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Abstract
This study is dedicated to the acquisition and quantification of processing parameters essential for the fabrication of cus-
tomizable organic–inorganic hybrid nano/microfibers through electrospinning. These fibers are generated from suspensions 
comprising active electrode materials utilized in the construction of all solid-state batteries. Owing to the catalytic properties 
exhibited by certain electroactive materials and the coagulation tendencies stemming from the presence of various particles, 
there exists a limited operational interval within which stable fibers can be produced while maintaining the suspension at a 
suitable viscosity. Our second goal was to ascertain the relationship between the quality of the resulting fibers and the spin-
nability of the suspension, particularly regarding its electrical conductivity. Solutions and suspensions were studied with 
help of 29Si NMR spectroscopy, EIS, and conductometry, fiber morphology with confocal and electron microscopy.
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Introduction

Sol–gel represents a convenient approach for producing 
highly homogeneous glass and ceramics, typically at tem-
peratures significantly lower than their respective melting or 
fusion points [1]. According to research findings, the struc-
ture of the resultant products is liable upon the initial stages 
of the sol–gel transformation, namely hydrolysis and polym-
erization. Hydrolysis (Eq. 1) occurs when the silica precur-
sor, primarily tetraethyl orthosilicate (TEOS), is combined 
with water in a common solvent, typically ethanol. In theory, 
complete hydrolysis would yield silicic acid (H4SiO4); how-
ever, in practice, this ideal state is not realized. Instead, a 

range of intermediates is generated, rendering the kinetic 
description of the process exceedingly complex:

Polymerization (Eq. 2) reaction generates water, compli-
cating reaction description even more; therefore, hydrolysis 
reaction can be described only qualitatively. Water gen-
eration keeps hydrolysis reaction running but the reaction 
mechanics is determined by used catalyst. Acid catalysis 
results in more problematic subsequent hydrolysis leading to 
more linear structures. Base catalysis promotes subsequent 
hydrolysis, leading to branched clusters. Water content is 
also controlling element of reaction. Low water acid cata-
lyzed content solutions produce linear polymer chains, and 
higher water content sols lead to more branched structures 
[2–4]:
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Studies have shown that clusters formed even in acid 
catalyzed sol–gel reactions are usually relatively short 5–7 
Si atoms long, slightly branched chains or cyclic structures 
mostly 5–6 Si atom units [5] as shown in Fig. 1. Branched 
chains are responsible for earlier irreversible gelation of sol 
by restricting flow than in case of linear chains.

For spinning purposes, sol is usually mixed with high 
molecular weight polymers acting as carrier or matrix 
increasing spinnability, fiber uniformity and decreasing fiber 
diameter. Spinnability is generally referred to ability to form 
uniform (no beads) and uniformly distributed fibers. The lit-
erature report much better results for silica precursors mixed 
with polymers [7, 8]; however, there are studies forming 
high-quality nanofibers using pure sols [9].

Electrospinning process is also well known and is quite 
wide-spread method of production of nanomaterials such as 
nanofibers (NF) or nanorods (NR). Since its first develop-
ment in 1882, there are numerous advances, most in last 
decades. It has become a versatile method for creating 1D, 
2D, and 3D structures with application in electrotechnical, 
medical, or bioengineering industries [10–12]. In recent 
years, it has been used more frequently to produce functional 
nanofibrous materials from metal oxides combining sol–gel 
method and electrospinning.

Main advantage of this process lies in relative ease to 
modify properties of produced fibers, low cost, versatility, 
and easy fiber alignment. Moreover, based on fiber process-
ing, it is easy to produce inorganic fibers either amorphous 
or crystalline.

Basic principle of electrospinning lies in electrostatic 
repulsion of charge spun polymer particles causing capillary 
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jet or droplet elongation. The balance between electrostatic 
repulsion and surface tension leads to formation of so-called 
Taylor cone. When electrostatic force overcomes surface ten-
sion, narrow jet is ejected from the droplet. After ejection, 
electrostatic repulsion becomes stronger thanks to evapora-
tion of solvent [13].

The electrospinning mechanisms are complex processes. 
First theoretical model was created by Taylor, and later many 
more were developed and derived, mostly to include devel-
opment of needleless processes [14–21]. Those are based on 
four steady-state equations governing basics of the whole 
process [13]. With the right processing parameters, it is pos-
sible to obtain fibers with diameters from less than 1 nm to 
tens of micrometers depending on particle size [22]. Some 
spinning solutions suitable for mass production can gener-
ate fibers 36 nm, and lower diameters are reported to be 
only achieved in laboratory conditions. There are numerous 
properties determining fiber properties and structure, gener-
ally, spinning parameters are divided into 3 categories: (1) 
ambient conditions (e.g., temperature, humidity, pressure, air 
convection): these can be easily controlled and are independ-
ent on other categories; (2) solution properties (e.g., viscos-
ity, conductivity, surface tension, solvent), and (3) process 
parameters (spinneret geometry, collector geometry, applied 
voltage, flow rate, collector distance). Thomson et al. have 
created model for prediction and process control and desig-
nated 13 major parameters [21, 22]. Most process parameters 
effect primarily 1D structure morphology, but with change 
of collector geometry, it is possible to modify 3D arrange-
ment. Generally, products are nonwoven mats but with use of 
rotating collectors aligned fibers are easily obtainable. When 
there is need for woven-like structure, it is possible to use 
paired electrodes with controlled charge. Main disadvantage 
of the basic process is low productivity. The simplest way to 

Fig. 1   Theoretical schematics of hydrolyzed species condensation [6]
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increase it would be adding additional spinnerets; however, 
quality of the final structure may suffer. Therefore, several 
“needleless” designs were created [23, 24].

Some of aforementioned properties have known effect 
on fiber properties; others such as conductivity are disputed 
over its effect. Some studies show positive effect of high 
conductivity on fiber formation (smaller diameter and uni-
formity) [13], some report to have negative [25] and some 
even report conductivity having no effect at all or a necessity 
for use of semiconductive solution.

There are few studies reporting use of electrospun silica 
fibers as carriers for active electrode materials as well as 
matrix for battery components. Metal oxides are known for 
their high capacitance; however, low conductivity is consid-
ered as too great obstacle for general use. The usual concept 
is to dope carbon-based material such as carbon NF or NT 
or conductive polymer with material with higher energy 
density, mostly silicon. More research is based on carboni-
zation of fibrous polymer mats filled with active material 
[7, 26–28].

Results and discussion

29Si NMR

Although numerous investigations have been undertaken, 
they are often designed to examine the kinetics of stoichi-
ometric systems or systems with an excess of water, with 
the intent of minimizing complexity. In this study, NMR 
spectroscopy primarily serves as a tool to establish correla-
tions between empirical and conductometry data, while also 
facilitating the prediction and control of process parameters, 
thereby expediting the manufacture of fibers. The detailed 
characterization of the generated species was deemed unnec-
essary, given that the sol served solely as a precursor for the 
solid product and was subsequently subjected to calcination. 
Notably, Depla’s research [5] has indicated that Q4 motifs 
are not substantially represented in the system. For the sake 
of simplicity in evaluating the measurements, only general 
Q motifs (both cyclic and linear) were taken into account. 
Peaks were identified based on known 29Si chemical shifts 
listed in Table 1.

The measurements conducted (see Fig. 2) reveal that fol-
lowing an initial rapid evolution of products, the ratio of Q2 
to Q3 motifs appears relatively stable, with chains being the 
primary variable increasing in length (as depicted in Fig. 3).

During longer term measurements, it becomes evident 
that the relative concentration of Q3 structures exhibits grad-
ual growth. Solutions featuring Q3 concentrations exceed-
ing 30% experience gelation within minutes of introducing 
electroactive particles, rendering the material unsuitable for 
its intended purpose.

Fiber morphology

The investigation into fiber morphology encompassed pris-
tine fibers and those containing filler at concentrations of 
8.3%, 25%, and 50% w/w (filler/TEOS). It was observed 
that when spinning solutions with short aging times were 
employed, the fibers displayed a tendency to coalesce, 
forming thick membranes instead of the desired nonwoven 
nanofibrous mat, regardless of whether they contained filler 
or not. This phenomenon persisted even when PVP was 
included in the solution. Subsequent calcination of these 
membranes resulted in the loss of flexibility, likely attrib-
utable to the substantial internal stresses induced by rapid 
sample shrinkage, ultimately leading to fracture (Fig. 4).

Based on these observations, we determined that a mini-
mum solution aging period of 100 h at 5 °C was necessary 
to achieve the formation of stable fibers. Uniform fibers were 
consistently obtained with solutions aged for nearly 30 days. 
Beyond this duration, fibers remained uniform with minimal 
bead formation, and filler particles were uniformly dispersed 
throughout.

The presence of filler material exerted a significant influ-
ence on spinning stability. Specifically, solutions containing 
8.3% and 25% filler maintained a stable Taylor cone dur-
ing the electrospinning process. However, when the filler 
content was increased to 50%, the spinning process became 
unstable. Instead of yielding continuous fibers, the spinneret 
exhibited pulsating behavior, ejecting fibrous agglomerates 
(Fig. 5).

Sol conductivity and EIS

Conductivity of spinning polymer solution is deemed as one 
of the main controlling parameters of electrospinning pro-
cess. Its values are constantly changing with aging of the 

Table 1   The relationship between 29Si chemical shifts (− δ ppm) rela-
tive to TMS and silicate structures

− δ/ppm Silicate structure

MOH 12.3–14.0 HO–Si*(CH3)2–O–[Si(CH3)2–O–]n–Si(CH3)–
OH

D(Q) 16.3–17.7 (–O–)3Si–O–Si*(CH3)2–O–Si≡
D4C 18.9–19.4 [Si*(CH3)2–O–]4 (cyclic)
D 20.1–22.0 HO–Si(CH3)–O–[Si*(CH3)–O–]n–Si(CH3)2–

OH
Q0 79.0–82.0 Si*(OR)4

Q1 85.0–89.0 Si*(OR)3(–O–Si≡)
Q2 91.0–97.0 Si*(OR)2(–O–Si≡)2

Q3 100.0–103.0 Si*(OR)(–O–Si≡)3

Q4 108.0–110.0 Si*(–O–Si≡)4

R = H or C2H5
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sols and filler addition was expected to change conductivity 
significantly.

During initial stages, aging of precursor sol has stable 
conductivity with median value of 30.53 µS cm−1. TEOS-
PVP mixture has conductivity of 11.13 µS cm−1. During 
later stages of aging, approximately after 250 days, sol 

conductivity starts to decrease significantly. However, the 
addition of PVP solutions is still spinnable. In these later 
stages, short workability times, minutes to approximately 
20 min after particles addition, are the main issue (Fig. 6).

The addition of silicon particles decreased conductivity 
(Fig. 7); however, changes in fiber formation are minor and 
effect can be omitted opposed to viscosity changes reported 
by Kočí on ABAF conference. Furthermore, the differences 
in conductivity for different particles concentrations were 
within observational error.

Even though conductivity changes caused by particles 
addition can be neglected as electrospinning processing 
parameter, it is useful as controlling mechanism of work-
ability for TEOS solution, much better than use of NMR 
spectroscopy.

As for EIS, suspension with 8.3% was used for creating 
equivalent circuit model (ECM) as shown in Fig. 8. This par-
ticular model exhibited satisfactory agreement with experi-
mental data (Fig. 9). Nevertheless, minor modifications may 
be necessary in subsequent investigations. Parameters of the 
ECM were calculated and are listed in Table 2.

Fig. 2   29Si NMR spectra of TEOS sol aging
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Conclusion

The addition of active particles exerts an influence on the 
morphology of electrospun fibers. However, it is notewor-
thy that the disparities in electrical conductivity resulting 
from these additions are relatively minor. As such, the 
impact of altered conductivity can be considered negli-
gible for our specific material. The reduction of the spin-
nability of the suspension is more likely attributable to 
modifications in fluid dynamics, particularly the notable 
increase in viscosity.

Fig. 4   a Fibers formed from 14 
to 30 days aged sols, no filler; b 
layer formed from 8 days aged 
sols with filler

Fig. 5   a Fibers with 8.3% filler content; b fibers with 25% filler content; c fibers with 50% filler content; d fibers without filler content; e SEM 
image of fibers with 8.3% filler content; f SEM image of fibers with 25% filler content; g SEM image of fibers with 50% filler content

Fig. 6   Sol conductivity in time
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Our investigations, including morphology analysis, 29Si 
NMR spectroscopy, EIS, and conductivity data, align with 
empirical observations. These collective findings converge 
to indicate that the optimal working interval, where the sus-
pension demonstrates its highest spinnability, falls within a 
sol aging period of 1–5 months at 5 °C. During this time-
frame, the presence of beads in the resulting fibers is either 
nearly absent or attributed to the encapsulation of parti-
cles. Created ECM will be used to evaluate more samples 

and create even more precise working conditions in future 
projects.

Experimental

Tetraethyl orthosilicate (TEOS), poly (vinyl pyrrolidone) 
(PVP) (Mw 1,300,000), hydrochloric acid, and ethanol were 
used. Deionized water was used throughout the experiment. 
NMC spinels were acquired from discarded batteries and 
silicon from discarded solar panels.

Experiment

The suspensions for electrospinning were prepared by con-
trolled condensation of TEOS at low temperatures. TEOS 
was dissolved in ethanol and then HCl, water, and ethanol 
were added dropwise and continuously stirred. During 
the mixing, solution was kept at temperatures between 20 
and 30 °C to prevent particles precipitation, which occa-
sionally occurred at temperatures over 35 °C. Sols were 
then kept in fridge to age. Prior to electrospinning PVP 

Fig. 7   Sol conductivity dependence on Si content

Fig. 8   Used equivalent circuit

Fig. 9   Impedance measurement. a Nyquist impedance plot; Bode plots of b absolute value of impedance; c phase angle θ as function of fre-
quency

Table 2   Established ECM parameters according to NLSM fit

Value Error Relative error

R1/mΩ 68.10 373.21 54.88
R2/mΩ 7588.00 361.98 4.77
C1/F 1.47 × 10–10 1.49 × 10–11 10.14
A/F 4.52 × 10–6 5.72 × 10–8 1.27
α 0.74 3.70 × 10–3 0.49
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dissolved in ethanol 1:6 W/W to modify viscosity and 
increase spinnability and active particles were added to 
the mixture. Substoichiometric composition (TEOS:water) 
was chosen due to its inherent longer gelation times caused 
by promoted linear chains formation. These solutions are 
more resistant to premature gelation after electroactive 
particles addition.

Electrospinning was conducted on SKE EF050, with 
nozzle diameter 0.8 mm, applied voltage 25 kV, flow rate 
1 cm3/h, collector (aluminum) distance 12 cm and covered 
with glassfibre mesh. Prepared fibrous mats were calcinated 
in muffle furnace at temperatures 650 °C and 1000 °C in air 
atmosphere.

Condensation reactions during aging within sols were 
analyzed with 29Si NMR spectroscopy. Spectra were 
recorded with Bruker Avance III (11.75 T). Conductivity 
of sols was determined using two-probe impedance method 
with stainless steel electrode 0.81 mm thick.

Particles were prepared on E-Max high-energy ball mill 
by dry milling in zirconia jar and balls with 1:30 sample: 
milling balls ratio, 800 rpm for 10 min. Milled particles were 
sieved on 40 µm sieve and for measurement dispersed and 
ultrasonicated in isopropanol.

Morphology of resulting fibers and particle size distribu-
tion were analyzed using confocal laser microscope LEXT 
OLS5000 SAF and SEM TESCAN VEGA 3 LMU.

Electrochemical impedance spectroscopy was measured 
on Metrohm Autolab, and conductivity measurements were 
conducted on Motech MT4090 meter.
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