conditions. While the failure strain already drops from 23.4 + 1.6% to 1.2 + 0.0% after 1 week at 65% RH, at 25%
RH it takes 3 to 4 weeks to complete this shift (Figure 5b). Additionally, the UTS has increased from 2.9 £ 0.5
MPato 11.1 + 2.6 MPa at 65% RH but only to 4.6 + 1.9 MPa at 25% RH after 43 days (Figure 5a). It thus appears
that the changes in mechanical behavior are strongly influenced by the storage conditions, and occur faster at a
higher relative humidity treatment.
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Since it is known that the chemical structure also changes upon applying a thermal treatment, tensile tests were
also performed after several thermal treatments (Figure 6). At 250 °C, the changes in mechanical behavior are
limited, but the failure mechanisms show a bigger shift as the thermal treatment duration increases. However, even
after 3 hours the UTS is still relatively low. At temperatures of 400 °C and 500 °C, the same changes are observed
as during storage at RT. However, it appears that a treatment of 1 hour is in these cases already enough to induce
a complete shift in mechanical behavior. At 500 °C a UTS of 14.0 £ 3.8 MPa is observed, which is 4.6 times higher
than the initial UTS of an untreated as-spun silica nanofiber membrane, with a failure strain of 0.9 + 0.2%
(Figure 6a and 6b). It is clear that the temperature during a thermal treatment strongly influences the speed and
extent of the shift in mechanical behavior.
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Figure 6: Evolution of a) UTS, b) failure strain and c) E for an as-spun silica nanofiber membrane receiving different thermal
treatments. d) Example of corresponding stress-strain curves, showing a clear transition from ductile to brittle after a thermal
treatment. Note that there is a clear temperature dependency.

In-situ tensile testing after a thermal treatment for 1 hour at 400 °C shows that the treated silica nanofiber
membrane fails in a more brittle way (Figure 7). There is a clear crack in the failure region, and many fibers break
immediately upon loading, with thus a smaller amount of fibers reorienting themselves along the tensile direction
compared to the untreated as-spun membrane (Figure 4). A complete alignment of the fibers remains absent,
resulting in an unraveling length in the case of the in-situ tensile test of only 240 um (Figure 7b) compared to 960
pm for the untreated membrane (note that these specimens have a small incision to facilitate crack initiation).
These results and observations indicate that fiber movement has become more restricted in the membranes that

underwent a humidity or thermal treatment. Fibers are also observed to break before they can fully align according
to the tensile direction.



. ) kA S
om0 A

Figure 7: a) In-situ SEM tensile test of treated silica nanofiber membranes after a thermal treatment for 1 hour at 400 °C. b) A
much smaller unraveling length is observed with many fibers that are broken.

3.3 Changes in chemical structure of the treated silica nanofiber membranes

It is clear that there are two very distinctive microscopic deformation behaviors that can be detected for these silica
nanofiber membranes, depending on the treatment conditions. This results in significant differences in mechanical
properties on a macroscopic scale, with both mechanical behaviors very different compared to traditional
polymeric nanofiber membranes. To investigate the underlying mechanisms for this shift in behavior, the evolution
of the chemical and physical properties upon applying these treatments are analyzed.
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Figure 8: a) ATR-FTIR evolution of as-spun silica nanofiber membranes stored at 25% RH or 65% RH for 43 days. b) The
evolution of peak surface area is shown for CHz, CHs (3020-2850 cm) and Si-OH (966 cm™*) [48]. c) ATR-FTIR evolution
during several thermal treatments, with d) the evolution of their peak surface area. e) Schematics of the chemical changes
observed via ATR-FTIR. All spectra were normalized with respect to the O-Si-O signal at 1055 cm'L.

ATR-FTIR measurements before and after the humidity treatments were done show a decline in CHs, CH; signals
(3020-2850 cm™t) over time. This is accelerated by exposure to a higher RH (Figure 8a and 8b), with a removal of
52% at 25% RH and a removal of 100% at 65% RH after 43 days. This is due to hydrolysis reactions taking place
in the membrane structure with moisture in the air resulting in a substitution of ethoxy groups by hydroxyl groups
(Figure 8e). It is observed that the signals corresponding to Si-OH (966 cm™*) do not show that same clear decrease
which would be expected when cross-linking via polycondensation occurs (a removal of 24% at 25% RH and a
removal of 16% at 65% RH after 43 days). However, the hydrolysis reaction leads to an increase in silanol while
the condensation simultaneously leads to a decrease in silanol, resulting in a less straightforward evolution over
time. This is in line with previous research which has proven that there is indeed additional cross-linking over
time, albeit limited [26].

The same ATR-FTIR analyses after several thermal treatments show again a very steep decrease of CH,, CH3 with
a complete removal at temperatures > 400 °C (Figure 8c and 8d). Additionally, a significant decrease in silanol
groups is also observed, and the decrease gets bigger with higher temperatures (a removal of 40% at 1h at 250 °C,

11



43% at 3h at 250 °C, 55% at 1h at 400 °C and 100% at 1h at 500 °C). This proves that there is indeed additional
cross-linking within the silica network since silanols react to form siloxane bonds (Figure 8e).

Overall, a dynamic behavior is observed in chemical structure for membranes receiving a humidity treatment and
membranes receiving a thermal treatment. Despite evolving towards the same brittle and stronger mechanical
behavior, the chemical changes are slightly different for both treatments, as schematically depicted in 2D in Figure
8e. At RT, the changes are predominated by hydrolysis and (some) condensation reactions, similarly as during the
sol-gel synthesis of the silica network prior to electrospinning. As a result, the network evolves towards a structure
which gets slightly more cross-linked over time and which contains many silanol groups. Alternatively, during a
thermal treatment the ethoxy groups are completely removed and almost all silanol groups condensate into a highly
cross-linked structure, depending on the temperature. In both cases, additional interactions are formed due to the
crosslinks and hydrogen bonds from the silanol groups. This is expected to result in an increased stiffness and
strength of the individual fibers, with a more brittle behavior.

3.4 Changes in physical properties of the treated silica nanofiber membranes

A last important consideration are the physical changes of the membranes upon applying various treatments, such
as area and areal density (determined as mass divided through the corresponding area). In all cases, areal shrinkage
was observed, with an increasing areal density (Figure 9). However, the areal density has a slower incline because
there is some mass loss associated to the previously described chemical changes. At RT during storage at 25% RH
and 65% RH, the shrinkage has a slower evolution at lower humidity, in line with the evolution in chemical changes
(Figure 9a and 9b). In this case, the large amount of silanol groups in the structures at RT results in an increased
amount of hydrogen bond interactions leading to a more closely packed structure resulting in shrinkage and
rearrangement (e.g. bending) of the fibers within the membrane [49], [50]. SEM images of the nanofiber
membranes confirm the increase in amount of fibers for the same surface area after storage (Figure 10). As a
consequence, there are more contact points between the fibers for a same surface area, which is associated to a
higher strength due to more friction forces and fiber-fiber interactions taking place.
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Figure 9: Relative area and relative areal density of as-spun silica nanofiber membranes during storage at 25% RH and 65%
RH (a and b), and during different thermal treatments (c and d). At RT, the properties were determined by comparing them
against day 1. For the thermal treatments, the properties were determined by comparing each sample before and after the
corresponding thermal treatment.
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During a thermal treatment, the same changes in physical properties are observed and are also in line with the
chemical and mechanical changes (Figure 9c and 9d). In this case, the formation of additional cross-links within
the fibers results in a more closely packed chemical structure with rearrangement of the fibers and shrinking of the
membrane as a consequence. In all cases, this areal shrinkage and rearrangement results in more fibers and
additional contact points with fiber-fiber interactions between different fibers for the same surface area. Several
interactions can take place at these contact points such as chemical crosslinks, hydrogen bonds and physical
interactions leading to more friction forces and a reduction of the individual fiber mobility. It is generally known
that fiber-fiber interactions lead to significant changes in mechanical properties [51]-[53]. SEM images of the
nanofiber membranes confirm the increase in amount of fibers for the same surface area after thermal treatment
(Figure 10). As a result, a strong increase in UTS is observed in all cases, with a bigger effect depending on the
treatment conditions, and since silica is inherently brittle, a more brittle failure behavior is observed for the
nanofiber membrane as well. Analysis of the fiber diameters before and after treatment revealed no significant
changes in fiber diameter, except for 43 days at 65% RH. However, this is most likely a consequence of the
electrospinning process and the measuring technique, both introducing variation in the results.
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Figure 10: SEM images showing the increase in amount of fibers for a same surface area after humidity or thermal treatment.

It is clear that the chemical changes resulting from the dynamic structure of the as-spun silica nanofiber membranes
thus induce physical changes such as areal shrinkage on a macroscopic scale, resulting in a strong shift in
mechanical properties due to additional contact between the fibers. However, it remains unclear if this observed
shrinkage during thermal treatment is purely resulting from changes in chemical structure, since thermal tensions
can also lead to physical changes of materials.
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To assess the cause of the shrinkage, the thermal treatment at 400 °C was monitored over time during which every
5 minutes a sample was removed and analyzed. Again, there were no morphological changes and no significant
changes in fiber diameter observed during the thermal treatment (Supporting information Figure S1). Already after
5 minutes at 400 °C, a shrinkage of almost 20% and an increase in areal density of + 10% are observed, which did
not significantly increase over time during the course of 1 hour thermal treatment (Figure 11a and 11b). However,
ATR-FTIR analysis reveals that the chemical changes as mentioned before also already occur after 5 minutes at
400 °C with no additional significant changes during the remaining course of 1 hour thermal treatment (Figure
11c). As expected, this is again linked with the mechanical performance of the silica nanofiber membranes, with
a shift towards a brittle behavior already after 5 minutes as well (Figure 11d, 11e and 11f). However, the stiffness
still increases after 5 minutes, indicating that the shift had not been completed yet. It is clear that the chemical and
physical changes observed in the nanofiber membrane are directly linked with each other and are responsible for
the changes in mechanical performance regardless of the treatment conditions.
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Figure 11: Changes in a) area, b) surface density, c) ATR signals, d) UTS, e) failure strain and f) E of a silica nanofiber
membrane during a thermal treatment at 400 °C during 1 hour. For each point in time, analyses were performed on one
membrane of which three samples were cut to perform tensile testing.

4. Conclusion
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The mechanical behavior of directly electrospun silica nanofiber membranes was investigated. First, a clear
difference was observed between the behavior of an as-spun silica and PA6 nanofiber membrane. This originates
from differences in interactions and contact points between the fibers, resulting in more friction forces for PA6
nanofiber membranes. Additionally, a remarkable shift in failure mechanism was observed for the as-spun silica
nanofiber membrane, originating from specific treatment conditions such as high humidity storage or thermal
treatment. This shift originates from changes in chemical nature of the nanofibers, leading to additional interactions
such as hydrogen bonds and crosslinks. This in turn results in physical changes such as membrane shrinkage
creating additional contact points and fiber-fiber interactions between the nanofibers for the same surface area. As
such, more friction forces are present and an increase in strength and stiffness is observed. However, since the
fiber-fiber interactions reduce the fiber mobility, the treated silica nanofiber membrane reaches its failure strain
more quickly due to the brittle nature of silica. It is clear that directly electrospun silica nanofiber membranes can
be mechanically tuned by altering the treatment conditions. This is a direct consequence of the production method
via the direct electrospinning of a silica sol. Not only does this allow to chemically tune the nanofibers, but it was
now proven that they can also be mechanically tuned.
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