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ABSTRACT: Coaxial electrospinning allows easy and cost-
effective realization of composite fibers at the nano- and
microscales. Different multifunctional materials can be
incorporated with distinct localization to specific regimes of
the fiber cross section and extended internal interfaces.
However, the final composite properties are affected by
variations in internal structure, morphology, and material
separation, and thus, nanoscale control is mandatory for high-
performance application in devices. Here, we present an
analysis with unprecedented detail of the cross section of liquid
core-functionalized fibers, yielding information that is difficult
to reveal. This is based on focused ion beam (FIB) lift-out and allowing HR-TEM imaging of the fibers together with nanoscale
resolution chemical analysis using energy dispersive X-ray spectroscopy (EDS). Unexpectedly, core material escapes during
spinning and ends up coating the fiber exterior and target substrate. For high core injection rate, a dramatic difference in fiber
morphology is found, depending on whether the surface on which the fibers are deposited is hydrophobic or hydrophilic. The
latter enhances postspinning extraction of core fluid, resulting in the loss of the functional material and collapsed fiber
morphology. Finally, in situ produced TiO2 nanoparticles dispersed in the polymer appear strikingly different when the core fluid
is present compared to when the polymer solution is spun on its own.
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1. INTRODUCTION

The present-day focus on miniaturization, multifunctionality,
and incorporation of devices in media that traditionally were
passive, such as for wearable and other flexible technology,1−6

places high demands on novel advanced materials development,
most notably in the realm of smart materials. Particularly
appealing are hybrid materials that simultaneously incorporate
multiple functions and attributes (sometimes conflicting), such
as conductivity, transparency, light emission, sensory response,
actuation, mechanical strength, or different refractive indices. A
recently introduced promising route to achieve such materials is
to produce core−sheath fibers, either by drawing7−9 or
spinning, whereby the latter approach has most strongly been
pursued using the electrospinning technique.10−22 Electrospun
fiber mats are porous and lightweight, they have large effective
surface area due to a fiber diameter typically in the micrometer
range or lower, and they can be produced with a host of
different materials and with complex fiber cross section, often
combining a carrier polymer with one or more functional
components that endow the composite with multiple attractive
properties. This makes them ideal candidates for many cases of
smart materials development.6,10,20−25

An important modification is coaxial electrospinning,26−29

which recenlty has emerged as a potent method to functionalize

the fibers with useful additives that are not spinnable on their
own. Examples are low molar mass liquid crystals,10,30−36 liquid
metals,21 suspensions of magnetic nanoparticles,20,37 phase
change materials,18,19 or even live cells.25 The method also
allows the production of micro- and nanofibers that are hollow,
and thus tube-like,27−29,38−41 as well as a compartmentalization
of the fiber interior with different geometries.19,39,41

Many details of coaxial electrospinning are, however, highly
complex, and our understanding of the process is still
inadequate for reliable production of high-quality core−sheath
fibers with controlled internal structure. This is especially true
when functional liquids are to be encapsulated at high filling
fraction, and when relatively large overall fiber diameter (∼1−5
μm range) yet a thin sheath (∼100 nm) is desired, for instance
to obtain strongly responsive fiber mats with an easily
detectable output.10,35 The overall fiber morphology can be
quite far from the intuitively expected cylindrical one, as
recently demonstrated by Enz et al. using focused ion beam
(FIB) to section coaxially electrospun liquid crystal-function-
alized microfibers.36 The study revealed a cylinder segment
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morphology and a core channel that varied in shape and size
throughout the fibers. To create the insight required for reliable
production of complex multifunctional core−sheath fibers in an
attractive diameter range by electrospinning, new analysis
strategies are called for that provide a richly detailed picture of
the entire process, complete enough to elucidate the key
problems hampering development.
Here, we introduce such a strategy and demonstrate its

potential to advance our understanding of coaxial electro-
spinning by applying it to a model core−sheath system with a
liquid silicone oil core inside a composite sheath of
polyvinylpyrrolidone (PVP) and TiO2 nanoparticles synthe-
sized in situ following hydrolysis of titanium(IV) isopropoxide
(Ti(OiPr)4).

42 We use FIB for sectioning the fibers and
performing a lift-out procedure43 that allows us to image the
core−sheath fiber cross section with unprecedented detail by
high-resolution transmission electron microscopy (HR-TEM).
Moreover, location-specific chemical analysis by energy
dispersive X-ray spectroscopy (EDS) enables us to distinguish
the different materials in sheath, core as well as in the fiber
surroundings. Combined with optical microscopy (OM) and
scanning electron microscopy (SEM) imaging of the overall
fiber mats, an exceptionally complete picture emerges. The
novel information revealed by the study puts the spotlight on
aspects of the coaxial electrospinning process that are
frequently overlookedin particular the role of water
condensing from the air and the related importance of the
nature of the substrate on which the fibers are spunyet may
have a critical impact on the quality and nanoscale morphology
of the final material.

2. EXPERIMENTAL SECTION
2.1. Materials. The sheath polymer was PVP with Mw = 1 300 000

g mol−1 (Acros). Ti(OiPr)4 was added as TiO2 precursor with acetic
acid as catalyst (both Aldrich). Silicone oil (kinematic viscosity 1000
cSt at 25 °C, molar mass about 30 000 g mol−1), chloroform and
anhydrous ethanol were purchased from Aldrich. All materials were
used without further purification. Fibers were deposited on Si wafers
with a 300 nm top layer of TiO2 (Namkang Hi-Tech), either pristine
or with a hydrophobic surface treatment. The latter was produced
following the procedure of reference;44 a summary is in the Supporting
Information. Solution viscosities were measured at 25 °C with a TA
Instruments AR-G2 rheometer (60 mm diameter, 1° cone and plate
geometry) and contact angles with a Phoenix 150 surface angle
analyzer (sessile drop method).
2.2. Electrospinning. A solution of PVP (9.5 wt %), Ti(OiPr)4

(3.0 wt %), and acetic acid (2.3 wt %) in anhydrous ethanol was used
as sheath fluid, yielding in situ synthesis of TiO2 via hydrolysis of
Ti(OiPr)4, following the method of Xia and co-workers.

27 The fraction
of inorganic component was, however, considerably lower in our case,
yielding a final composite sheath with only 9% TiO2; the remaining
91% was organic PVP. The core fluid was a mixture of silicone oil in
chloroform (2:1 w/w), with a shear viscosity about 60% higher than
that of the sheath solution. The electrospinning setup has been
described in detail in an earlier paper,34 and it is summarized in the
Supporting Information along with further technical details. For
simultaneous fiber collection on different substrates, a pristine chip
and a hydrophobized one (both 5 × 5 mm2) were placed next to each
other on a glass slide kept 5 mm above the grounded electrode. The
collection time was 2−3 s.
2.3. Optical and Electron Microscopy. After spinning, the fibers

were left in air for ∼24 h to ensure complete solvent evaporation.
Overview images were obtained using an optical microscope (Nikon
Eclipse LV100) in reflection mode and a Hitachi S 4800 field emission
scanning electron microscope (FE-SEM). Prior to SEM investigation,
the samples were coated with platinum (3 nm thickness). For HR-

TEM investigation of fiber cross sections, thin slices were prepared
from the platinum-coated samples using the FIB lift-out method43 (see
Supporting Information for details).

3. RESULTS
Four different fiber types were spun, one without distinct core
phase and the others with a silicone oil−chloroform mixture
pumped as core fluid at 0.25, 0.75, and 1.2 mL h−1, respectively.
For all fibers, the flow rate of the PVP solution (sheath phase in
case of coaxial spinning) was maintained at 1.75 mL h−1.
Representative overviews of fibers on a hydrophobic silicon
substrate are shown in Figure 1, confirming the expected

increase in fiber diameter with rising core flow rate. In no
sample do we see merging of fibers at crossing points,
demonstrating that the fiber exterior was no longer in a liquid
state upon substrate impact. A slight tendency to beading is
apparent from the 0.75 mL h−1 core flow rate and upward,
indicating that the Rayleigh-Plateau instability is not fully
suppressed at high core flow rate.
To gain a detailed view, we cut thin slices for HR-TEM

imaging using the FIB lift-out technique at locations indicated
in Figure 1, resulting in cross section images such as those in
Figure 2 (images of other slices are shown in the Supporting
Information). These images immediately reveal a number of

Figure 1. (a, c, e, and g) SEM and (b, d, f, and h) corresponding OM
images of fiber samples collected on hydrophobic silicon substrates.
The locations selected for FIB sectioning are indicated by red lines in
the left panels. The fiber missing from panel a compared to panel b
came off during transfer to the SEM chamber.
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interestingand largely unexpecteddetails. First, the fiber
cross section (with very well-defined core−sheath character-
istics) does not only grow with increasing core flow rate, it also
changes shape when the fibers are deposited on a hydrophobic
substrate. While low filling leads to a fiber that is close to
cylindrical, the strongly filled fibers have a cross section that is
largely rectangular. This is in clear contrast to the fibers
deposited on a hydrophilic substrate which generally have a
horizontal cylinder segment morphology, similar to the fibers
studied by Enz et al.36 which were also deposited on
hydrophilic substrates. Although the PVP sheath is not liquid
after substrate impact (see above), it is obviously soft enough to
adhere to and spread out along the hydrophilic surface in
response to capillary forces, suggesting that the polymer is still
swelled with solvent into a gel-like and easily deformable state.
A further important observation is that all fibers with silicone

oil core are surrounded by a non-negligible amount of material
outside the sheath. To establish its nature, we performed
chemical analysis by EDS along selected scan directions
through five different fibers at a total of 14 different locations.
An example with two scans through the 0.25 mL h−1 core flow

rate fiber deposited on hydrophobic substrate is shown in
Figure 3. We recognize the sheath primarily through the strong

dips in the Si and O signals. Their greater strength in the core
region confirms that the silicone oil is well contained inside the
fiber. The chloroform seems to have evaporated completely, as
there is no Cl peak, except a small one on top of the fiber,
possibly suggesting that a small fraction of titanium chloride
formed during spinning.
We also notice local maxima outside the top sheath in the O

and Si signals, giving a first hint that silicone oil has also
escaped outside the sheath. This conclusion is corroborated in
the zoomed-in scan shown at the top in Figure 3, which starts
in the core and goes through the lower right-hand corner of the

Figure 2. HR-TEM cross sections of fibers spun with varying core flow
rate and deposited on (a−d) hydrophobic and (e−f) hydrophilic
substrates. The respective sheath and core areas are indicated on the
right. For clarity, the substrate and coating have been removed from
the images (the raw images are in the Supporting Information).

Figure 3. Location-specific chemical analysis by EDS through the 0.25
mL h−1 core flow rate fiber deposited on a hydrophobic substrate.
Because of the weak strength of some signals, data have been
smoothed over eight adjacent values for clarity.
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fiber. The Si and O signals clearly reveal that the material
outside the fibers, filling the space between substrate and
sheath, is silicone oil (same intensities as in the fiber core,
whereas the silicon oxide surface of the substrate yields
distinctly stronger signals for both elements). Similar analysis
for the other samples confirms that the material on the fiber
outside is always silicone oil, for hydrophobic as well as
hydrophilic substrates. In one case we used the FIB lift-out
technique to also study a section along the fiber, as shown in
Figure S5 (Supporting Information). Unfortunately, a partial
collapse of the fiber top could not be prevented in this very
fragile slice, but the data nevertheless prove that the core−
sheath geometry is very uniform along the fiber. The consistent
data from all slices studied (all transverse slices are shown in
Figure S3, Supporting Information), as well as the stable trend
as the core flow rate was varied, confirm that the data shown
are representative for the fibers in general, supporting the
generality of our conclusions.
The EDS analysis also quantitatively corroborates an

interesting phenomenon that can be recognized qualitatively
in the cross section images in Figure 2, namely that the TiO2
nanoparticles interspersed in PVP are rather different in size
and distribution in the single-phase fiber (Figure 2a) compared
to the coaxial ones. While the inorganic component is barely
noticeable in the sheaths of the coaxial fibers, many
comparatively large clusters of TiO2 are easy to spot in the
center of the fiber without silicone oil core. The EDS scan
through this fiber (Figure S6, Supporting Information) reveals a
clear maximum of Ti signal around the fiber center, indicating
larger and/or more numerous TiO2 nanoparticles farther away
from the fiber boundaries. This is surprising, considering recent
reports based on in situ X-ray phase contrast imaging of the
electrospinning process45 and mechanical and optical measure-
ments on electrospun conjugated polymer fibers by AFM/
SNOM,46 indicating that the polymer concentration in
electrospun fibers should be greatest at the center. Such a
situation should expel the TiO2 nanoparticles toward the fiber
perimeter.
The reported localization of polymer in the center was said

to originate in the strong stretching of the polymer chains,
reducing the lateral excursions of the polymer coils. We may
thus speculate that the inorganic hydrolysis reaction in our
experiment has a considerable effect on the polymer dynamics,
counteracting stretching sufficiently to prevent the concen-
tration of polymer to the core. Instead, a solid polymer skin
forms on the outside due to rapid solvent evaporation, an effect
observed experimentally and corroborated theoretically,47,48

slowing further evaporation and promoting a solvent-enriched
central region of the fiber. This also contains water condensed
from the air (see below), enabling continued Ti(OiPr)4
hydrolysis. The extended liquid state allows nanoparticles
forming at the jet center to aggregate and/or nucleate further
growth into larger particles. In the thin sheath of the coaxial
fibers, by contrast, the local variation in solvent content should
be substantially lower. Moreover, the chloroform pushing
through from the core, immiscible with water, should
counteract absorption of condensed water into the sheath,
thereby potentially restraining hydrolysis and the consequent
TiO2 particle formation process.
The areas of the core and sheath were measured graphically

from the cross section images, as indicated numerically in
Figure 2. Averages over the two slices investigated for each fiber
type are plotted for the hydrophobic substrates in Figure 4. The

sheath area initially decreases with increasing core flow rate,
although the sheath flow rate and the voltage that accelerates
the jet during spinning were constant. This unexpected
observation suggests that the fiber undergoes a greater degree
of stretching the more core fluid is encapsulated. This is not
unreasonable because the chloroform from the core fluid
diffuses through the PVP sheath before it can evaporate.
Because chloroform is a solvent for PVP, this prolongs the wet
state of the sheath, and hence the more chloroform is delivered
from the core, the greater the stretching. A further contribution
should come from the reduced Ti(OiPr)4 hydrolysis, as
discussed in the previous paragraph. Assuming volume
conservation of PVP the stepwise reduction from 0.27 to
0.17 to 0.11 μm2 as the core flow rate is increased from 0 to
0.75 mL h−1 would correspond to a roughly 35% increase in
stretching for each step. The increased stretching must affect
also the core when it is present, and indeed its area increases
only by a factor of about 2 for the 3-fold increase in flow rate
from 0.25 to 0.75 mL h−1. This matches the behavior of the
sheath very well.
At maximum core flow rate, this simple relation between

stretching and cross section no longer holds. The sheath may
now be so thin that further fiber stretching is inhibited, leading
to the observed superlinear growth in core area in this region of
the graph. As indicated by the larger error bar, the effect may
also appear somewhat exaggerated, as an effect of the
modulation of core cross section area that results from the
increasingly important Rayleigh-Plateau instability (Figure 1
and related discussion). The sheath area even appears to
increase somewhat at maximum core flow rate in Figure 4.
However, this is likely to be an artifact due to the very low
sheath thickness and the foam-like character of the polymer
close to the hydrophobic substrate (Supporting Information),
leading to systematic overestimates of the sheath area.
Going back to Figure 2, we note a further important

difference between the fibers deposited on the two substrate
types: the core area of fibers spun with high silicone oil flow
rate and deposited on hydrophilic substrate is only about half
that of the corresponding area of the same fiber deposited on a
hydrophobic substrate. For both substrates, a second fiber slice
was prepared by FIB lift-out and analyzed by HR-TEM
(Supporting Information), corroborating the difference. Note
that these fibers were all produced in the same experiment, and
the two substrates were immediately next to each other while
fibers were being deposited on them during steady-state
spinning. The difference in fiber morphology must then be
related to changes occurring in the fibers after deposition, not
during spinning. The dramatic loss of silicone oil from the core

Figure 4. Cross section areas of the core and sheath of fibers deposited
on hydrophobic silicon substrates as a function of core flow rate.
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in the fiber depicted in Figure 2f, compared to the equivalent
fiber in Figure 2d, must thus be a result of interaction with the
substrate. This means that our findings are also relevant to the
increasingly important field of near-field electrospinning,6,49−52

in which all fibers are in direct contact with the substrate and
deposited in a wet state due to the minimized solvent
evaporation time frame in this technique. For multilayer mats
produced by traditional spinning (including freely suspended
mats), the substrate for the majority of the fibers will in fact be
the previously deposited fibers. The same reasoning applies
with the sheath polymer replacing the substrate material, albeit
with additional complications due to the softness of the sheath
and its consequent susceptiveness to be deformed by capillary
forces. This means that the hydrophobicity or hydrophilicity of
the fiber sheath should strongly influence the cross section and
degree of filling of the composite fibers in the mat.

4. DISCUSSION
We will now conjecture a plausible model capable of explaining
our observations. It is well-known that the cooling of the jet
during electrospinning, resulting from the evaporation of the
solvent, leads to condensation of water from the air. This event
is fundamental for the hydrolysis of Ti(OiPr)4 into TiO2,

42 and
it can lead to a porous sheath.53−55 In our coaxial experiments,
this effect can be expected to be strong due to the rapidly
evaporating chloroform. At the same time, the presence of this
solvent should, as mentioned above, counteract the absorption
of the condensed water into the jet, and we may thus assume
that the fiber surface is surrounded by a thin layer of water
(subject to capillary instabilities) when it lands on the substrate.
If the latter is hydrophilic, then the water spreads, leaving the
fiber such that silicone oil diffusing through the sheath from the
core together with chloroform can spread as well (silicone oil
spreads on all solid substrates considered in this work as well as
on water56). Capillary forces between the spreading liquids and
the sheath promote a flattening and spreading of the fiber along
the substrate, as seen in Figure 2f. Moreover, as long as
chloroform remains in the core, it will diffuse through the
sheath (which is thus maintained in a wet gel-like state),
allowing further silicone oil to escape with it. This explains the
considerable depletion of core material seen in the fiber spun
with high core injection and deposited on a hydrophilic
substrate. With the lower core flow rate of 0.25 mL h−1 used for
the fiber in Figure 2e, much less chloroform remains in the core
at the time of deposition, leading to faster solidification of the
sheath and a consequently reduced loss of core content and
spreading of the fiber on the substrate. In the case of multilayer
mats (free-hanging or deposited on a substrate), the fibers
deposited after the bottom layer will experience the same
phenomenon if the polymer sheath itself is hydrophilic, as is the
case for PVP and other water-soluble polymers used for
electrospinning. A further complication (beyond the scope of
this paper) in this case is the absorption of the spreading water
into the polymer, prolonging the soft state of the previously
deposited fibers.
If the jet instead hits a hydrophobic substrate, then the water

on its outside cannot spread but will form an asymmetric
meniscus along the length of the fiber. Water has a contact
angle of 104° on our hydrophobic substrate (Supporting
Information), limiting the extension of the meniscus away from
the fiber. The PVP-based fiber, by contrast, is wetted by water,
allowing it to climb high on this preferred surface. First of all,
this can explain the tendency toward a rectangular cross section

of the fibers deposited on hydrophobic substrates, as the side of
the sheath will experience capillary forces from both the inside
and the outside, promoting a vertical orientation if the forces
are balanced. Second, the water lining the fiber outside prevents
chloroform and silicone oil to escape through the sheath along
the sides, leaving only the top as a possible escape route. On
the other hand, it is beneficial for hydrolysis of Ti(OiPr)4,
resulting in a spatially varying TiO2 concentration with local
maxima along the sheath sides (see Figure 3). Because of the
comparatively slow evaporation of water, which is further
slowed due to the cooling by continued chloroform
evaporation, the core will lose all its chloroform through the
top of the sheath. By the time the water has left the fiber, the
sheath has solidified, retaining the remaining silicone oil inside,
and thus, much less core material is lost than in the fiber on the
hydrophilic substrate. The amount of silicone oil that has
nevertheless escaped will eventually have access to the
substrate, leaving the final meniscus seen on the fiber outside
in Figure 2. The temporary water meniscus has, however, left a
trace in the form of an unusual deformation of the sheath. This
is most clearly visible in Figure 2b, where the silicone oil
meniscus is much smaller than the water meniscus that was
present as the sheath solidified, pulling the sheath outward on
both sides about 150 nm above the substrate.
It is important to note that the water solubility of the PVP

sheath is not a prerequisite for these phenomena to occur,
because the origin of water condensation is the cooling due to
solvent evaporation. Even when we use sheath polymers that
are insoluble in water, the fiber cooling leads to significant
condensation of water. Once the fiber hits the substrate,
essentially the same difference in postdeposition fiber
modification can be expected, in particular regarding the loss
of core content, depending on whether the substrate is
hydrophilic or hydrophobic. In case the fiber sheath polymer
itself is hydrophobic, a difference is that the water cannot climb
up the side of the deposited fiber, and hence, the rectangular
cross section seen in this work for strongly filled fibers on
hydrophobic substrates would not be expected.
There are several reports of coaxially spun fibers with close to

cylindrical cross section, such as the seminal work by Li and
Xia.27 However, these fibers are typically of very small diameter
(well below 1 μm), and the sheath cross-sectional area is
comparable to that of the core. In this range of modestly filled
fibers with extremely small overall diameter, the cylindrical
morphology can be maintained. This is in line with the trend
observed in Figure 2. But when large diameter and thin sheath
are desired, the fibers are strongly susceptible to deformation
and collapse in response to capillary forces.36,40

While the presence of chloroform in the core fluid enhances
these effects, the condensation of water on the fiber sheath also
occurs for other core fluids because the evaporation of the
sheath solvent cools the fiber. This leads to fiber spreading and
flattening on hydrophilic substrates, as seen, for instance, in the
study by Enz et al.36 The possibility of pore formation in the
sheath53−55 will make loss of a liquid core to the outside a risk,
even when no core solvent is used. For the case of solidifying
polymeric cores, an escape is unlikely, but fiber flattening and
deviation from cylindrical symmetry should then be consid-
erable, as such core solutions typically contain a much higher
fraction of evaporating solvent. Hence, hydrophobic substrates
are greatly preferred when collecting electrospun core−sheath
fibers with a thick core, and a hydrophobic sheath polymer will
be of advantage if multilayer mats are spun.
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5. CONCLUSION
Exceptionally detailed information about the nanoscale internal
morphology of coaxially electrospun core−sheath fibers is
provided by HR-TEM imaging and locally resolved chemical
analysis by EDS on fiber cross-sectional slices prepared using
the FIB lift-out method. Our key findings are that (1) even for a
core material that is immiscible with the sheath solution, a non-
negligible fraction escapes through the sheath and ends up on
the fiber outside, in particular for fibers with large diameter and
high degree of filling; (2) the deposition of such fibers on
hydrophobic surfaces is highly advantageous, because hydro-
philic surfaces are wetted by the water that condenses on the
cold jet during spinning, inducing an outward liquid flow that
depletes the fiber core and deforms the entire fiber after
spinning; and (3) contrary to expectation, the polymer
concentration is not the highest at the fiber center when in
situ production of inorganic nanoparticles takes place during
spinning, suggesting that the chemical reaction may influence
the polymer chain dynamics such that stretching is reduced.
The new data provide a much more complete picture of the
coaxial electrospinning process and reveal for the first time the
important role of hydrophilicity or hydrophobicity of the
surfaces with which newly produced fibers come in contact.
Together with the demonstration of the powerful combination
of FIB, HR-TEM, and EDS, this gives a significant contribution
to the ongoing efforts to realize increasingly advanced
composite smart materials using electrospinning.
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