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Biomimetic formation of silica from polyamines such as poly(ethylene imine) (PEI), inspired by the
proteins found in diatoms and sponges, has been actively investigated recently as a potential route to
silica formation compared to the conventional sol–gel process. We report silica formation onto nanoﬁbers of PEI blended with poly(vinyl pyrrolidone) (PVP) obtained via electrospinning of their 50:50(w/w)
blend. The active component, PEI, catalyzes rapid silica formation, within minutes, upon immersion of
the PEI/PVP nanoﬁbers in silica precursor tetramethylorthosilicate (TMOS). The silica formation in
nanoﬁbers was then investigated by scanning electron microscopy (SEM), Energy Dispersive X-ray
analysis (EDX), differential scanning calorimetry (DSC), thermo-gravimetric analysis (TGA) and Fouriertransform infra-red (FTIR) spectroscopy. The silica content in the PEI/PVP nanoﬁbers could be controlled
by pre-treatment of the ﬁbers at different conditions of relative humidity prior to the siliciﬁcation. Fibers
exposed at higher (80%) relative humidity led to higher inorganic (silica) content compared to those
exposed to relative dry conditions (<20% relative humidity). Calcination of the ﬁbers indicated that
siliciﬁcation proceeded across the whole ﬁber cross-section that consisted of nano-structured silica. Such
a simple route to rapid formation of organic-inorganic hybrid nanoﬁbers could have applications ranging
from catalysis to tissue engineering, and nanocomposites in general.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Nature excels in the design and synthesis of complex and hierarchical hybrid (organic/inorganic) materials for various functional
purposes through biomineralization processes [1–3]. Such hybrid
materials like bone, mollusk seashell, nacre, and silica structures in
diatoms and sponges have inspired researchers to mimic their
structure and function for various applications [4–6]. In such hybrid
materials, organic molecules are closely integrated with inorganic
moieties for various structural and functional purposes [7,8]. In
particular, the formation of natural hybrid materials is often regulated by proteins that catalyze inorganic formation while spatially
directing or templating the growth of hierarchical structures.
Proteins, for example, like silafﬁns found in various species of
diatoms, regulate silica growth to form species-speciﬁc nano-
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structured composite materials [9,10]. Such functional protein
serves two purposes: (i) catalyze silica polymerization, and (ii) act
as templating agents by self-assembly to direct the growth of silica
[9,11]. Both of these functional aspects have been extensively
studied by various researchers to design biomimetic materials for
various applications.
Nano-structured silica composites represent one such class of
hybrid organic/inorganic material with various applications that
include catalysis [12], sensors [13], photonics [14], biomaterials [15],
biotechnology and medicine [16], among many other applications
[17]. Conventionally, most such hybrid materials are synthesized by
a sol–gel process [18,19]. By this method, hydrolyzed sol–gel
precursors are condensed onto templates formed by organic molecules (a process termed transcription) that include spherical polymer
particles or crystals [20], tri-block copolymers [21], and organogelators [22] to form structured composites (for an informative
review see [23]). The templating route utilizes speciﬁc interactions
like hydrogen bonding and/or electrostatic interactions between the
hydrolyzing sol–gel precursor and the templating substrate to
integrate the organic and inorganic components. Besides such
template transcription, electro-processing (or electrospinning) offers
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the potential to produce ceramic and hybrid nanocomposites [24–
26]. In this method, aged (partially reacted) sol–gel precursor solutions or their blends with polymers like poly(vinyl pyrrolidone) (PVP)
are electrospun to produce ceramic or composite nanoﬁbers,
respectively. Various studies have shown that such sol–gel electroprocessing can form inorganic and ceramic nanotubes or nanoﬁbers
of alumina/silica [27], titania [28], and bioactive glass [15]. Despite
the advantages with sol–gel processing to obtain composite and
ceramic nanoﬁbers, it requires relatively harsh conditions of
temperature and/or pH with acid/base catalysts and is an inherently
time-consuming process. For example, silica vesicles made by electrospinning (e-spinning) of aged sol in a study by Larsen et al. [27]
required a total of 14 h including 2 h at 80  C to prepare aged sol in
HCl-catalyzed reaction of tetraethylorthosilicate (TEOS). On the other
hand, biomimetic processes are usually executed with benign
conditions of near-neutral or slightly acidic pH and are rapid, thus
offering advantages to the design and synthesis of silica-based
materials.
Recent ﬁndings provide insight to simpler alternative biomimetic routes for silica formation, creating the potential for develop
ment of nano-structured composite materials at biocompatible
conditions and higher rates. Proteins isolated from marine species
such as diatoms and sponges were found to facilitate (or catalyze)
the formation of silica from hydrolyzed precursor tetraalkoxys
ilanes [29,30]. The functional units responsible for the rapid silica
precipitation have been identiﬁed as polylysine residues covalently
modiﬁed by the oligo-N-methyl-propylamine unit [9]. These
modiﬁcations play a central role in the silica precipitating activity of
the native enzyme. Catalytic domains in the protein, primarily
consisting of polyamines, self-assemble in speciﬁc spatial
arrangements and direct silica growth in the diatoms. In one such
proposed mechanisms, the polyamines catalyze the silica formation due to the alternating presence of protonated and nonprotonated amine groups in the polyamine chains, which allows
hydrogen bond formation with the oxygen adjacent to silicon in the
precursor and thus facilitate –Si–O–Si– bond formation [11]. The
importance of polyamines in silica precipitation has led to
the development of various bio-inspired molecules, synthetic
proteins, polypeptides, block copolypeptides, and small functional
molecules containing polyamines that catalyzes silica [31]. The
time-scale of silica precipitation in the presence of such molecules
varies depending on the type of functionality and silica precursor.
The majority of biomimetic silica formation has been studied in the
presence of a pre-hydrolyzed precursor, usually by acid/base
catalysis rather than directly from pure alkoxysilanes. On other
hand, poly(ethylene imine) (PEI), linear and branched, has the
ability to form silica directly from pure alkoxysilanes such as tetramethylorthosilicate (TMOS) almost instantly in aqueous solutions
[32,33]. Additionally, linear PEI can form ﬁbrous aggregates
because of its propensity to crystallize in aqueous media above
a concentration of 0.5 wt% [34]. Such aqueous linear PEI aggregates
have also been shown to induce a hydrolytic condensation of TMOS
and create silica of different morphologies depending on the
concentration of alkoxysilanes, water, and solvent [33,35]. It was
also shown that the silica formed on the crystalline PEI ﬁlaments
have a 5–7 nm core containing PEI ﬁbrils with a 6–8 nm thick silica
shell [36].
Based on the above results, we hypothesized that siliciﬁcation
on electrospun ﬁbers of PEI or its blends would lead to a process
that induces rapid silica formation to form hybrid (polymer/silica)
materials. Such process would combine the beneﬁts of electroprocessing techniques with rapid silica formation directly from
precursor molecules, as observed previously in solutions, to obtain
hybrid materials. Compared to the processes described above in
literature, the hybrid nanoﬁbers formation is rapid, and without
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requiring use of high temperature and/or extreme pH in solutions.
Herein, we report the formation of hybrid (organic/inorganic)
materials obtained from direct siliciﬁcation of linear PEI/PVP ﬁbers
obtained by electro-processing of their 50/50 (w/w) blend. PVP was
used as a carrier blend component to assist in the formation of
stable nanoﬁbers at ambient operating conditions that resisted
ﬂash welding and subsequent ﬁlm formation. Unlike the PEI/PVP
nanoﬁbers, nanoﬁbers of PEI alone were unstable to ﬁlm formation
at ambient conditions due to excessive moisture adsorption. The
selection of PVP as a blend component was further dictated by its
miscibility with PEI and its solubility in ethanol solutions utilized in
the electro-processing. The siliciﬁcation of PEI/PVP ﬁbers was done
by immersing the ﬁbers in TMOS. TGA, EDX and FTIR analysis
conﬁrmed the presence of the silica. The control sample of PVP
ﬁbers did not form any silica, conﬁrming that PEI catalyzes the silica
polymerization reaction. Furthermore, the silica content in the PEI/
PVP nanoﬁbers could be controlled by pre-treatment of the ﬁbers at
different humidity levels prior to the siliciﬁcation. Calcination of
the ﬁbers revealed that siliciﬁcation proceeded across the whole
ﬁber cross-section rather than just the surface (outer shell) of the
ﬁbers.
2. Experimental section
2.1. Synthesis of linear poly(ethylene imine)
Linear PEI was synthesized from the precursor poly(2-ethyl-2oxazoline) (PeOz) (Polysciences, Mw ¼ 500 kDa) according to
a previously reported procedure [33]. In brief, PeOz was hydrolyzed
in a 5 M HCl solution with a 3:1 molar ratio of HCl to acetylethyleneimine units at 90  C for 12 h (polymer concentration ¼ 0.145 g/
ml). A white precipitate formed during the reaction and was ﬁltered
and washed with acetone, followed by dissolution in ultra-pure
deionized (DI) water (Milli-Q, r > 18 MU cm1). The solution was
either directly neutralized with the addition of 0.5 M KOH or sealed
in a dialysis tube (Spectroline, Mw cut-off 3500 Da) and dialyzed
against a 14% aqueous ammonia solution for 3 days, replacing the
solution every 24 h. In both cases, the white precipitate obtained
was ﬁltered, washed with excess acetone and DI water, and dried in
vacuum at 40  C for 24 h. The conversion of oxazoline (Oz) in PeOz
to imine in PEI was characterized by 1H NMR spectroscopy (Varian
Inova 600 MHz) in CD3OD at room temperature by evaluating the
Oz peaks (dH ¼ 2.4 ppm, –CH2– and dH ¼ 1.1 ppm, –CH3) relative to
the ethyleneimine peak (dH ¼ 2.74 ppm). Additionally, the ethyl
protons adjacent to nitrogen in PeOz (dH ¼ 3.5 ppm, –CH2CH2N–
Oz–) shift upon conversion to PEI (dH ¼ 2.74 ppm, –CH2CH2ND–).
The conversion of the oxazoline units to ethyleneimine units was
94%, irrespective of the precipitation method used.
2.2. Electrospinning of PEI/PVP blend
Electrospinning (e-spinning) of linear PEI solutions in ethanol
spanning 5–15 wt% in concentration resulted in sub-micron ﬁbers
(here termed ‘‘nanoﬁbers’’) that quickly absorbed moisture at
ambient conditions due to hygroscopic nature of the PEI. This
eventually led to the formation of ﬁlms by ‘ﬂash welding’ of the
ﬁbers [see Supplementary information Figure S1]. In order to
obtain ﬁbers stable at ambient conditions, a second miscible
polymer was incorporated. Linear PEI was solution-blended with
poly(vinyl pyrrolidone) (PVP) (Mw 350,000 Da) (Aldrich). Nanoﬁbers stable to even humid environments were obtained by
e-spinning of linear PEI/PVP (50/50 w/w) blends in 5–15 wt%
concentrated solutions in ethanol at a ﬂow rate between 0.1 ml/h
and 0.4 ml/h, a voltage gradient 0.8 kV cm1 over the 10 cm
distance between the tip and the collector, and processing time of
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3 h. For e-spinning, polymer solutions of a given concentration
were pumped through a stainless steel needle (I.D. 0.26 mm) using
a syringe pump (KD Scientiﬁc, Model 780100) at a speciﬁed ﬂow
rate. The needle was held at high electric potential relative to
ground using a high voltage power supply (0–20 kV, Ultravolt,
Model 30A12-P4) and controlled by a DC power supply (0–6 V,
Agilent, Model E3630A). The samples were collected in a steel (SS
type 304) mesh (screen) of square shape with area w25 cm2, wire
gauge of 40  40 meshes per linear inch, and wire size 0.0075 inch
(Custom Filtration Inc, MN) for approximately 3 h.
2.3. Siliciﬁcation and calcination
Siliciﬁcation of the resulting nanoﬁbers was accomplished by
immersing the ﬁber mats (on a supporting mesh) in tetramethyl
orthosiliciate (TMOS) for 10 min, unless speciﬁed otherwise, followed by rinsing with excess acetone multiple times followed by
drying in vacuum at 40  C for at least 4 h. The silica content of the
PEI/PVP ﬁbers after equilibration at various relative humidity
values was studied by exposing the ﬁber mats to different
controlled humidity conditions for at least 24 h prior to siliciﬁcation and then immersing the ﬁber mats into the TMOS for siliciﬁcation. Controlled humidity conditions were achieved by use of
a small chamber within which aqueous lithium chloride solutions
(0.143 g LiCl/ml for 80% relative humidity and 0.367 g LiCl/ml for
40% relative humidity) or desiccant (for relative humidity <20%)
were placed. For the chamber with desiccant, the relative humidity
ﬂuctuated between 10% and 20% and hence is reported to be <20%
in the text. The humidity was measured by digital hygrometer
(TraceableÒ Control Company, TX). The siliciﬁed ﬁbers were
removed from the mesh after drying for subsequent calcinations
and other characterization. Calcination of the siliciﬁed nanoﬁbers
was then achieved by heating the ﬁber mats in a crucible to the
600  C in a furnace for 1 h. The resulting materials were fragile and
required careful handling.
2.4. SEM–EDX
The electrospun nanoﬁbers were analyzed using a Scanning
Electron Microscopy (SEM) (Philips XL30 Environmental SEM)
before and after siliciﬁcation. The average and standard deviation
(SD) of ﬁber diameter from SEM images were calculated using
ImageToolÔ (v3.0) image processing software for total of 50
diameter measurements. Pixel dimensions of the images were
calibrated from the scale bar in the image. Calcined ﬁbers were
imaged using high resolution SEM (Field-Emission Gun Scanning
Electron Microscope Hitachi S4500). For both cases of SEM
measurements, prior to analysis, samples were sputter coated with
palladium for 30 s using a current of 45 mA under argon at a pressure of approximately 200 mTorr, yielding a coating thickness ca.
50 Å. Elemental analysis was performed using Energy Dispersive
X-ray (EDX) probe attached to the same SEM described above.
2.5. Thermal characterization
The nanoﬁber webs were characterized using a TA Instruments
Q500 thermo-gravimetric analyzer (TGA) heating at rate of 20  C/
min from room temperature to 1000  C. The inorganic (silica)
fraction of the siliciﬁed samples was measured by calculating the
weight percentage remaining at 900  C in the TGA thermograms.
Fourier-transform infra-red analysis (FTIR) was performed by
a potassium bromide (KBr) pellet method. KBr pellets were made
by mixing w1 mg of sample with 90 mg of FTIR-grade KBr. FTIR
(Thermo Nicolet – Nexus 870) spectra of the prepared KBr pellets

were recorded with a range of wave numbers spanning 400 cm1–
4000 cm1 with averaging over 64 scans.
Thermal analysis of LPEI, PVP, e-spun LPEI/PVP nanoﬁbers and
siliciﬁed LPEI/PVP nanoﬁbers to determine melting temperatures
(Tm) and latent heats of fusion (DH) was performed using differential scanning calorimetry (DSC, TA Instruments Q100 equipped
with a refrigerated cooling accessory) under a nitrogen purge. The
samples were cooled quickly to 50  C, heated from 50  C at rate
of 10  C/min to 180  C (ﬁrst heat or ‘‘1H’’), followed by subsequent
cooling to 50  C at the same rate (ﬁrst cool or ‘‘1C’’). Next, these
steps were repeated to obtain DSC thermograms for a second cycle
at same rate. The PEI and the siliciﬁed PEI/PVP nanoﬁbers underwent the same heating/cooling proﬁle but with restriction to
a temperature maximum of 100  C due to weight loss of the
samples (>0.5 wt%) occurring above that temperature. All DSC data
analyses were performed using TA Instruments Universal Analysis
software (v4.5).
3. Results
Electrospun nanoﬁbers of linear poly(ethylene imine) (PEI) and
poly(vinyl pyrrolidone) (PVP) blends from their ethanol solutions
were obtained using conditions speciﬁed above. Fig. 1(a–c) shows
the SEM image of nanoﬁbers obtained by e-spinning a PEI/PVP (50/
50 w/w) solution in ethanol at a ﬂow rate of 0.1 ml/h and at
concentrations of 5 wt% and 10 wt%, respectively. Analysis of Fig. 1a
obtained from the 5 wt% PEI/PVP solution indicates a broad diameter distribution, with an average diameter of 452 nm and
standard deviation, SD, of 210 nm. Close inspection of the micrographs reveals that the large standard deviation values are a
reﬂection of a bimodal diameter distribution, with the presence of
relatively smaller diameter ﬁbers along with larger ﬁbers (Fig. 1a).
The origin of such a bimodal distribution in the PEI/PVP ﬁbers is not
known. Increasing the concentration of the PEI/PVP solution to
10 wt% (Fig. 1b), while keeping other parameters constant, resulted
in a narrower distribution of ﬁber diameters and a decrease in the
average diameter to 285 nm (SD ¼ 56 nm), compared to the 5 wt%
solution. Such nanoﬁbers are continuous and uniform in diameter
over the entire length scale as evident from Fig. 1c. Thus, changing
the concentration of the e-spinning solution allowed for control
over the ﬁber diameter and the morphology of the resulting nanoﬁbers. Besides concentration, e-spinning ﬂow rate can also be used
to manipulate ﬁber diameter and morphology [37]. For example,
electrospinning ﬁbers with a 10 wt% solution at a ﬂow rate of 0.3 ml/h
through an electric ﬁeld of 0.8 kV cm1 over a 10 cm tip-to-collector
distance resulted in a large average diameter of 1147 nm
(SD ¼ 313 nm). Besides the increase in ﬁber diameter, increasing the
concentration and/or ﬂow rate for e-spinning solution also
increases the web density of the ﬁber mats. The effect of web density
on the siliciﬁcation and subsequent hybrid ﬁber formation will be
not considered in this paper, but does warrant future attention.
PEI/PVP nanoﬁbers, shown in Fig. 1, were siliciﬁed by immersing
in TMOS for 10 min, rinsing in excess acetone to remove unreacted
TMOS, and ﬁnally drying at 40  C for 4 h under vacuum. The PEI/
PVP web became detectably stiffened by siliciﬁcation. Fig. 2(a–c)
shows the SEM images of siliciﬁed PEI/PVP ﬁbers corresponding to
the non-siliciﬁed samples of Fig. 1(a–c). Interestingly, our siliciﬁcation process caused adjacent ﬁbers to ‘weld’ at contact points
[38], as evident in the SEM images shown in Fig. 2. It is assumed
that such ﬁber welding due to siliciﬁcation is different from the
solvent ﬂash welding, particularly evident in PEI only e-spun
nanoﬁbers (Supplementary Figure S1). Compared to ‘ﬂash-welded’
siliciﬁed ﬁbers, the non-siliciﬁed PEI/PVP ﬁbers shown in Fig. 1(a–c)
are intact and do not show ﬂash welding. Additionally, the ﬁber
diameters increased during siliciﬁcation, with ﬁbers obtained from
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Fig. 1. SEM images of the ﬁbers of the 50:50 blends of linear PEI and PVP in ethanol electrospun at concentration of (a) 5 wt% and (b, c) 10 wt%.

Fig. 2. SEM images of the siliciﬁed electrospun ﬁbers of PEI:PVP (50:50) corresponding to the electrospun ﬁbers of (a) Fig. 1a and (b, c) Fig. 1b.
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the 5 wt% PEI/PVP solutions (Fig. 2a), showing a greater increase in
diameter than ﬁbers spun from the 10 wt% solution (Fig. 2b, c). For
example, the ﬁber diameters in Fig. 2a, while having a similar
distribution to those in Fig. 1a, almost tripled to 1383 nm
(SD ¼ 394 nm). In contrast, the average ﬁber diameter in Fig. 2b
increased by ca. 100 nm to the value of 390 nm (SD ¼ 96 nm) (see
Supplementary information, Figure S2 for comparison of distribution). The observed difference may be due to the higher web
density for the sample prepared from a 10 wt% solution as
impingement may limit growth. Moreover, the equilibrium water
content affects the level of siliciﬁcation from PEI, as was veriﬁed by
TGA analysis shown later, and it is possible (though unlikely) that
the webs of Fig. 2 had different water contents prior to siliciﬁcation.
Nevertheless, rapid silica formation – within minutes – in the
nanoﬁbers was achieved by immersion of the ﬁbers in pure TMOS.
PEI appears to have catalyzed the hydrolysis and condensation
of TMOS to form silica during the short exposure of TMOS to
electrospun PEI nanoﬁbers for 10 min. To conﬁrm this, EDX spectra
of the ﬁbers before and after siliciﬁcation were collected and
compared to a control sample of PVP ﬁbers immersed in TMOS. The
PVP ﬁbers were obtained by electrospinning a 10 wt% PVP solution
in ethanol using the same conditions described above for PEI/PVP
nanoﬁber processing. After immersion in TMOS, such PVP ﬁbers did
not show any presence of elemental silicon in EDX analysis as seen
in Fig. 3 and also showed no change in diameter; unlike the siliciﬁed PEI/PVP ﬁbers (Supplementary Information, Figure S3). In
contrast, EDX spectra of siliciﬁed PEI/PVP ﬁbers showed a strong
peak of elemental silicon present in the EDX spectra (Fig. 3). On
other hand, the oxygen peak shows very little change upon siliciﬁcation, but this is within experimental error. Speciﬁcally,
elemental analysis showed that the atomic weight percent of
silicon was ca. 58% and that of oxygen to be 42%, close to the values
found for completely condensed silica (53.2% oxygen, 46.8% silicon).
Nevertheless, the absence of silicon peak in the PVP ﬁbers exposed
to TMOS signiﬁes further that the silicon peak seen in PEI/PVP
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Fig. 3. Energy Dispersive X-ray (EDX) spectra of (a) PEI/PVP (50/50 w/w) electrospun
ﬁbers, (b) after siliciﬁcation by TMOS and (c) control sample of PVP ﬁbers after TMOS
exposure for 10 min. The vertical dotted line indicates the reference peak of the corresponding elements shown in bracket.

siliciﬁed ﬁbers is not merely due to TMOS adsorption (that might
have survived acetone wash) and/or silica formation by sol–gel
hydrolysis and condensation without PEI catalyst. EDX results will
be further supported by FTIR characterization, discussed below in
reference to Fig. 7.
PEI – a crystalline polymer – retains substantial crystallinity in the
electrospun nanoﬁber obtained from 50:50 blends with amorphous
PVP. As evident from Fig. 4a and b (curve (i)), bulk PEI is crystalline
with two distinct melting endotherms (Tpeak ¼ 47.3  C and 65.8  C) in
the ﬁrst cycle and a single melting endotherm (Tpeak ¼ 44.7  C) in the
subsequent second cycle. PVP, however, is an amorphous polymer as
indicated by the absence of any melting endotherm in curve (ii) of
Fig. 4a and b. Unlike PVP but similar to bulk PEI, an electrospun web of
PEI/PVP nanoﬁbers (Fig. 4a, curve (iii)) has multiple melting endotherms (Tpeak ¼ 60.6  C and 80.5  C). Consistent with the second DSC
cycle of bulk PEI, a single melting endotherm is observed for the
electrospun nanoﬁbers (Tpeak ¼ 57.6  C) (Fig. 4b, curve (iii)). We note
that the broad endotherm in electrospun nanoﬁbers at high
temperature (ca. 100–110  C) in the ﬁrst cycle is likely due to evaporation of excess adsorbed water in the nanoﬁbers. Such transition
disappears in the subsequent second heat/cool cycles of the nanoﬁber
(Fig. 4b). Nevertheless, Fig. 4b indicates that the presence of amorphous PVP in the PEI/PVP nanoﬁbers does not hinder the formation of
PEI crystals in the nanoﬁbers. Furthermore, analysis of Fig. 4b indicates that the heat of fusion of PEI in nanoﬁbers (DH ¼ 55.4 J/g-PEI,
curve (iii)) is substantially higher than bulk PEI (DH ¼ 27.2 J/g, curve
(i)). (Note: we have compared the latent heat of melting on a per-gram
of PEI basis.)
Clearly, the electrospinning process, enhances the PEI crystallinity in the nanoﬁbers compared to the bulk PEI. Interestingly,
subsequent siliciﬁcation of the nanoﬁbers by TMOS exposure results
in the disruption of the PEI crystals in the siliciﬁed nanoﬁbers as
indicated by small endotherm in Fig. 4b (curve (iv)). The heat of
fusion of the siliciﬁed nanoﬁber is very low (DH ¼ 4.1 J/g) compared
to that of electrospun PEI/PVP nanoﬁbers (DH ¼ 55.4 J/g-PEI, curve
(iii)). This analysis indicates that the crystalline PEI enhances or at
least supports silica formation in the nanoﬁbers. The observed
results are consistent with various studies [32–36] of silica formation observed in linear PEI crystalline aggregates formed in aqueous
solutions at low PEI concentrations (0.5–2 wt%). Our study reveals
that the crystalline PEI has a similar ability to catalyze silica
formation when present in nanoﬁbers with amorphous PVP.
TGA experiments enabled further quantiﬁcation of nanoﬁber
siliciﬁcation, as revealed in Fig. 5. It was found that the inorganic
(silica) yield in the electrospun PEI/PVP nanoﬁbers requires PEI and
varies with water content in the ﬁbers as evidenced by TGA analysis
of ﬁbers pre-treated with different levels of humidity before siliciﬁcation (Fig. 5). We note that other sources of moisture may exist
and were not directly controlled in our experiments, such as trace
moisture in ethanol (during spinning) and TMOS, as well as moisture from the air following TMOS treatment but prior to vacuum
drying. Consistent with EDX results discussed above, Fig. 5 reveals
that the control PVP ﬁbers after TMOS exposure had a negligible
inorganic content of 4.7 wt% at 900  C. Such inorganic formation
could occur from the small amount of silica formation from residual
TMOS at higher temperatures in TGA. Further, the non-siliciﬁed
ﬁbers did not show any inorganic content, as was expected.
Depending on the pre-treatment of ﬁbers at different relative
humidity levels, the silica content was found to vary signiﬁcantly.
For example, ﬁbers exposed to ca. 40% relative humidity prior to
siliciﬁcation yielded only 12 wt% inorganic (silica) content (at
900  C) compared to 41 wt% for the ﬁbers exposed to 80% relative
humidity prior to siliciﬁcation. Also, it was found that ﬁbers
exposed to 20% or less relative humidity before siliciﬁcation yielded
a negligible (2.6 wt%) presence of inorganic content.
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Fig. 4. DSC curve of the (a) ﬁrst heating/cooling cycle and (b) second heating/cooling cycle of: (i) LPEI, (ii) PVP and (iii) LPEI/PVP e-spun ﬁbers and (iv) Siliciﬁed LPEI/PVP e-spun
ﬁbers after TMOS immersion for 10 min. The heating and cooling is at rate of 10  C/min.

distributed porous nanostructure consisting of two length scales:
the sub-micron ﬁbers (w450 nm) and the silica nanostructures
(w20 nm) with a relative ratio of silica ‘ﬁbrils’ diameter to ﬁber
diameter of about Dsilica/Dﬁb w 0.04–0.07. Calcination of silica
obtained from sol–gel condensation is known to result mostly in
dense particles [39]. However, the porous structures similar to
Fig. 6 have also been reported [40].
Finally, the formation of silica on electrospun PEI/PVP ﬁbers was
conﬁrmed by FTIR analysis of ﬁbers before and after siliciﬁcation
and calcination (Fig. 7). Three important absorbance peaks that
indicate the presence of silica include the following: –Si–OH
stretching at 950 cm1, –Si–O–Si– symmetric stretching at
790 cm1 and –Si–O– asymmetric stretching at 1090 cm1 (each
indicated by vertical reference lines in Fig. 7). Silica formation in the

100

80

Weight Remaining (%)

We reason that the humidity level affects the equilibrium moisture content of the ﬁbers, in turn affecting siliciﬁcation via the
hydrolysis of TMOS by PEI. As evident from Fig. 5 (curve (i)), a 18%
weight loss of the PEI/PVP ﬁbers occurs at temperatures below
120  C, roughly indicating the level of water absorption by the ﬁbers.
Upon siliciﬁcation (curves (iii) and (iv)), the weight loss at 120  C
decreases to 7–8 wt% due to the utilization of water in the hydrolysis.
Note that PVP ﬁbers are less hygroscopic than PEI and hence have
a weight loss of only 4% at 120  C. Water in the ﬁbers gets consumed
during hydrolysis and then later gets liberated during condensation
of the silanol (Si–OH) groups to form siloxane (–Si–O–Si–) linkages
due to PEI catalysis as well as self-condensation of silanol groups at
higher temperatures. The latter phenomenon is evident from the
signiﬁcant weight loss observed (ca.12 wt%) for the ﬁbers exposed to
80% relative humidity (curve (iv)) between temperatures of 600  C
and 700  C. While the TGA characterization allowed estimation of
the water content of the ﬁbers before and after siliciﬁcation, as just
discussed, the effect of water content and consumption on silica
content of ﬁbers warrants detailed attention, including timedependent gravimetry. Nevertheless, the present study reveals that
water in the ﬁbers is important for rapid siliciﬁcation by PEI and it
indirectly provides a means to control the inorganic content of the
ﬁbers by direct mineralization.
Interestingly, silica formation in the nanoﬁbers is not conﬁned
to the surface of such ﬁbers but permeates the whole ﬁber crosssection, at least following calcination. Indeed, calcination of the
siliciﬁed PEI/PVP nanoﬁbers at 600  C for 1 h led to the nanostructures within the ﬁbers revealed by high resolution SEM
(Fig. 6(a–d)). Here, we observe that the calcined ﬁbers contained
nanometer-sized silica ﬁbrils across the whole ﬁber cross-section
(Fig. 6a, b). Further, low magniﬁcation micrographs (Fig. 6c, d)
revealed that the siliciﬁcation/calcination of the ﬁbers occurs
uniformly over entire ﬁber cross-section and length. To our
surprise, the ﬁber structure was mostly preserved, even though the
ﬁbers were fragile as evident from breaking of ﬁbers seen in the low
magniﬁcation images (Fig. 5c, d). The low mechanical integrity of
the calcined ﬁbers suggests that the nanostructures in the ﬁbers are
poorly interconnected. Nevertheless, calcination led to a uniformly
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Fig. 5. TGA analysis of the siliciﬁed and non-siliciﬁed electrospun ﬁbers of 50:50
blends of linear PEI and PVP (i) PEI:PVP ﬁbers at ca. 40% humidity, (ii) siliciﬁed electrospun PVP ﬁbers (control), (iii) siliciﬁed PEI:PVP ﬁbers after exposure at ca. 40%
humidity and (iv) siliciﬁed PEI:PVP ﬁbers after exposure at ca. 80% humidity.
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Fig. 6. High resolution SEM images of the siliciﬁed ﬁbers after calcination at 600  C for 1 h (a, c, d) top view and (b) cross-sectional view.

4. Discussion
The sol–gel synthesis of silica from such alkoxysilanes as TMOS
proceeds via a two step reaction – (i) hydrolysis of the alkoxy (–Si–
OCH3) functional group to form silanol (Si–OH), and (ii)

790

950

1090

1665

condensation of such silanol group either with other alkoxy or
silanol group to form the branched and networked siloxane (–Si–
O–Si–) chains, liberating alcohol or water, respectively [18]. While
the hydrolysis step occurs rapidly in presence of water and is
usually catalyzed by acid or base, condensation is a slower and ratelimiting step, requiring between several hours to days for silica
formation in absence of any ﬂocculating agents or other external

(c) Calcified fibers

Absorbance (a.u.)

electrospun ﬁbers is clearly evident from the –Si–O–Si– vibration
band at 790 cm1, which is otherwise absent in the spectra of PEI/
PVP ﬁbers. Furthermore, a sharp peak at 1090 cm1, indicating a Si–
O vibration appears in the siliciﬁed ﬁbers. Interestingly, the Si–OH
stretching mode at 950 cm1 only has a slight increase in intensity
compared to the siloxane (–Si–O–Si–) group at 790 cm1, implying
quite complete condensation during silica polymerization. The
increase in intensity of the broad peak around 3400 cm1 assigned
to –OH groups (indicated by * in Fig. 7), represents either the
uncondensed silanol group or the –OH group in the water or
alcohol liberated due to the condensation reactions of TMOS. The
observed –OH peak occurred despite extensive drying of siliciﬁed
ﬁbers for 4 h at 40  C in vacuum. Other peaks corresponding to
various groups in PEI and PVP are also present in the region of
1200–2000 cm1 and indicates very little or no change between
non-siliciﬁed and siliciﬁed LPEI/PVP ﬁbers. After calcination, all
such organic peaks disappear, conﬁrming the removal of organic
content. The three main absorbance peaks corresponding to silica
remain, as indicated by the vertical reference lines in the ﬁgures,
thus further conﬁrming the presence of silica. There remains a very
weak peak at 950 cm1 and 3400 cm1 indicating a slight presence
of uncondensed –Si–OH, in spite of calcination at 600  C for 1 h.
However, the later peak is very weak and is negligible compared to
the other peaks in calcined ﬁbers, indicating that most of the
material in the calcined ﬁbers is silica.

(b) Silicified LPEI-PVP fibers

(a) LPEI-PVP fibers
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Fig. 7. FTIR of the electrospun PEI–PVP ﬁbers (a) before siliciﬁcation, (b) after siliciﬁcation and (c) after calcination at 600  C for 1 h.
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catalyst. In contrast, the synthesis of silica as mediated by polyamines that were isolated from silafﬁns is extremely rapid [41].
Similar to the catalytic ability of polyamines found in silafﬁns to
form silica, we observed silica formation within minutes on electrospun PEI/PVP blends. The silica formed in the nanoﬁbers cannot
be merely due to the instantaneous hydrolysis and condensation of
the TMOS. TMOS, while more active than tetraethylorthosilicate
(TEOS) used in a conventional sol–gel process, was selected due to
its ability to rapidly hydrolyze to silicic acid or its precursor
molecules when in contact with water. However, subsequent
condensation of the silicic acid is rate-limiting and it is believed
that PEI helps to catalyze the formation of silica instantaneously on
the ﬁbers. This is in agreement with the previous solution study of
silica formation from the linear PEI solution and gels [35,42,43]. In
the absence of the PEI or other catalyst, the condensation step
requires a long time (hours to days) to polymerize into silica.
Adsorbed water in the nanoﬁbers thus is required to hydrolyze
TMOS and facilitate the ﬁrst step of the chemical reaction toward
silica formation. As such, the amount of water adsorbed on the
ﬁbers could be used to moderate and control the conversion of
TMOS to silica nanoﬁbers. Indeed, our results show that the silica
content can be controlled by the water adsorbed into the ﬁbers
equilibrated at different humidities (Fig. 5). The SEM–EDX analysis
(Fig. 3) and FTIR (Fig. 7) conﬁrmed the presence of silica in the
nanoﬁbers. Such rapid silica formation in nanoﬁbers occurs due to
the unique catalytic ability of PEI to catalyze hydrolysis and/or
condensation reactions of TMOS.
It is known that linear PEI crystallizes with double helix or
a planar zig-zag structure if in the hydrated or dehydrated state,
respectively [44]. DSC analysis (Fig. 4) of the electrospun nanoﬁber
blend with PVP revealed that the PEI is crystalline in the nanoﬁber
blends and further that e-spinning process enhanced the PEI crystallinity compared to the bulk PEI. Furthermore, the silica formation
in the PEI nanoﬁber blend by TMOS exposure led to the disruption of
the PEI crystals (Fig. 4). The silica formation by crystalline PEI
observed in our study is in agreement with previous studies by Yuan
and co-workers of silica formation in linear PEI solution and gels
[33,36]. They reported that linear PEI can lead to gel formation in
water by self-assembly of ﬁbrous crystalline aggregates in aqueous
solution (0.5–2 wt% PEI) [33] and that such aggregates were organized into a structure with crystalline core and a brush-like ethyleneimine segments [36]. Siliciﬁcation of these crystalline PEI
aggregates (in aqueous solution) was found to produce silica nanoﬁbers (20–23 nm in diameter) with a core of axial, crystalline PEI
ﬁlaments (5–7 nm in width) and a silica shell of 6–8 nm thick [36].
Interestingly, the length scale of silica reported in the previous
studies is similar to the smallest length scale of the nanostructures
(ca. 20 nm) observed in the SEM analysis of calcined nanoﬁbers
(Fig. 6). Indeed, our study conﬁrms that silica formation can occur in
the crystalline PEI nanoﬁber similar to the silica formation observed
by the crystalline PEI aggregates in the solution.
Several mechanisms have been proposed for polyamine-assisted hydrolysis and condensation of the silica from precursor
molecules. Sahai and Delak [45,46], studied the model compound
trimethylethoxysilane (TMES) by 29Si NMR at pH 5.0 and postulated
a nucleophile-catalyzed mechanism of hydrolysis by polyamines. In
particular, they concluded that the conjugated base of the amine
attacks the silicon atom in organosilicate to form a penta-coordinated intermediate. They found that the hydrolysis rates are orders
of magnitude higher than the condensation rates. Besides the
hydrolysis reaction, researchers have found that PEI assists in the
rapid condensation of the hydrolyzed precursor to form siloxane
functional groups. According to the proposed mechanism for oligoN-methyl-propylamine-assisted condensation [11,47], polyamine
chains possess an alternation of protonated and non-protonated
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amine groups along their backbone, with hydrogen bonds forming
between two precursor acid (–Si–OH) groups and two adjacent
repeating unit of the polyamine catalyst. Such complex formation
facilitates Si–O bond formation by stabilizing the transition state.
The hydrogen in each secondary amine group of the polyamines
hydrogen bonds with the oxygen of forming silica, integrating the
polyamines within the resulting composite material. Besides the
hydrogen bond formation between amines in PEI and silica
precursor, there also exists a possibility of hydrogen bond formation between with the carbonyl groups in PVP and amine group in
PEI. This would lower the effectiveness of PEI in catalyzing silica
formation. However, our DSC analysis (Fig. 4) indicates that the
ﬁbers are not a miscible blend of PEI and PVP, and hence there are
large populations of both components (except at interface) not in
molecular proximity for hydrogen bonding. Furthermore, PEI/PVP
nanoﬁbers blends were prepared as 50:50 blends by weight,
leading to a 2.5:1 molar excess of hydrogen bond donors from PEI
(44 g/mol-H) relative to hydrogen bond acceptors on PVP (111 g/
mol-C]O). Thus, even if all of the carbonyls of PVP were saturated
in hydrogen bonds from PEI, a signiﬁcant concentration of
secondary amines (ca. 3 of 5) would still be available to hydrogen
bond with Si–OH to form silica in the presence of the precursor
molecules.
In silafﬁns, where the catalytic domains consist of oligo-Nmethyl-propylamine, the silica formed has a relative composition
of 1.25:1 SiO2/polyamine based on weight [41]; i.e., 55 wt% inorganic content. In our studies with PEI, the relative mass composition is expected to be 2:1 SiO2/PEI, assuming that the silica
formation from PEI occurs by the same mechanism mentioned
above for N-methyl-propylamine, and considering the difference in
repeat unit molar mass (43 g/mol for ethyleneimine versus 71 g/
mol for N-methyl-propylamine). Accordingly, the silica/PEI
composition should be w66% inorganic. Further, in a 50/50 (w/w)
blend of PEI/PVP, we expected around 33% inorganic content.
Indeed, this simple argument agrees reasonably well with TGA
results (Fig. 5) where the maximum inorganic content was 41% for
the siliciﬁed PEI/PVP nanoﬁbers exposed to 80% relative humidity
prior to siliciﬁcation. We speculate that the additional inorganic
content observed (7%) might be due to secondary silica formation
due to sol–gel synthesis, as described in more detail below.
The lower inorganic content of the PEI/PVP ﬁbers exposed at
lower than 80% relative humidity is clearly due to insufﬁcient water
to hydrolyze the TMOS for the silica formation. Thus, water plays an
important role in the silica formation by PEI, as was also conﬁrmed
by negligible silica content of siliciﬁed ﬁbers (Fig. 5) pre-treated at
anhydrous conditions (<20% relative humidity). Our study signiﬁes
the importance of the water in the rapid silica formation within the
ﬁbers; however, quantiﬁcation of the water content before siliciﬁcation is needed to establish its effect, quantitatively, on silica
content in ﬁbers.
After the rapid silica formation by PEI in electrospun nanoﬁbers,
there exists a possibility of secondary silica formation due to
condensation of alkoxysilanes or silanols with the surface silanol
groups. However, we speculate that such an uncatalyzed process
would be slow under ambient conditions and can be considered
negligible for the 10 min allowed for immersion of the nanoﬁbers in
TMOS as was veriﬁed by TGA study for the ﬁbers immersed for
extended period of time. For the PEI/PVP ﬁbers immersed in TMOS for
45 min, the inorganic content measured by TGA at 900  C was
46.3 wt%, conﬁrming the slow silica formation by the secondary sol–
gel process (see Supplementary information, Figure S4). Such
secondary silica formation may occur mainly on the ﬁber surface,
increasing the ﬁber diameter. Eventually, the silica formed on the
surface acts to weld the nanoﬁbers to form a porous, solid-like
structure at long immersion time (Supplementary information
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Figure S5). However, in the case of the PEI/PVP ﬁbers immersed in
TMOS for only 1 min, the inorganic content by TGA was 31 wt%, which
is slightly lower than the inorganic content of 41 wt% measured after
10 min TMOS immersion of nanoﬁbers (Fig. 5), but close to that predicted for PEI catalysis (33 wt%) discussed above. Thus silica forms
almost instantaneously in the nanoﬁbers during the ﬁrst few minutes
of TMOS immersion, after which the non-catalyzed condensation of
the TMOS or silicic acid proceeds at a lower rate.
5. Conclusions
Rapid formation of hybrid (polymer/silica) nanoﬁbers was achieved by siliciﬁcation of PEI/PVP electrospun nanoﬁbers immersed
in TMOS. PEI present in the nanoﬁbers catalyzed near-instantaneous
formation of silica – within minutes – resulting in a unique
composite material. PVP ﬁbers alone did not form silica when
exposed to TMOS under similar conditions, conﬁrming that the silica
formation is induced by the PEI in the electrospun nanoﬁbers of PEI/
PVP blends. Silica formation was conﬁrmed and characterized by
FTIR, SEM–EDX, and TGA analyses. Compositionally, FTIR analysis
indicated the presence of siloxane and silanol functional groups
consistent with the formation of silica from TMOS while, morphologically, the ﬁber diameters showed a slight increase after siliciﬁcation. DSC analysis revealed that PEI is crystalline in the nanoﬁbers
and that such crystallinity is disrupted by the silica formation in the
nanoﬁbers due to subsequent siliciﬁcation by TMOS. Meanwhile,
TGA analysis revealed that water is required for silica formation. In
particular, relatively dry nanoﬁbers did not afford silica formation,
while ﬁbers pre-treated at high relative humidity (80%) did.
Furthermore, the highest inorganic content in the nanoﬁbers was
about 41% for the siliciﬁed ﬁbers pre-treated at 80% relative
humidity. Surprisingly, the inorganic content of the ﬁbers immersed
for just 1 min in TMOS yielded w31% inorganic content. This ﬁnding
was in agreement with the proposed mechanisms of the silica
formation by polyamines where the formed silica closely interacts
with the polyamines and results in 2:1 silica/polyamine by weight.
Calcination of the siliciﬁed ﬁber mats led to porous ceramic nanoﬁbers consisting of porous nano-structured silica ﬁbrils. This
biomimetic route to rapid synthesis of hybrid composite nanoﬁbers
could have widespread use, including diverse applications as
catalysts, engineered tissued, and structural materials.
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