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This work analyzes the impact of temperature and duration during thermal stabilization of polyacrylonitrile-
based (PAN-based) nanofibers on the pore formation of carbon nanofibers. Two sample series at different sta-
bilization durations (0-15 h) and temperatures (200-300 °C) were synthesized and characterized by Fourier-
transform infrared spectroscopy, Raman spectroscopy, elemental analysis, solid state nuclear magnetic reso-
nance and gas adsorption. A significant increase of the pore volume of the carbonized nanofibers from 0.039 cm?
g 110 0.171 cm?® g ! was obtained for long stabilization durations (> 4 h). Similar increases up to 0.166 cm? g !
were obtained at high stabilization temperatures (> 250 °C). This increased pore formation was assigned to the
growth of larger stabilized ladder polymers and a high incorporation of oxygen during the thermal stabilization
at these conditions. Both alter the structure of the final carbon nanofibers and strongly affect the formation of
pore volume during carbonization. Especially, the formation of the ultramicropore volume was found to be
highly dependent on these parameters. The results show the necessity of a careful consideration of the thermal

stabilization conditions for tailoring of the pore structure of PAN-based carbon nanofibers.

1. Introduction

Carbon nanofibers based on polyacrylonitrile (PAN) are applied in
various fields, such as aerospace [1-4], automotive [5,6], super-
capacitors [7,8] and gas adsorption processes [9-12].

Their synthesis commonly proceeds via the steps of electrospinning,
thermal stabilization, carbonization and optional graphitization
[13-15]. The electrospun PAN nanofibers undergo thermal stabilization
in air or inert atmosphere at temperatures between 200-300 °C,
resulting in the formation of the stabilized ladder polymer. The occur-
ring chemical reactions during this step are a sequence of cyclization,
dehydrogenation and oxidation reactions [16-20] (Fig. 1).

Subsequent to the stabilization, carbonization is conducted in inert
atmosphere, i.e. Ny or Ar, at temperatures higher than 400 °C [13].
During this step, the stabilized ladder polymer segments interconnect
and a large carbon framework is formed [13]. Finally, graphitization can
be applied at temperatures higher than 1600 °C [14].

Current investigations focus on the impact of the carbonization step
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on the gas adsorption properties and the underlying pore system of the
carbon nanofibers [10,11,22-26]. For instance, remarkable CO5/N
selectivity values and carbonization temperature dependent molecular
sieve properties were found [10,24]. Moreover, a decrease of the cu-
mulative pore volume from 0.172 cm® g ! to 0.070 cm® g~ ! at an in-
crease of the carbonization temperature from 600 to 1100 °C was
determined [23]. Thus, the carbonization conditions were found to
decisively influence the developed pore structure.

Far less attention received the impact of the thermal stabilization on
the pore structure and corresponding gas adsorption properties of car-
bon nanofibers. In recent works, a beneficial impact of an increased
stabilization temperature and duration was reported, stating a 46 %
increased CO4 adsorption capacity by changing the stabilization condi-
tions from 230 °C, 1 h to 260 °C, 2 h [27]. However, the study compares
only two stabilization conditions and does vary two essential stabiliza-
tion parameters simultaneously. Thus, it is challenging to assess the
impact of each individual parameter.

A second publication reports a reduction of the CO, adsorption
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Fig. 1. Simplified scheme of the cyclization of polyacrylonitrile during thermal
stabilization resulting in the formation of the stabilized ladder polymer [21].

capacities at increasing stabilization temperatures from 250 to 300 °C
[28] which is an opposing trend compared to the first publication. Since
both studies cover only parts of the commonly applied stabilization
temperature range, a holistic view on the impact of stabilization tem-
perature on the CO; adsorption capacities is currently missing.

Moreover, the evaluation of the impact of thermal stabilization on
the pore structure after carbonization is currently limited to the calcu-
lation of preferential pore diameters [28], whereas the pore size distri-
bution is not discussed.

Thus, the present work aims to improve the current data to provide a
better understanding of the impact of the stabilization duration and
temperature on the pore structure of carbonized nanofibers.

Carbon nanofibers stabilized at different durations from 0 to 15 h at
250 °C and different temperatures from 200 to 300 °C for 1 h in air are
synthesized and investigated by gas adsorption focussing on the pore
structure using quenched solid density functional theory (QSDFT) and
Monte-Carlo calculation models to analyze the pore size distribution
[29,30].

Additional analytical techniques, such as Fourier transform infrared
spectroscopy (FT-IR), elemental analysis, >C magic angle spinning nu-
clear magnetic resonance (**C MAS-NMR), Raman spectroscopy and
elemental analysis are applied to relate the chemical changes during the
stabilization process to changes in pore structure of the carbonized
nanofibers and identify essential factors.

2. Experimental
2.1. Synthesis

Custom-made electrospun PAN nanofibers (Stellenbosch Nanofiber
Company, South Africa) were used as received. Scanning electron mi-
croscopy images of the nanofibers are attached in Figure S1.

Thermal stabilization was conducted in a ventilated drying cabinet
(Carbolite Gero GmbH & Co. KG., Germany). The duration was varied
between 0, 0.5, 1, 4, 8 and 15 h at a constant temperature of 250 °C. For
investigation of the temperature impact, the stabilization temperature
was set to 200, 225, 250, 275 and 300 °C for a duration of 1 h. All ex-
periments were carried out in air and heating to the target temperature
was conducted at a rate of 5 K min~!. After stabilization, all samples
were carbonized at 800 °C for 3 h in Ar (5.0, Air Products, France) using
a heating rate of 5 K min ™! in a tubular furnace (Carbolite Gero GmbH &
Co. KG., Germany).
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2.2. Characterization

Attenuated total reflection (ATR) FT-IR spectroscopy measurements
were conducted on a Spectrum 3 (PerkinElmer, USA) using a Diamond/
ZnSe composite crystal. All measurements were performed at 32 scans at
a resolution of 4 cm™!. All spectra were baseline corrected. The peak
height of the valence vibration of the C=N (vc=n) and the C=N/C=C
bonds (vc—n/cc) was determined to calculate the cyclization index CI
using Eq. (1). Based on the work of Collins et al. the absorptivity factor n
was set to 0.29 [31,32].

N-Yc-nN/ c=C

CI =

=—F——100 (€]
N-Ve-n/c=c + Vc=N

All IR investigations were conducted on the stabilized samples prior
to the carbonization process.

Elemental analysis was performed on a VarioELcube elemental
analyser (Elementar, Germany). A triple determination of C, H, N frac-
tions and a single determination of the O fraction was conducted.
Elemental analysis was performed for stabilized and carbonized
samples.

Raman spectroscopy was conducted on the carbonized nanofibers
using an Alpha R Raman microscope (WITec, Germany) at a laser
wavelength of 532 nm and a laser power of 2 mW. A fivefold determi-
nation at different surface locations was conducted and the averaged
spectrum was used for further analysis. The D and G band region of the
obtained spectra was fitted using 5 Gaussian fits. The G band at
1570-1590 cm ™! was fitted using one Gaussian fit. Additionally, the D
band was fitted using 4 Gaussian fits for D;, Dy, D3 and D4 peaks which
are related to defects and impurities of the carbon nanofibers [33-35].
The area of each fit was determined by integration and used for calcu-
lation of the D,/G ratio.

Direct polarization 13C NMR spectra were acquired using a Bruker
Avance III HD spectrometer with a 14.1 T magnet and a 3.2 mm triple
resonance MAS probe (PH MASDVT 600 W2 BL3.2 X/Y/H) at a spinning
frequency of 20 kHz. As the NMR experiments were conducted using
PAN samples with natural '3C abundance, experiment time for quanti-
tative spectra was optimized by utilizing 30 ° pulses (1.13 ps at 80 W)
and a recovery delay of 25 s. For the sample stabilized for 15 h at 250 °C
in air 16,384 scans and for the sample stabilized for 1 h at 200 °C 12,228
scans were used. All acquired '3C spectra were externally referenced to
adamantane. All NMR measurements were conducted on stabilized
samples prior to carbonization.

The !3C spectra were post-processed applying a 200 Hz line broad-
ening. The peak fitting of the spectrum of sample stabilized for 15 h at
250 °C was performed using LMFIT version 1.3.3 [36] for Python 3.13
(64 bit), utilizing a non-linear least-squares algorithm. The signals were
fitted using three Lorentz peak profiles for the aromatic compounds at
115.1, 136.9 and 154.5 ppm, two pseudo-Voigt peak profiles for the
carbonyl compounds at 164.9 and 177.6 ppm and a Gauss peak profile
for the signal at 28.2 ppm.

Gas adsorption measurements were conducted on a Micro 300 (3P
Instruments, Germany) using CO3 (4.5, Air Products, France) at 273 K
and Ar (6.0, Air Products, France) at 87 K. Prior to each measurement,
the samples were degassed for 12 h at 150 °C. Using Asiqwin 5.0
(Quantachrome Instruments, USA), the pore size distributions were
calculated by Monte-Carlo calculations using a kernel for CO, at 273 K
for slit pores on carbon. For the determination of the pore size distri-
butions based on the Ar isotherms, a quenched solid state density
functional theory (QSDFT) model with a kernel for slit pores on carbon
was used. All Ar and CO, measurements were conducted on carbonized
nanofibers.

The H,0 adsorption isotherms were measured on stabilized nano-
fibers prior to carbonization using a gravimetric vapor sorption analyzer
in dynamic mode at a temperature of 298 K (DVS Vacuum, Surface
Measurement Systems, United Kingdom). Prior to the measurement the
samples were outgassed at 70 °C for 4 h.
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3. Results and discussion
3.1. Impact of the stabilization duration (0-15 h)

A series of PAN nanofiber sheets was stabilized at durations of 0, 0.5,
1, 4, 8 and 15 h at 250 °C in air. After stabilization the white PAN
nanofibers showed a distinct color change to dark brown, respectively
black (Figure S2). The samples stabilized for short durations of 0.5to 1 h
were dark brown, whereas for stabilization times > 4 h a black color was
obtained. This color change during stabilization was assigned to the
formation of a large conjugated n-network in the stabilized ladder
polymer [37].

3.1.1. Characterization

In-depth characterization of the ongoing chemical changes was
conducted by FT-IR spectroscopy. To ensure comparability, the spectra
were normalized to the height of the nitrile peak of the non-stabilized
nanofibers (0 h) sample (Fig. 2a). For better visibility of the individual
absorption bands, please refer to the spectra without normalization in
the supporting information (Figure S3a).

The non-stabilized PAN nanofibers (0 h) spectrum shows four
distinct absorption bands. At 2931 cm™! CH, valence vibrations (Vcu2)
are observed which are assigned to the backbone CHy groups of PAN.
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Fig. 2. (a) IR Spectra of PAN-based nanofibers thermally stabilized at 250 °C in
air for durations of 0, 0.5, 1, 4, 8 and 15 h normalized to the nitrile absorption
band of the non-stabilized sample (0 h). Non-normalized spectra can be found
in S3. (b) Cyclization index determined based on the changes of the adsorption
band heights of the 2243 cm™! and 1590 cm ™! absorption band using Eq. (1).
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Additionally, deformation vibrations of these groups (8cy2) are visible at
1454 cm ™. The sharp absorption band at 2243 cm™! is caused by the
valence vibration of the nitrile groups (vc=y). The fourth absorption
band at 1662 cm ' is related to carbonyl valence vibrations (vc—o),
which are not directly related to PAN, but can be assigned to additives or
impurities of the precursor.

At increasing stabilization duration, a significant decrease of vc=y as
well as a vanishing vcys is observed. Simultaneously, new absorption
bands at 1590 cm ™!, 1334 cm ™!, 1240 cm ™! and 801 cm ™! arise. The
vibrations at 1590 cm™! are assigned to -C=N- and -C=C- valence vi-
brations (vc—n/c—c) of the stabilized ladder polymer, whereas the vi-
brations at 1334 cm™! are deformation vibrations of CH groups (8¢cp) in
the cyclized structure [38-40]. The absorption at 1240 cm ! is most
likely related to oxygen containing functional groups, e.g. carbonyl or
hydroxyl groups. Additionally, the signal at 801 cm™! is assigned to
out-of-plane vibrations of the aromatic hydrogen atoms 0p [40].

Furthermore, a broad absorption band between 2300 and 3700 cm ™
arises in the spectra of the stabilized nanofibers at durations > 4 h. This
is assigned to vo_y of adsorbed water. The H,O adsorption on the sta-
bilized nanofibers prior to carbonization was investigated in vapor
sorption experiments (Figure S4). An increase of the H,O adsorption
with prolonged stabilization duration was observed which is assigned to
the higher polarity of these stabilized nanofibers. This is caused by an
increased number of polar surface groups due to oxygen incorporation
during the stabilization treatment.

After a stabilization duration of 4 h, vc=—y almost disappeared,
whereas vc_n/c—c increased steadily which indicates a high progress of
the cyclization reactions. To assess the progress of stabilization, the
cyclization index based on the peak height of the vc—y at 2243 cm ! and
Ve=c/c=n at 1590 cm ! was calculated (Eg. (1)). Within the first hour of
stabilization, a steep rise to 52 % is obtained which further increases up
to 87 % for 4 h stabilization duration (Fig. 2b). At longer stabilization
durations only a small additional rise of the cyclization index to a
maximum of 92 % is determined. These calculated cyclization indices
match well with the qualitatively discussed changes in the FT-IR spectra.

Additionally, elemental analysis was conducted to determine
changes in the elemental composition for all samples after stabilization
and after carbonization (Fig. 3a,b).

After stabilization, a reduction of the C fraction from 65.6 to 52.5
wt.-% with increasing stabilization duration is observed. This decrease is
mainly caused by the incorporation of oxygen into the stabilized ladder
structure due to oxidation reactions. The incorporation of oxygen is
clearly visible in the continuous increase of the oxygen fraction from 2.8
to 24.3 wt.- % which approaches a limiting value at stabilization dura-
tions > 4 h.

Simultaneously, a decrease of the N fraction from 26.0 to 19.9 wt.-%
is observed. This is most likely only a relative decrease caused by the
oxygen incorporation, since no significant nitrogen elimination during
thermal stabilization is expected [41]. The reduction of the H fraction
from 6.0 to 3.1 wt.-% indicates ongoing dehydrogenation reactions.
However, the H fraction is also affected by the parallelly occurring re-
actions and therefore cannot be seen as a reliable measure for the
dehydrogenation reactions.

After carbonization, the differences in elemental composition be-
tween the samples are diminished compared to the samples which were
only stabilized. In particular, the removal of heteroatoms is observed.
This reduction in heteroatom content is evident in the decreased oxygen
fraction after the carbonization (Fig. 3b). In contrast to the measure-
ments performed after stabilization, the oxygen fraction increases just
from 8.3 to 11.6 wt.-% with increasing stabilization duration. The ox-
ygen:carbon ratio decreased about 60 % for carbonized samples, which
were stabilized > 4 h, compared to after stabilization (Fig. 3c). The
removal of oxygen during carbonization could occur via condensation
reactions between adjacent stabilized ladder polymers [41]. The in-
crease of the oxygen:carbon ratio for carbonized samples, which were
stabilized for < 4 h, compared to the oxygen:carbon ratio after
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Fig. 3. (a) C, H, N, O elemental analysis of stabilized nanofibers synthesized at
durations of 0, 0.5, 1, 4, 8 and 15 h at 250 °C in air. (b) C, H, N, O elemental
analysis for carbonized nanofibers made from the nanofibers shown in (a). All
carbonizations were conducted at 800 °C in Ar for 3 h. (c) Oxyen:carbon ratio
for the nanofibers after stabilization and after carbonization.
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stabilization is caused by the small degree of oxygen incorporated dur-
ing stabilization. Thus, the removal of carbon surpasses the removal of
oxygen during carbonization.

Similar to the oxygen fraction, a slight reduction of the H and N
fractions is obtained after carbonization. This is expected due to N
elimination and dehydrogenation reactions during carbonization.
Within the sample series, only a slight decrease with longer stabilization
durations is visible.

Due to the removal of heteroatoms during carbonization, the carbon
fraction increases by 10 to 18 wt.- % compared to the stabilized nano-
fibers. The resulting carbon fraction is at 74.7 wt.-% for the non-
stabilized carbon nanofibers and decreases slightly to 70.0 wt.-% after
15 h stabilization duration.

Due to the higher stabilization progress at long durations, larger
stabilized ladder polymers are expected. These and additional cross-
linking reactions via condensation due to the increased oxygen content
could result in the growth of larger carbon frameworks during the
carbonization step.

Such larger carbon frameworks would result in a higher degree of
structural order in the carbon nanofibers. To assess the degree of
structural order, the D;/G ratio of the carbon nanofibers was determined
by Raman spectroscopy (Fig. 4). The characteristic G band of a carbon
material at ~1580 cm ™! is related to the Eyg vibrations of the graphite
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Fig. 4. (a) Raman D and G Band region for carbon nanofibers stabilized for 0.5
h at 250 °C in air. Spectrum measured after carbonization at 800 °C for 3 h in
Ar. (b) D;/G ratio determined based on the integration of the D and G band
region of the carbon nanofibers stabilized at 0-15 h duration. All measurements
were conducted on carbonized samples.
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crystal lattice, whereas the D band at ~1360 cm™! is related to defects
and disorder in the amorphous regions [33,42]. Five Gaussian fits were
used to deconvolute the D and G region of the carbon nanofibers. One
Gaussian fit was used for the G band and four fits (D;, D2, D3 and D4) are
assigned to various defect types in the carbon structure (Fig. 4a, S5) [33,
43]. The D; band is assigned to disordered lattice vibrations with A
symmetry [44]. The D, band is commonly attributed to the
disorder-induced phonon mode caused by defect structures [44] and the
two additional fits D3 and D4 are frequently assigned to amorphous
carbon regions including remaining heteroatoms (N, O) after carbon-
ization [43,45,46]. Without stabilization, the D1/G ratio is at 1.99. After
0.5 h stabilization, a steep decrease to 1.67 is observed, reflecting an
increased structural order of the carbon nanofibers.

The decrease of the D1/G ratio continuous at an attenuated course to
a value of 1.58 after 15 h stabilization duration (Fig. 4b). Considering
the results of the IR and elemental analysis, this increased structural
order of carbon nanofibers stabilized for long durations can be related to
the growth of larger stabilized ladder structures during thermal stabi-
lization. The formation of larger stabilized structures, indicated by the
increased cyclization index, results in larger carbon frameworks after
carbonization. In addition to the increased size of the stabilized ladder
structures, the increased incorporation of oxygen during stabilization
could result in additional crosslinking reactions through the condensa-
tion of carbonyl groups, accompanied by the elimination of HyO during
carbonization [19,41]. The formation of carbonyl moieties during the
thermal stabilization was verified using '3C-solid-state NMR (See Sec-
tion 3.2.1). Both, the larger stabilized ladder structures and the
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additional crosslinks would impact the developed carbon framework
and thus influence the structural order of the carbon nanofibers.

3.1.2. Impact on the pore structure

To analyze the impact of the stabilization duration on the pore for-
mation of the carbon nanofibers, Ar and CO, adsorption isotherms were
recorded and evaluated. All isotherm measurements were conducted on
carbonized samples.

For all samples, the Ar adsorption isotherms show a type II shape
with <0.5 mmol g~ Ar capacity (Fig. 5a). These isotherms are typical
for non-porous adsorbents or adsorbents with pores inaccessible for the
used adsorptive [47]. No trends between the stabilization duration and
the Ar adsorption isotherms of the samples are observed. Based on the Ar
isotherms, the BET area was determined which is between 3 and 7 m?
g on all samples (Table 1). Additionally, the isotherm data was used to
calculate the pore size distribution by QSDFT calculations using a kernel
for slit pores on carbon (Table 1, Figure S6a). Negligible cumulative pore
volumes of <0.011 cm?® g~ ! were obtained. Both, BET area and pore size
distribution, match the expectations well based on the isotherm shape.

To assess the supermicropore and ultramicropore volume (Vyjia) of
the carbon nanofibers, CO, adsorption isotherms at 273 K were
measured. For non-stabilized carbon nanofibers (0 h) the isotherm
shows an almost linear course with a negligible CO, uptake at relative
pressures < 0.01 (Fig. 5b). At higher relative pressures, the capacity
increases to 0.37 mmol g~!. With longer stabilization durations the
shape of the CO, adsorption isotherm changes significantly. Already
after 0.5 and 1 h stabilization duration, the isotherm slope in the low-
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Fig. 5. (a) Ar adsorption isotherms measured at 87 K on carbon nanofibers stabilized at durations of 0-15 h. (b) CO, adsorption isotherms measured at 273 K for
carbon nanofiber stabilized at 0-15 h duration. (c) Cumulative pore size distribution for carbon nanofibers stabilized for durations of 0-15 h at 250 °C in air. (d)
Cumulative pore volume separated into ultramicropore (< 0.7 nm), supermicropore (0.7-2 nm) and mesopore (> 2 nm) region. Results of DFT calculations based on
Ar at 87 K and Monte Carlo calculations based on CO; isotherms at 273 K were combined. All measurements were conducted on carbonized samples.
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Table 1
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BET area, Vg, Vorr, Vultras Vsuper aNd Vivieso and Vigear of carbon nanofibers, which were thermally stabilized at durations of 0, 0.5, 1, 4, 8 and 15 h at 250 °C in air.

Subsequently, all samples were carbonized for 3 h in Ar at 800 °C.

DURATION BET AREA Vme Vprr Vurtra Vsuper VmEso VroraL
[h] [m?g~'] [em®g "] [em?g '] [em®g "] [em®g "] [em’g™"] [em®g ']
0 3.2 0.034 0.005 9.5%107* 0.034 0.004 0.039
0.5 4.7 0.103 0.006 0.053 0.050 0.004 0.108
1 6.7 0.116 0.011 0.079 0.038 0.008 0.126
4 3.9 0.152 0.006 0.098 0.054 0.004 0.157
4.4 0.152 0.009 0.118 0.035 0.008 0.160
15 5.9 0.164 0.009 0.110 0.055 0.007 0.171
pressure region (< 0.01) rises and the adsorption capacity at 1 bar in-
creases to 1.36 (0.5 h) and 1.88 mmol g’1 (1 h). For stabilization du- a)
rations exceeding 4 h, this trend continues and the adsorption isotherms
turn into a type I shape. Such isotherm shapes are characteristic for —300°C
highly microporous adsorbents. The CO, adsorption capacity at 1 bar —_275°C
approaches a limiting value of 2.86 mmol g~! on carbon nanofibers 8 ——— 250 °C Ve=NiC=C (1590 cm" )
stabilized for 8 and 15 h. 5 —225°C /
Based on the CO4 adsorption isotherms, the pore size distribution 'E —— 200 °C
was determined using Monte-Carlo calculations with a kernel for slit 9 |— No stabilization  c=N (2243 cm’
pores on carbon (Fig. 5¢, Table 1). On carbon nanofibers without ther- %
mal stabilization (0 h) a negligible Vyja (< 0.7 nm) is present. Between o m,\/\/\j\q
0.7 and 0.9 nm a steep increase of the pore volume to 0.039 cm® g1 is _g
visible. At larger pore widths the pore volume remains almost constant. ©
For longer stabilization durations Vyja (< 0.7 nm) of the carbon g
nanofibers significantly increases to 0.118 cm?® g ! (8 h). 2
Since Ar and CO5 pore size distributions cover only particular pore A
width regions, both were combined to give a holistic description of the

pore size distributions (Fig. 5d). Vyjra is taken from Monte-Carlo cal-
culations, whereas the supermicropore volume (Vyper) is @ combination
of Monte-Carlo (CO3) and QSDFT (Ar) calculations and the mesopore
volume (Veso) is solely based on the QSDFT calculations.

As discussed previously, a distinct increase of Vyjuqa is obtained at
longer stabilization durations. However, far less changes are observed in
Vsuper and Vivieso. The Viyper of the non-stabilized carbon nanofibers (0 h)
was at 0.034 cm® g ! and increased to 0.055 cm?® g~! for 15 h stabili-
zation duration. However, no clear correlation to the increasing stabi-
lization duration is visible. Vyeso Stays on a negligible level and varies
between 0.004 cm?® g~ for 0.5 h and 0.007 cm? g~ for 15 h stabilization
without a significant influence of the duration (Table 1).

Overall, a high impact of the stabilization duration on the pore for-
mation of the carbon nanofibers is found. Especially, the formation of
Vuitra highly depends on the progress of the stabilization reactions.

3.2. Impact of stabilization temperature (200-300 °C)

Similar to the variation of stabilization duration, the stabilization
temperature was varied between 200, 225, 250, 275 and 300 °C while
keeping the duration constant at 1 h. After stabilization, the nanofibers
underwent a color change from white to brownish as already observed
for the variation of stabilization duration (Figure S2b).

3.2.1. Characterization

The chemical changes of the PAN structure depending on the stabi-
lization temperature were investigated by FT-IR spectroscopy (Fig. 6a,
b). To ensure comparability, all spectra were normalized to the peak
height of the nitrile valence vibration (vc=n) of the non-stabilized
samples. The non-normalized spectra are attached in Figure S3b and
give an improved visualization of the individual absorption bands.

The sample stabilized at 200 °C shows a sharp signal at 2243 cm ™!
which is assigned to vc=n. Additionally, the vz and 8¢y vibrations of
the polymer backbone are visible at 2930 cm ™1, respectively 1454 cm L.
At increased stabilization temperatures the intensity of vc=yn decreases
and the 8¢y vibrations are increasingly overlapped by several absorp-
tion bands in the region of 1700-1000 cm™!. As already discussed in the
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Fig. 6. (a) IR spectra of thermally stabilized PAN nanofibers. The stabilization
temperature was set to 200, 225, 250, 275 and 300 °C. (b) The cyclization index
determined using Eq. (1) to assess the progress of stabilization.

chapter on the stabilization duration, these arise from 8¢y vibrations of
the cyclized structures as well as absorption bands related to oxygen
containing functional surface groups, e.g. carbonyl and carboxyl.

Additionally, a narrow absorption band at 801 cm ™}, reflecting the
out-of-plane vibrations of the aromatic-H, is visible on samples stabi-
lized at temperatures higher than 250 °C.

Moreover, a broad absorption band between wave numbers of
2200-3700 cm ™! is observed prior to carbonization. This is assigned to
vo-p of adsorbed water attracted by an increased number of polar sur-
face groups due to oxygen incorporation. This increased water adsorp-
tion was confirmed for the samples at long stabilization durations
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(Figure S4).

As measure of the stabilization progress, the cyclization index was
calculated (Eq. (1), Fig. 6b). At 200 °C, a low cyclization index of just 2.6
% was determined. At higher stabilization temperatures, this index in-
creases steadily and reaches a value of 53.3 % at a stabilization tem-
perature of 250 °C. Afterwards, it approaches a maximum of 85-87 % at
stabilization temperatures of 275 and 300 °C. The cyclization indices
agree well to the qualitative discussion of the IR spectra and clearly
show the distinct impact of the stabilization temperature on the for-
mation of the stabilized ladder polymer.

To determine changes in the elemental composition, the C, H, N and
O fractions of the stabilized nanofibers and the carbon nanofibers were
analyzed (Fig. 7a,b,c). The carbon fraction of the stabilized nanofibers
decreased with increasing stabilization temperatures from 66.1 wt.- %
(200 °C) to 54.7 wt.- % (300 °C).

Simultaneously, the N fraction decreased by 5.7 wt.-% from 26.2 to
20.5 wt.-% and the H fraction from 6.0 to 3.0 wt.-%. Contrarily, a sig-
nificant increase of the oxygen fraction from 1.9 to 21.5 wt.-% was
observed. This significant increase of the oxygen fraction is caused by
the incorporation of oxygen into the stabilized ladder polymer resulting
in the formation of carbonyl moieties. The existence of these functional
groups was confirmed in 13C MAS-NMR experiments (see below). The
high oxygen incorporation causes the relative decrease of the C, N and H
fractions. Additionally, the decrease of the H fraction is caused by the
dehydrogenation reactions during stabilization. Comparing the influ-
ence of stabilization temperature and duration on the elemental
composition, similar effects were observed for longer duration as well as
higher temperatures. This indicates comparable impacts of duration and
temperature on the stabilization reactions.

After carbonization, the C fraction of the carbon nanofibers stabi-
lized at different temperatures lies between 70.9 and 74.7 wt.-%,
decreasing slightly at higher stabilization temperatures. The N and H
fractions remain almost constant between 14.1 to 16.3 wt.-%, respec-
tively 1.2 to 1.6 wt.-%. In contrast, the O fraction increases for higher
stabilization temperatures from 7.3 to 15.0 wt.-%.

Compared to the elemental composition after stabilization a 10 to 15
wt.-% increase of the carbon fraction is obtained on the carbonized
samples. This increase and the simultaneous decrease of the heteroatom
content was expected due to the reactions during carbonization which
involve the removal of heteroatoms. Thus, the high amount of oxygen,
which was incorporated during stabilization at temperatures > 250 °C,
almost vanished after carbonization. This can be assigned to a high
number of crosslinking condensation reactions between the stabilized
ladder polymers. The high removal of oxygen during carbonization is
reflected in a distinct decrease of the oxygen:carbon ratio (Fig. 7c). On
samples stabilized at temperatures lower than 250 °C, the nanofibers
contain only small fractions of oxygen, thus the oxygen removal is sur-
passed by carbon removal during carbonization. This explains the
increased oxygen:carbon ratio after carbonization.

Previously discussed FT-IR and elemental analysis results indicated a
high oxygen incorporation during stabilization at extended stabilization
conditions. However, these results did not provide information on the
oxygen bonds in the stabilized ladder structure, thus '3C MAS NMR
measurements were performed on two samples (1 h, 200 °C and 15 h,
250 °C) (Fig. 8).

The spectrum of the sample stabilized at 1 h, 200 °C exhibits two
distinct peaks (Fig. 8a) at 28.5 and 121.7 ppm. The first is assigned to
aliphatic carbon atoms (Cl, C?) and the latter originates from the carbon
atom bond to the nitrogen atom (C>. Overall, the spectrum matches the
literature spectrum of non-stabilized PAN well [48-51], which is in line
with the expected low degree of stabilization.

In contrast, a significant change of the spectrum is obvious for the
highly stabilized sample (15 h, 250 °C) (Fig. 8b,d). The aliphatic peak
(C>2iPhy ot 28.2 ppm almost vanished, which confirms a high degree of
cyclization during thermal stabilization. The remaining signal is related
to non-cyclized and aliphatic structures, which are additionally
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Fig. 7. (a) C, H, N, O elemental analysis of stabilized nanofibers treated at 200,
225, 250, 275 and 300 °C in air for 1 h. (b) C, H, N, O elemental analysis of
carbonized nanofibers made from the stabilized nanofibers shown in (a). All
carbonizations were conducted at 800 °C in Ar for 3 h. (c) Oxygen:carbon ratio
for the nanofibers after stabilization and after carbonization.



T. Fischer et al.

a)
le6
4
S
S,
22
B
c
o
=
200 150 100 50 0
Chemical Shift [ppm]
b)
le7
2.0 data —— CL¢
2
1.5 rtoo—c

Intensity [a.u.]
p -
w o
1 L

o
o
1

CZ,aI:ph.

200 150 100 50
Chemical Shift [ppm]

Carbon Trends 21 (2025) 100559

c)
2 2.5
©
2 2.0
W
g 137
& 1.0
©
5 0.54
wn
0.0-
CI.C
NMR Signal
d)
(o] (o]
|| || R3
R1 cl,n cl.b c1,c /
C2aliph. \cz/ \cz/ \C2
e [
c? c? 3
e = c
N W e Ngs

Fig. 8. (a) Solid state *C NMR spectrum of thermally stabilized nanofibers treated for 1 h at 200 °C in air and (b) treated for 15 h at 250 °C in air. (c) Signal ratio of
the different carbon peaks shown in (b) to C'P. (d) Assignment of the different carbon peaks to the thermally stabilized ladder structure.

superimposed by the spinning side band of aromatic signals [52]. Thus,
the degree of residual aliphatic structures is even lower than depicted in
the spectrum.

New components arose between 75 and 200 ppm. A deconvolution of
the spectrum was conducted assuming the formation of heterocyclic
aromatic rings as postulated for thermal stabilization (Fig. 1). Three fits
at 115.1, 136.9 and 154.5 ppm represent the three different carbon
environments of the idealized heteroaromatic structure (Cl’b, Cz, c®
which agrees well to previously published results as well as to the fea-
tures of the 13C spectrum of pyridine [51,53].

Additionally, two components were found between 160 to180 ppm
that were attributed to carbonylic carbon atoms (Cl’a, C'% due to their
chemical shift (Fig. 8b,d). The formation of these carbonyl moieties is
assigned to oxygen incorporation during thermal stabilization.

A clear assignment of the two carbonyl carbons at 164.9 and 177.6
ppm to a specific functional group is not feasible based on the experi-
mental data, but it can be confined to ketone, aldehyde or carbonic acid
moieties.

Earlier works assigned a signal at 175 ppm to a carbonyl bond within
the aromatic system [51], which suits to the 177.6 ppm peak. The sec-
ond might be attributed to a carbonyl group bond to an aliphatic
segment of the ladder polymer. The formation of these carbonyl bonds is
assigned to oxygen incorporation during thermal stabilization.

In Fig. 8c the different carbon moieties are quantified normalized to
the C'*P carbon. The ratio of carbonyl moieties C* and C° to CM is
0.38 and 0.33, which results in a 0.71:1 ratio of cbe + b€ o Clb
Therefore, approximately 40 % of the C! atoms, or roughly every second
heteroaromatic ring, bear carbonyl moieties after thermal stabilization
for 15 h at 250 °C in air.

For the underlying structural unit of polyacrylonitrile a carbon atom
ratio C1:C%:C% of 1:1:1 is expected based on the proposed structure
(Fig. 8d). Determining the C':C%C? ratio based on the experimental
data, summing up C?, C'" and C'€ to C, a ratio of 1.71:1.89:2.17 is

obtained. This matches the expected 1:1:1 ratio quite well considering
possible structural deviations, e.g. incomplete cyclization and non-
aromatic segments.

In total, the 13C MAS NMR results confirm the incorporation of ox-
ygen as carbonyl moiety into the stabilized ladder structure. This sup-
ports the previous results and the hypothesis that the carbonyl groups
could enable additional crosslinking reactions via condensation of
carbonyl groups during subsequent carbonization.

The larger stabilized ladder polymers and the proposed higher
number of condensation reactions between the stabilized ladder poly-
mers during carbonization due to a higher number of carbonyl func-
tional groups might result in the formation of larger carbon frameworks,
as observed for the samples stabilized for different durations (see Section
3.1.1).

Therefore, Raman spectroscopy was used to assess the degree of
structural order by evaluation of the D;/G ratio. In Fig. 9a the charac-
teristic D and G band region of the Raman spectrum of the carbon
nanofibers is depicted. Similar to the discussion in Section 3.1.1 five
Gaussian fits, D, Dy, D3, D4 and G are used for deconvolution and by
integration of the D; and the G peak area, the D1/G ratio was determined
(S7). In Fig. 9b a decrease of the D;/G ratio from 1.71 to 1.51 at
increasing stabilization temperature is visible. This is assigned to an
increased structural order of the carbon network of carbon nanofibers
stabilized at higher temperatures.

As the carbonization conditions were kept constant for all samples,
the differences in the structural order are related to the stabilization
process, respectively the stabilization temperature. The increased
structural order can be attributed to the formation of larger stabilized
ladder polymers at higher stabilization temperatures, indicated by the
increased cyclization index, and the formation of carbonyl surface
groups during stabilization (see NMR results) which allow for additional
crosslinking reactions between the stabilized ladder polymers during
carbonization via condensation reactions.
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Fig. 9. (a) Raman spectrum of the D and G band region for carbon nanofibers
stabilized at 200 °C for 1 h in air. The spectrum was measured after carbon-
ization at 800 °C for 3 h in Ar. (b) D,/G ratio was determined based on inte-
gration of the D and G band region for carbon nanofibers stabilized at 200, 225,
250, 275 and 300 °C for 1 h.

3.2.2. Impact on the pore structure

As conducted for the stabilization duration series, the pore structure
development of the temperature series was investigated by means of Ar
and CO; gas adsorption measurements.

In the Ar adsorption measurements, all samples showed type II iso-
therms with capacities <0.5 mmol g~ ! at 1 bar (Fig. 10a). Within the
sample series, no trends with respect to the stabilization temperature
were observed. Based on the Ar isotherms, the BET area was determined,
which was below 7 m? g’1 for all samples (Table 2). Additionally, the
pore size distribution was calculated based on a QSDFT model for slit
pores on carbon. Negligible cumulative pore volumes of up to 0.011 ¢cm?
g_1 were determined (Table 2, Figure S6b). Overall, the shape of the
isotherm, the low Ar capacities, the small BET area and the negligible
cumulative pore volume are typical for a non-porous adsorbent or an
adsorbent with pores not accessible for the adsorptive.

Since narrow micropores are inaccessible for Ar due to its critical
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diameter, CO5 isotherms at 273 K were measured to assess the present
micro- and ultramicropore volume (Fig. 10b). An almost linear
adsorption isotherm is obtained on the 200 °C sample with a low CO4
uptake of 0.3 mmol g~! at 1 bar. At higher stabilization temperatures,
the CO; capacity and the isotherm slope in the low-pressure region (p/po
< 0.01) increase distinctly. For samples stabilized at temperatures >250
°C, the isotherm turns into a type I shape which is characteristic for
highly microporous adsorbents. The CO, adsorption capacity at 1 bar
rises to 2.7 mmol g ! on these samples.

The CO- adsorption isotherms were used to determine the pore size
distribution based on Monte-Carlo calculations with a kernel for slit
pores on carbon (Fig. 10c). The sample stabilized at 200 °C contains only
pores larger than 0.6 nm and reaches a cumulative pore volume (Vyc) of
0.027 cm® g 1. These values are comparable to the pore volume of
carbon nanofibers without thermal stabilization (Table 1, 0 h). At
increasing stabilization temperature, Vyc rises steadily and results in a
maximum of 0.16 cm® g~ on samples stabilized at 275 and 300 °C.
Within V), a significant increase of the Vyjya (<0.7 nm) is observed.
Especially this high formation of Vyjr, results in the distinct increase of
the CO, adsorption capacities.

The cumulative pore size distributions obtained from the Ar and CO,
isotherms were combined to give a holistic overview on the pore size
distribution of the samples (Fig. 9d). To do so, the gained data was
separated into three pore regions: Ultramicropore volume Vyitra (<0.7
nm), Supermicropore volume Vsyper (0.7-2 nm) and mesopore volume Vyeso
(>2 nm)- Vsuper is made up of Vyc in the range of 0.7-1.5 nm and Vpr in
the range from 1.5-2 nm. The others are based solely on the respective
applicable method. The present Vy, rises from 0.007 cm?® g’1 (200 °C)
t0 0.112 cm? g ! (300 °C). In contrast, Vsuper Varies between 0.034 cm®
g 1t00.048 cm® g~ ! without a clear trend and Vyeso Stays on a negligible
level between 0.004 to 0.008 cm® g~ L. This clearly points out the distinct
effect of stabilization temperature on the formation of the ultra-
micropore volume. Overall, the impact is comparable to the impact
observed for the stabilization duration

3.3. Correlating changes during stabilization and pore structure

The previously discussed results showed significant impacts of the
stabilization conditions on the stabilization progress. Additionally, gas
adsorption measurements on carbonized samples revealed distinct ef-
fects on the pore formation and the adsorption capacities. This section
targets on correlating both results.

In Fig. 11a, the correlation of the oxygen content to the cyclization
index is depicted. Both increase at more intense stabilization treatment
(higher temperature, longer duration) as the reactions are promoted by
the supplied additional energy. Since both, the oxygen content and the
cyclization index, are strongly influenced by the intensity of stabiliza-
tion conditions, a causal relationship is rather unlikely. Nonetheless, the
good agreement between the duration and temperature series confirms
the similar impact of duration and temperature variation on the stabi-
lization process.

Furthermore, a good correlation of Vyjr, to the increasing cyclization
index was found (Fig. 11b).

At higher cyclization indices, Vyjya of the carbonized nanofibers
increases steadily. The variation of stabilization duration and tempera-
ture have very similar effects. Similarly, good correlations of Vyj, to the
oxygen content after stabilization were obtained (Fig. 11c). A steep in-
crease of Vyq is visible for low oxygen contents which approaches a
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Fig. 10. (a) Ar adsorption isotherms measured at 87 K and (b) CO, adsorption isotherms measured at 273 K on carbon nanofiber stabilized at 200, 225, 250, 275 and
300 °C for 1 h in air. (¢) Cumulative pore size distribution for carbon nanofibers stabilized at temperatures of 200-300 °C for 1 h in air. The cumulative pore volume
was obtained by Monte-Carlo calculations using a model for slit pores on carbon. (d) Cumulative pore volume divided into ultramicropore (< 0.7 nm), super-
micropore (0.7-2 nm) and mesopore (> 2 nm) region. Results of DFT calculations based on Ar at 87 K and Monte Carlo calculations based on CO isotherms at 273 K
were combined in this figure. All measurements were conducted on carbonized samples (800 °C, 3 h, Ar).

Table 2

BET area, Ve, Vorr, Vultras Vsuper and Viveso and Vigrar of carbon nanofibers, which were thermally stabilized at temperatures of 200, 225, 250, 275 and 300 °C for 1 hin

air. Subsequently, all samples were carbonized for 3 h in Ar at 800 °C.

TEMPERATURE BET AREA Vprr Vme VurtrA Vsuper VmMEso VroraL
[°cl m®g '] [em®g] [em®g] [em’g'] [em®g] [em’g™] [em?g]
200 3.5 0.006 0.027 0.007 0.020 0.006 0.032
225 1.8 0.005 0.071 0.032 0.040 0.004 0.076
250 6.7 0.011 0.12 0.079 0.038 0.008 0.126
275 5.1 0.008 0.16 0.108 0.052 0.006 0.166
300 3.1 0.006 0.16 0.112 0.048 0.005 0.164

limiting value for oxygen contents of 20-25 wt.- %.

The correlation of Vyy, to these parameters, cyclization index and
oxygen content, shows a plausible causal relationship. The formation of
Vuitra Occurs during carbonization, whereas oxygen incorporation and
cyclization take place during stabilization. Thus, Vyjy, formation and
oxygen incorporation and cyclization cannot be affected by identical
parameters. However, the correlations of Vi, to the oxygen content

10

and the cyclization index show that the increase of Vyyya during
carbonization is likely to be dependent on these parameters. Nonethe-
less, it is conceivable that Vy, is affected by further parameters which
were not considered here.

In total, the discussed correlations imply that Vyj, formation during
carbonization depends on the oxygen incorporation and the cyclization
progress during stabilization. Both are adjustable by variation of the
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stabilization duration or the stabilization temperature. Thus, the ther-
mal stabilization conditions need careful consideration for tailoring the
pore volume of PAN-based carbon nanofibers.

4. Conclusion

The impact of the stabilization duration (0-15 h) and the stabiliza-
tion temperature (200-300 °C) on the pore formation of electrospun
carbon nanofibers was investigated. All pore size analysis was conducted
on carbon nanofibers.

A significant impact of the stabilization duration on the pore for-
mation during carbonization was found. Non-stabilized carbon nano-
fibers showed a low total cumulative pore volume (Viota1) of 0.039 ¢cm?
g 1. Moreover, their ultramicropore volume (Vyjya) Was on a negligible
level. At elevating the stabilization duration, the Vi, increased steadily
to a maximum of 0.171 cm® g~ ! after 15 h. Especially worth mentioning
is the significant rise of Vyy, to 0.118 cm? g’l. This increase in Vyjera 1S
also reflected in a change of the linear adsorption isotherm into a type I
shape for durations > 4 h.

Similar results were obtained by variation of the stabilization tem-
perature. A temperature increase from 200 °C to 300 °C resulted in a
growth of Viga from 0.032 to 0.166 cm?® g’1 on the carbonized nano-
fibers. Likewise, a distinct increase in Vyi, from 0.007 to 0.112 cm?® g_1
was determined, which resulted in a type I shaped isotherm for samples
stabilized at temperatures > 275 °C.

The supplementing analyses on the stabilization process showed a
distinct effect of stabilization duration and temperature on the growth of
the stabilized ladder polymer and the incorporation of oxygen into the
structure. The latter was confirmed in NMR measurements showing the
formation of carbonyl moieties at intense stabilization conditions.
Linking these results to the gas adsorption measurements, the two fac-
tors, oxygen content and cyclization degree, are seen as essential pa-
rameters which govern the formation of the pore volume during
carbonization. In particular, the formation of Vyy, appears to be
significantly dependent on these factors. Overall, the gained results
clearly demonstrate the need to consider the stabilization conditions for
tailoring the pore volume of carbon nanofibers.
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