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Low-temperature pre-oxidation of electrospun metal-compound-incorporated carbon fibers can involve phase
transitions and chemical reactions. However, their mechanics remain unclear. In this work, a mixture of poly-
acrylonitrile (PAN) and iron acetylacetonate is subjected to electrospinning followed by a pre-oxidation process
at 230 °C, producing PAN fibers loaded with iron compounds. Our detailed investigations shed light on the
mechanisms of phase transitions and associated chemical reactions during the pre-oxidation process. Our find-

ings reveal that PAN undergoes cyclization during pre-oxidation, and that crystalline iron acetylacetonate within
PAN fibers transforms into amorphous FeO and FeyOs.

1. Introduction

Metal-compound-decorated carbon fibers [1-3] exhibit enhanced
performance in applications such as electrocatalysis and photocatalysis,
which is primarily attributed to the synergistic effect between metal
compounds and carbon fibers [4-6]. Among the diverse metal com-
pounds investigated, iron compounds have garnered significant interest
owing to their exceptional ability to enhance the physical and chemical
properties of carbon fibers. [7].

Electrospinning is a versatile and widely utilized technique for the
fabrication of metal-compound-incorporated carbon fibers, offering a
high surface area to volume ratio and unique physical properties. There
are typically three distinct processes [8-10] in the preparation of elec-
trospun iron compounds/carbon fibers: electrospinning, pre-oxidation,
and annealing. Most research efforts have focused on examining the
physical and chemical properties of iron compounds/carbon fibers after
the annealing process. Great progress has been made in improving the
performance of iron compound/PAN carbon fiber in practical applica-
tions. [11-13] Although there have been some investigations of iron
compound/PAN-based carbon fibers after pre-oxidation [14], reports of
chemical and structural evolution during the pre-oxidation process are
scarce. Up to now, only Zhang et al. [15] have investigated the evolution
of iron (III) acetylacetonate [Fe(acac)s] in PAN fiber during the pre-
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oxidation process, and suggest that Fe(acac)s is converted first to free
state iron and then to Fe;O3. More evidence is needed to confirm this
evolution. A comprehensive investigation of chemical reactions and
phase transformations in Fe(acac)s-PAN fibers during pre-oxidation is
urgently required.

In this work, Fe(acac)s-PAN fibers were synthesized at room tem-
perature (25 °C) using electrospinning followed by pre-oxidation in air
at 230 °C. Various characterization techniques were employed to
investigate the composition and microstructure of Fe(acac)s-PAN fibers
before and after pre-oxidation. It was found that after the pre-oxidation
process, PAN within the Fe(acac)s-PAN fibers underwent cyclization,
while the Fe(acac)s transformed into amorphous FeO and Fe;Os3.

2. Experimental section
2.1. Preparation of the nanofiber membrane

Polyacrylonitrile (PAN, 11 wt%) and iron acetylacetonate [Fe
(acac)s, 8.5 wt%] were dissolved into N, N-dimethylformamide (DMF)
to obtain a viscous mixture. Subsequently, the mixture was spun into
nanofiber membranes by electrospinning under a positive voltage of 20
kV. During the electrospinning process, the injection rate was set to 0.4
mL/h by a syringe pump, and the collecting roll speed was set to 600
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Fig. 1. FE-SEM images and statistical diameter distribution histograms from 100 fibers in F-P 25 (a and b) and F-P 230 (c and d).

rpm. The distance between the collecting roll surface and the syringe
needle was 16 cm. The as-spun nanofiber membranes were dried at
25 °C for 2 h in air. Afterwards, some membranes were additionally pre-
oxidized in air at 230 °C for 2 h to attain improved thermal stability.
Samples produced at 25 °C and 230 °C are denoted as F-P 25 and F-P
230, respectively.

2.2. Materials characterization

The morphologies of the resulting composites were examined using a
field-emission scanning electron microscope (FE-SEM, Sigma 500)
operated at 20 kV. Crystal structures were analyzed with X-ray diffrac-
tion (XRD) using a Bruker D8 Advance with Cu-Ka radiation (A = 1.5406
A). X-ray photoelectron spectroscopy (XPS) was performed on a Thermo
Scientific K-Alpha + with an Al Ka X-ray source (hv = 1486.6 eV).

Specimens for transmission electron microscopy (TEM) examina-
tions were prepared by grinding the as-prepared membranes, dispersing
the powder in ethanol through ultrasonic treatment, and drop-casting
onto a Cu TEM grid with a holey carbon support film. Bright-field (BF)
and high-resolution transmission electron microscopy (HRTEM) images
were obtained on a JEOL JEM2100F transmission electron microscope.
High-resolution high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) imaging and energy-dispersive X-
ray spectroscopy (EDS) elemental mapping were performed using a
Thermo Fisher Titan STEM (G2 80-200) equipped with a Cs probe
corrector (CEOS), a ChemiSTEM Super-X EDX detector, and a HAADF
detector operating with an inner angle of 55 mrad at 200 kV. Electron
energy-loss spectra (EELS) were collected in STEM mode. The incident
electron beam convergence angle was 21 mrad.

Fourier transform infrared spectroscopy (FT-IR) data were acquired
using an FT-IR spectrometer (Thermo Scientific Nicolet 50, Thermo
Fisher) equipped with a Polaris long-life infrared light source and a
built-in medium/far infrared diamond attenuated total reflection (ATR)
module in reflectance mode. The spectral range was 4000-400 cm
with a resolution of 4 cm™!. All spectra were collected at room tem-
perature under atmospheric pressure, with an average of 60 scans for
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Fig. 2. XRD patterns of (a) F 25, P 25 and F-P 25; (b) F 230, P 230 and F-P 230.
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background and ATR correction.
3. Results and discussion

We used FE-SEM to study the morphology of our nanofibers. Fig. 1(a)
and 1(c) show typical FE-SEM images of F-P 25 and F-P 230, respec-
tively. It can be seen from both images that the fibers are randomly-
oriented and intertwined, which is ascribed to the bending and whip-
ping movement of the electrospinning jet. Fig. 1(b) and 1(d) present
diameter histograms for F-P 25 and F-P 230, obtained by measuring the
diameters of 100 fibers in each membrane. As can be seen, the average
diameter of the fibers shrinks from ~ 712 nm to ~ 546 nm, suggesting
that fiber diameter tends to decrease after pre-oxidation. Pyrolysis can
cause shrinkage of the PAN fiber volume due to weight loss. [16].

Fig. 2(a) shows XRD patterns of pure Fe(acac)s powder at 25 °C (F
25), PAN nanofiber membranes at 25 °C (P 25) and F-P 25. For pure Fe
(acac)s powder, all diffraction peaks can be indexed to those of ortho-
rhombic Fe(acac); (JCPDS no.: 30-1763) [17,18]. The peaks at 16.8°
and 25.4° in P 25 are attributed to pure PAN [13]. For F-P 25, the peaks
at 10.6° and 13.1° correspond to the (020) and (002) planes of Fe
(acac)s, respectively. Moreover, the peak at 16.8° is ascribed to the
overlapping of diffraction peaks from Fe(acac)s and PAN [15,19].

In the range of 20.0°-30.0°, the diffusive broad peak of F-P 25 is
consistent with the overlap of the weak peak from Fe(acac)s and the
diffusive broad peak from PAN. The XRD pattern of F-P 25 confirms the
co-existence of Fe(acac)s and PAN. Fig. 2(b) presents the XRD patterns
of pure Fe(acac)s powder at 230 °C (F 230), PAN nanofiber membranes
at 230 °C (P 230), and F-P 230. In the XRD pattern of F 230, all
diffraction peaks are attributed to cubic Fe3O3 (JCPDS no.: 39-1346)
[19,20], indicating that Fe(acac)s transforms into Fe;O3 at 230 °C in air.
In the case of F-P 230, the profile and position of diffraction peaks are
similar to those of P 230. This means that PAN fibers in both F-P and
pure PAN undergo similar chemical reactions at 230 °C. In addition, the
amorphous diffraction peak intensity of F-P 230 (25.4°) is higher than

that of P 230, indicating that Fe(acac)s in F-P reacts with PAN at 230 °C,
and an amorphous product is formed.

FT-IR spectroscopy was used to further elucidate the chemical re-
action of Fe(acac)s/PAN during pre-oxidation. Fig. 3(a) compares the
FT-IR spectra of P 25 and P 230. In the FT-IR spectrum of P 25, the
absorption peak at 2931 cm ™! originates from the stretching vibration
peak of C-H. The typical peaks for PAN at 2242 and 1450 cm ™! are
caused by the stretching vibrations of nitrile groups (C=N, labeled as
functional group 1) and bending vibrations of methylene groups (CHy),
respectively [19]. In addition, the prominent peak at about 1735 cm ™! is
associated with the stretching vibrations of carbonyl groups (C=0) from
residual DMF solvent [19].

The FT-IR spectrum of P 230 shows two new absorption peaks at
1600 cm ™! and 1373 em ™!, which are assigned to the stretching vibra-
tion peak of C=N (labeled as functional group 2) and the bending vi-
bration peak of C=C (labeled as functional group 3"). Compared with the
FT-IR spectrum of P 25, the absorption peak at 1735 cm ™! disappears,
indicating that the residual DMF solvent is completely volatilized at
230 °C in air. In addition, the intensity of the peak at 2242 cm™! de-
creases significantly because the C=N in PAN converts to C=N at
230 °C. This indicates that the cyclization reaction of PAN occurs at
230 °C [Fig. 3(c)]. The degree of cyclization can be described by the
cyclization index 7, calculated as [21].

1 = Teoo / (11600 + I2242), (1)

where I 600 and Ina4z represent the peak intensities at 1600 cm ™+ and
2242 cm™}, respectively. From Fig. 3(a), the 7 value for P 230 is 0.975,
close to 1, suggesting a great degree of cyclization. Fig. 3(b) depicts the
FT-IR spectra of F-P 25 and F-P 230. The peaks in the FT-IR spectrum of
F-P 25 are typical for both PAN and Fe(acac)s. Peaks at 2242 cm ! and
1450 cm ! originate from PAN; other peaks result from the vibration of
functional groups in Fe(acac)s [Fig. 3(d)]. Among the characteristic
absorption peaks of Fe(acac)s, the peaks at 1571 and 1522 cm™! origi-
nate from the coupling vibration of C=0 and C—C (labeled as func-
tional groups 1 and 2). The peak at 1441 cm s the stretching vibration
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Fig. 4. STEM images of F-P 25 (a) and F-P 230 (c) with corresponding EDS maps of C, N, O and Fe (b, d).

peak of C-O (labeled as functional group 3) [22]. The peaks at 1363 and
1273 cm™! result from bending vibrations of C-H in CHj as well as the
coupling vibration of C-CHgs (labeled as functional group 4) and C=C.
The peak corresponding to 774 cm ™! is caused by C=C-Hj stretching
vibrations. The peak at ~ 543 cm ™! is assigned to the Fe-O stretching

vibration (labeled as functional group 5). As for the spectrum of F-P 230,
the peak at 1600 cm ™' derives from the stretching vibration peak of
C=N in the cyclized PAN. The peak at 1365 cm ! is caused by over-
lapping of the bending vibration of C=C in cyclized PAN and C-H in Fe
(acac)s. The peak at 543 cm ™ is the stretching vibration peak of Fe-O in

Fig. 5. Typical BF TEM image (a) and HRTEM image (b) of F-P 230. The inset in (a) shows the SAED pattern obtained from F-P 230.
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Fe(acac)s. Comparing the FT-IR spectra of F-P 25 and F-P 230, the C-O
stretching vibration peak at 1441 cm™! in Fe(acac)s almost disappears at
230 °C, indicating that most C-O bonds are broken. The stretching vi-
bration peak of Fe-O (543 cm™1) in F-P 230 implies that bonding be-
tween iron and oxygen takes place during the pre-oxidation process.
Therefore, the decomposition product of Fe(acac)s in PAN fibers after
pre-oxidation mainly consists of iron oxides.

Fig. 4 shows EDS elemental maps of F-P 25 and F-P 230. Fig. 4(a)
displays a typical STEM image of F-P 25, and the corresponding EDS
mapping images for elements C, N, O, and Fe are presented in Fig. 4(b).
It can be seen that C, N, O and Fe are evenly distributed across the fibers
in F-P 25. Fig. 4(c) and (d) show STEM images of F-P 230 and corre-
sponding EDS maps of C, N, O and Fe. It should be noted that C and N are
evenly distributed across the whole fiber, whereas O and Fe are mostly

distributed in the middle of the fiber, which differs from the elemental
distribution in F-P 25.

TEM was used to further study the microstructure of F-P 230. Fig. 5
(a) shows a BF TEM image of F-P 230. The contrast on both sides of the
fiber is lighter, whereas it is darker in the middle of the fiber. This in-
dicates that heavier Fe atoms are distributed in the middle of the fiber, in
good agreement with EDS mapping [Fig. 4(d)]. The selected-area elec-
tron diffraction (SAED) pattern of F-P 230 [inset in Fig. 5(a)] shows
diffuse diffraction rings, indicating that F-P 230 is mainly amorphous.
HRTEM was used to further characterize the microstructure of F-P 230.
From the HRTEM image of F-P 230 [Fig. 5(b)], aggregations are
observed in the area with darker contrast (labeled by white dashed

lines), and no nanocrystallites are observed, further confirming that F-P

230 is completely amorphous. Additionally, no aggregations appear
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within 20 nm of the outer surface of the fiber. Combining our HRTEM
images with the elemental mapping of F-P 230 [Fig. 4(d)], we suspect
that the aggregations are composed of Fe and O.

XPS was conducted to investigate the valence states of Fe in F-P 25
and F-P 230. Fig. 6(a) and (b) display the XPS spectra of Fe 2p for F-P 25
and F-P 230, respectively. In Fig. 6(a), the Fe 2p;,» and Fe 2p3,, peaks at
721.1 + 0.1 eV and 708.7 + 0.1 eV fit well with those of Fe*>*. The two
satellite peaks at 728.1 + 0.1 eV and 713.4 + 0.1 eV originate from
Fe3t. [23] Therefore, F-P 25 contains trivalent Fe. In Fig. 6(b), Fe 2p1,2
and Fe 2p3/s peaks are located at 721.1 + 0.1 eV and 708.7 + 0.1 eV,
which match those of Fe>* and Fe?t [23]. The peaks at 723.2 + 0.1 eV
and 709.6 =+ 0.1 eV correspond to characteristic peaks of Fe>*, while the
peaks at 721.6 + 0.1 eV and 708.1 £ 0.1 eV are characteristic peaks of
Fe>". [24] This indicates that Fe?™ and Fe' co-exist in F-P 230.
Therefore, the valence state of Fe in the PAN fiber converts from triva-
lent (Fe*") to mixed valence (Fe>* and Fe?") after the pre-oxidation
process.

To verify the valence state of Fe in F-P 25 and F-P 230, extensive
EELS examinations were also carried out. The Fe Ly, 3 edges of F-P 25
and F-P 230 are shown in Fig. 7(a) and (b), exhibiting a rather similar
profile. To compare the valence state of Fe in F-P 25 and F-P 230, the
peak intensity ratio (L3/Lz) and peak spacing between L3 and L, are
calculated. The peak intensity ratio (Ls/Ly) is calculated to be 3.2:1 and
2.9:1 for F-P 25 and F-P 230, respectively, and the peak spacing between
L3 and L, is measured to be 13.2 eV and 13.1 eV. The higher the peak
intensity ratio Ls/Ly, and the wider the peak spacing, the higher the Fe
valence state. [25] Thus, it can be inferred that the Fe valence state of F-
P 25 is higher than that of F-P 230. In addition, a slight difference in the
shoulder peak at ~716 eV (labeled by black arrows) can be observed. To
clearly compare the difference in the shoulder peak between the F-P 25
and F-P 230, their Fe L, 3 edges are normalized and fitted, as shown in
Fig. 7(c) and (d). Compared with F-P 25, the intensity of the shoulder
peak for F-P 230 is reduced by 28 %. In previous research [26], it was
found that intensity of shoulder peak for pure Fe3* is stronger than that
of mixed Fe®' and Fe?*, because Fe?' has no shoulder peak. Thus, the
intensity decrease in shoulder peak for F-P 230 indicates that Fe>* has
partially converted into Fe?* after pre-oxidation. Moreover, Colliex et al.
[27] reported that the shoulder peak of Fe3Oy4 is barely visible, which
greatly differs from our observations of F-P 230. Hence, Fe3O4 is not
present in F-P 230. We conclude that only amorphous FeO and FeyO3
exist in F-P 230. The co-existence of FeO and Fe;O3 can be explained by
the fact that an individual fiber is divided into two different parts after
stabilization, i.e., outer and inner parts along the radial direction. The
outer part of the fiber is exposed to oxygen, where Fe(acac)3; decomposes
and transforms into amorphous Fe;Os. The inner part has limited access
to oxygen, so Fe(acac)s is decomposed and reduced to amorphous FeO
by surrounding carbon in the fiber.

4. Conclusions

In summary, Fe(acac)s-PAN fibers have been fabricated using elec-
trospinning. The morphologies and microstructure evolutions of Fe
(acac)3-PAN fibers were studied before and after stabilization. The
average fiber diameter shrank from 712 nm to 546 nm after stabiliza-
tion, and numerous amorphous aggregations were produced in the
middle parts of fibers which were ascribed to the formation of iron ox-
ides. Through XPS, FT-IR and EELS characterizations, we observed an
amorphous microstructure composed of both FeO and Fe;Os. This study
provides novel insight into the morphology and microstructure of Fe
(acac)s in PAN fibers subjected to the pre-oxidation process, thereby
contributing significantly to our understanding of chemical reactions
and phase transitions during pre-oxidation. These electrospun fiber
membranes have many potential applications in catalysis, energy stor-
age, and magnetic devices.
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