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Carbon materials have attracted increasing attention for hydrogen storage due to their great specific
surface areas, low weights, and excellent mechanical properties. However, the performance of carbon
materials for hydrogen absorption is hindered by weak physisorption. To improve the hydrogen
absorption performance of carbon materials, nanoporous structures, doped heteroatoms, and decorated
metal nanoparticles, among other strategies, are adopted to increase the specific surface area, number
of hydrogen storage sites, and metal catalytic activity. Herein, Li—fluorine codoped porous carbon
nanofibers (Li-F—PCNFs) were synthesized to enhance hydrogen storage performance. Especially,
perfluorinated sulfonic acid (PFSA) polymers not only served as a fluorine precursor, but also inhibited
the agglomeration of lithium nanoparticles during the carbonization process. Li—-F-PCNFs showed an
excellent hydrogen storage capacity, up to 2.4 wt% at 0 °C and 10 MPa, which is almost 24 times higher
than that of the pure porous carbon nanofibers. It is noted that the high electronegativity gap between
fluorine and lithium facilitates the electrons of the hydrogen molecules being attracted to the PCNFs,
which enhanced the hydrogen adsorption capacity. In addition, Li—-F—PCNFs may have huge potential for

rsc.li/rsc-advances application in fuel cells.

Introduction

Hydrogen has attracted increasing attention as an environ-
mentally safe energy source, and with great potential for
application in powered vehicles."? In recent decades, significant
efforts to find new hydrogen storage materials have been made,
such as metal alloys, complex hydrides, metal-organic frame-
works, carbon materials, etc.*** Interestingly, carbon-based
materials, with their low cost and weight, have long been
considered as suitable adsorption substrates for the reversible
storage of hydrogen. Yang reported that the hydrogen gas
uptake of a multiwalled carbon nanotube is only 0.21 wt% at 77
K and 1 bar.*®* Furthermore, Bai showed that the maximum
hydrogen storage of carbon nanofibers is 0.65 and 0.6 wt% H,
respectively, at 330 K and 9 MPa."”'® However, a series of
carbon-based materials (such as carbon fibers, graphene and
carbon nanotubes) show a moderate performance,> which is
attributed to the weak physisorption between molecular
hydrogen and carbon-based materials.**>¢
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To increase the physisorption-based storage capability, large
surface areas,””*® heteroatom doping>>* and alkali metal
loading®~* of carbon-based materials are highly desired. High
specific surface areas and appropriate pore sizes significantly
improve hydrogen molecule adsorption, which could be ful-
filled by nanoporous carbon structures.* Kou's group focused
on issue-oriented schemes for activating the electrospun CNFs
in terms of enhancing the conductivity, modulating the pore
configuration, and doping with heteroatoms, among others, in
close reference to some applications in supercapacitors and
hydrogen storage.**** Moreover, Cheng reported fluorine doped
graphite intercalation compounds enhanced hydrogen adsorp-
tion, because of the donation of electron density from the
fluorine atom to the H, antibonding ¢* orbital.*’-** Meanwhile,
Pinkerton showed a high hydrogen absorption capacity of
1.3 wt%, when alkali metals were introduced into carbon
materials.”* Using porous carbon materials, heteroatoms or
alkali metals alone, the hydrogen storage capacity has been
limited. Therefore, heteroatoms and alkali metals were co-
introduced to porous carbon-based hydrogen storage mate-
rials to improve the hydrogen adsorption capacity.

Herein, we explore an easy and facile strategy to obtain Li-
fluorine codoped porous carbon nanofibers (Li-F-PCNFs) for
a higher hydrogen adsorption, prepared through electrospun,
hydrothermal and calcination methods. More interestingly, Li-F-
PCNFs not only afford more defect sites, but support fluorine and
uniformly dispersed alkali metal dopants. Thus, the excellent
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hydrogen storage capacity of Li-F-PCNFs is expected to be ob-
tained by the synergistic effect among these three factors.

Experimental
Materials

Polyvinylpyrrolidone (PVP; M, = 300 000) was bought from
Aldrich Co., Ltd. Polyacrylonitrile (PAN; M,, = 1 500 000) was
purchased from J&K scientific Chemical Co., Ltd. Lithium hydroxide
(LiOH) was gotten from Alfa Aesar Co., Ltd. Perfluorinated sulfonic
acid (PFSA) resin solution (IEC = 1.1) was obtained from Dongyue
Co., Ltd. Ethanol was gotten from Shanghai Lingfeng Chemical
Reagent Co. Ltd. N,N-Dimethylformamide (DMF) was provided by
Sinopharm Chemical Reagent Co., Ltd. Those solvents were all of
analytical grade and used as received.

Apparatus

The morphology of the PCNFs, F-PCNFs, and Li-F-PCNFs
composites characterized by transmission electron
microscopy (TEM) and scanning electron microscopy (SEM)
using JEM-2010HT and JEOL2100F (both from Electron Optics
Laboratory Co., Ltd., Japan), respectively. FT-IR was recorded on
a Perkin Elmer spectrum 100 FTIR spectrometer. Powder X-ray
diffraction (XRD) analyses were performed on a diffractometer
(Bruker, German, APLX-DUO) with Cu Ko radiation. Raman
spectra were recorded using a Thermo Fisher H31XYZE-US with an
excitation wavelength of 532 nm. The specific surface area of the
sample was calculated by the Brunauer-Emmett-Teller (BET)
equation (Quantachrome Instruments version 11.02, America).
Hydrogen storage properties were tested by a full-automatic PCI
monitor apparatus (Suzuki, Japan, Shokan Co., Ltd.)

was

Synthetic procedures

Preparation of porous carbon nanofibers (PCNFs) and F-
doped porous carbon nanofibers (F-PCNFs). In the DMF
solvent, PAN, PVP and PFSA were added to furnish a content of
5%w/w, 5%w/w and 0.1%w/w, respectively. Then the mixture was
electrospun in electric fields of the order of 1 kV cm ™. Afterwards,
the PAN/PVP/PFSA nanofibers were transferred into a 100 mL Teflon
stainless steel autoclave, then deionized water added. The hydro-
thermal treatment was conducted at 110 °C for 24 h to remove PVP.
Porous PAN/PFSA nanofibers were obtained after drying at 80 °C in
an oven. Furthermore, stabilization and carbonization of the above
porous PAN/PFSA nanofibers, which were placed in the center of
a quartz tube under argon flow, were completed in a high-
temperature furnace.”** With argon flow for 25 min, the porous
PAN/PFSA nanofibers were heated to 900 °C and annealed for 2 h,
then cooled to room temperature to yield the final 0.1F-PCNFs.
Meanwhile, 0.01F-PCNFs and 0.05F-PCNFs were obtained accord-
ing to the content of PFSA with 0.01 wt% and 0.05 wt%, respectively.

For comparison, pristine PCNFs were also fabricated under
the same conditions, without PFSA in the precursor solution. In
addition, LiOH (2 wt%) was added to the hydrothermal treat-
ment, and a series of Li-F-PCNFs composites (0.01Li-F-PCNFs,
0.05Li-F-PCNFs and 0.1Li-F-PCNFs) was finally obtained
according to the above F-PCNFs procedure.
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Hydrogen storage capability measurements

The hydrogen adsorption properties of the samples, with
a typical amount of around 150 mg, were conducted in
a conventional Sieverts-type apparatus (Suzuki, PCT-1SPWIN,
Japan). The hydrogen adsorption rate measurements were per-
formed at 0 °C with a pressure of 10 MPa. Before the
measurements, the samples were degassed under vacuum at
300 °C for at least 10 h.

Results and discussion

The overall synthetic procedure for the Li-F-PCNFs composites is
illustrated in Fig. 1. PAN/PVP/PFSA nanofibers were first obtained via
electrospinning of the mixture of PAN, PVP and PFSA in DMF solu-
tion. After removing PVP and exchanging the Li ion by a hydro-
thermal method and then drying, porous PAN/PFSA-Li nanofibers
were preoxidized and carbonized at 220 and 900 °C under argon,
respectively, yielding the resulting Li-F-PCNFs composites.

In order to validate that the -SO3;H successfully converted to
-SO;Li from PFSA, FT-IR spectra of the PAN/PVP/PFSA and
porous PAN/PFSA-Li nanofibers were conducted and are shown
in Fig. 2. The characteristic peak of sulfonate (-SO3;H) groups at
1052 em™' of PAN/PVP/PFSA is absent after hydrothermal
treatment. Meanwhile, the emerging peak at 1063 cm ' asso-
ciated with -SO;-Li is observed, indicating SO;-H successfully
converted into the SO;-Li of PFSA.>*%

To further demonstrate the successful preparation of the
composites, XRD analysis was conducted. As can be seen from
Fig. 3a, two broad peaks located at around 24.0 and 44.0° are
evident for F-CNFs, which can be attributed to the graphite
(002) and (004) crystalline plane with a hexagonal structure.
Furthermore, with fluorine doping and lithium incorporation, the
broad diffraction peak at 24.0° became redshifted to a sharp
diffraction peak at 25.6°, indicating the graphitization degree
enhancement of the 0.1Li-F-PCNFs composites, which is caused
by the formation of Li nanoparticles (Li NPs) and fluorine doping
on the surface of PCNFs (Fig. 3b and c). Meanwhile, the diffraction
peaks from 0.01F-PCNFs, 0.05F-PCNFs, 0.01Li-F-PCNFs, and
0.05Li-F-PCNFs composites show a similar phenomenon, which
further verifies the cooperation among fluorine and lithium factors
(Fig. S1t). This is evident from the diffraction pattern of the

Hydrothermal
110°C,24h Calcination
900 °C
LiOH 2h

Fig.1 The fabrication procedure for the Li-F-PCNFs composites.
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Fig. 2 (a) FT-IR spectra and (b) a magnified view of the spectra of PAN/PVP/PFSA and porous PAN/PFSA-Li.

resulting Li-F-PCNFs composites. However, the weak signals of Li
NPs are most likely because of its low crystallinity.

Morphologies of PCNFs and their corresponding composites
were further revealed by SEM observation. PAN/PVP and PAN/
PVP/PFSA nanofibers exhibit smooth surfaces (Fig. S2, S3 and
S6t), after removing PVP through a hydrothermal method.
Porous PAN and PAN/PFSA nanofibers show many nanopores
and rough surfaces (Fig. 4a and ¢, S4 and S771). Meanwhile, some
LiOH nanoparticles are also evenly dispersed on the porous
PAN/PFSA-Li surface, after the ion exchange between Li" and H'
ions of PFSA (Fig. 4e, S9 and S11t). After being carbonized,
PCNFs and F-PCNFs exhibit rough surfaces with diameters
ranging from 150 to 250 nm (Fig. 4b and d, S5 and S87), such
nanopores can provide more active sites for further alkali metal
nanoparticles deposition and high hydrogen storage.

When deposited on the F-PCNFs, Li NPs are relatively
homogeneously dispersed (Fig. 4f, S10 and S127) on the surface
of PCNFs with the diameter ranging from 160 to 270 nm

Intensity (au)

20 (degree)

Fig. 3 XRD patterns of (a) PCNFs, (b) 0.1F-PCNFs, and (c) 0.1Li—-F-
PCNFs composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry

(Fig. 4e). Such a greatly improved homogeneous distribution of
Li NPs might result from the rough surface of F-PCNFs and ion
bonding between sulfonate and alkali metal ions, which can
provide more nucleation sites for the formation and also
prevent the agglomeration of Li NPs, and result in an
improvement in the hydrogen storage performance. Further-
more, HRTEM images (Fig. S13a and b¥) show that nanopores
are uniformly dispersed on the surface of PCNFs and also
display that the Li-F-PCNFs composites have a diameter of
about 200 nm, and energy dispersive spectroscopy (EDS) spec-
trum (Fig. S13ct) also indicates the presence of C, O, N, F and S
elements, which is consistent with the above SEM results.
Generally, the EDS of HRTEM cannot be useful for lithium.
There is no lithium element in the EDS of 0.1Li-F-PCNFs.

The nitrogen adsorption-desorption isotherm and the cor-
responding Barrett-Joyner-Halenda (BJH) pore size distribu-
tion curve of the obtained 0.1Li-F-PCNFs composites were
measured. The specific surface area of 0.1Li-F-PCNFs
composites is 34.3 m> g~'. Obvious adsorption steps from
0.1Li-F-PCNFs composites can be found in the relative pressure
range of 0.4-1.0 MPa. Moreover, the pore sizes analyzed by the
BJH method show that the primary mesopore size is 2.65 nm for
the 0.1Li-F-PCNFs composites (Fig. S14t1). These can be
ascribed to the capillary condensation of nitrogen molecules in
mesopores with relatively uniform dimensions,*® indicating the
end of the capillary condensation and narrow pore size distri-
bution, which has a beneficial effect on increasing hydrogen
absorption.

Raman spectroscopy is a useful tool for the characterization
of the carbon structure of porous CNFs based materials. As
depicted in Fig. 5, two strong bands at around 1347 and
1586 cm ™' are observed in 0.01F-PCNFs, 0.05F-PCNFs, 0.1F-
PCNFs, 0.01Li-F-PCNFs, 0.05Li-F-PCNFs and 0.1Li-F-PCNFs
composites, which correspond to the disordered (D band,
defects) and graphitic carbons (G band for sp® domains),
respectively. It is noted that the area ratio of the D band to the G
band (Ip/Ig) for 0.1Li-F-PCNFs is 2.16, which is much lower
than those of 0.01F-PCNFs (3.04), 0.05F-PCNFs (2.56), 0.1F-
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Fig. 4 SEM images of (a) porous PAN, (b) PCNFs, (c) porous PAN/PFSA, (d) 0.1F-PCNFs, (e) 0.1Li-porous PAN/PFSA, and (f) 0.1Li-F PCNFs

composites. The scale bar is 500 nm.

PCNFs (2.26), 0.01Li-F-PCNFs (2.65) and 0.05Li-F-PCNFs (2.38)
(Fig. 5b and c¢ and S15f). These results indicate the greatly
enhanced graphitic structure of the former, which might be mainly
attributed to the graphitization effect of fluorine and lithium
dopants. Such an improved graphitic structure can offer an
enhanced carbon framework sp> conjugation of PCNFs surfaces,
which is favorable for further hydrogen absorption processes.

In order to obtain more information on the 0.1Li-F-PCNF
after the codoping processes, the composite was analyzed by
XPS. Fig. 6 shows the XPS survey together with the high reso-
lution XPS spectra of F 1s and Li 1s. Fig. 6a clearly displays
intense F 1s and Li 1s peaks, thus verifying the successful
codoping of PCNFs with surface components of 82.92% C,
12.56% N, 4.11% O, 0.06% S, and 0.35% F. There is a peak at
284.2 eV of C 1s, indicating pure carbon, and 286.2 eV, related to
C-F bond. Meanwhile, the peak at 285.6 eV of C 1s is related to

4056 | RSC Adv, 2021, 11, 4053-4061

C-N, C-0O and C-S bonds, which may be introduced from PVP
and lithium hydroxide residuals. Furthermore, it is evident
from the F 1s deconvoluted peaks (Fig. 6¢) that fluorine is
incorporated into the CNFs in two configurations: C-F (685.6
eV) and C-F (687.3 eV) fluorine species,””* which indicate that
the fluorine element is successfully doped into the PCNFs.
Meanwhile, it is evident from the S 2p deconvoluted peaks
(Fig. 6d) that sulfur is incorporated into the PCNFs in two
configurations: the thiophene (S-C-S) (162.5 eV), and oxidized
(SO,—C) (163.9 eV) sulfur species. This is attributed to a higher
positive charge and spin density of carbon atoms, which can
provide the more active sites and offer a better hydrogen
adsorption density. Notably, the theoretical atom weight
content of lithium is calculated as 0.013 wt% (the molar ratio of
S : Li = 1), which is too low to be accurately determined.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of (a) 0.01Li-F—PCNFs, (b) 0.05Li—F-PCNFs,
and (c) 0.1Li—-F-PCNFs composites.

The hydrogen adsorption experiments were carried out
under 10 MPa at 0 °C. Typical high-pressure hydrogen adsorp-
tion isotherms are shown in Fig. 7. This shows that the hydrogen
concentration gradually increases as the adsorption time increases.
The adsorption performance of PCNFs and 0.1F-PCNFs composites
is almost complete within 10 800 s, with storage capacities of 0.1
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and 0.3 wt%, respectively. This illustrates that F-PCNFs can
enhance the hydrogen adsorption, compared to PCNFs composites.
In order to further increase the hydrogen storage capacity, alkali
metal lithium was introduced into the F-PCNFs. Moreover, those
sulfonate ions from PFSA can be exchanged with lithium hydroxide
to anchor the lithium ions, so that they are fixed during the
carbonization process of porous PAN/PFSA-Li, thereby obtaining
lithium particles dispersed uniformly on the surface of F-PCNFs. As
shown in Fig. 7c-e, the hydrogen storage capacities of 0.01Li-F-
PCNFs, 0.05Li-F-PCNFs and 0.1Li-F-PCNFs are about 0.6, 0.9 and
2.4 wt%, respectively, under the above measurement conditions,
which are enhanced with the increasing contents of fluorine and
lithium dopants. This is attributed to the high electron affinity of
the sp® carbon framework resulting from fluorine and lithium
dopants, providing strong stabilization among Li-F-PCNFs and the
molecular H,. More importantly, lithium dopants act as positive
(acidic) cores that attract hydrogen molecules. The above-
mentioned results suggest that fluorine and lithium dopants in
PCNFs endow these composites with an excellent hydrogen storage
performance, which could reach the DOE goals in the future.

The mechanism of hydrogen storage from Li-F-PCNFs is
shown in Fig. 8. When the hydrogen molecule moves from
outside the surface of PCNFs, the hydrogen molecule is affected
by the electronegativity gap between the lithium and fluorine.
Fluorine has the highest electronegativity (4.0) among the
elements and lithium has the lowest electronegativity (0.98).

a b
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0 411%
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Fig. 6 XPS spectra: (a) survey scan; and the (b) C 1s, (c) F 1s and (d) S 2p regions of the 0.1Li—F—PCNFs composites.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 Hydrogen adsorption spectra (left) and capacities (right) of (@) PCNFs, (b) 0.1 F—PCNFs, (c) Li—-0.01F-PCNFs, (d) Li—0.05F-PCNFs, and (e)
Li—0.1F-PCNFs composites at 0 °C under a hydrogen pressure of 10 MPa.

PCNFs surface

Fig. 8 The mechanism of hydrogen adsorption by the Li—F-PCNFs
composites.

The electronegativity of carbon lies between that of fluorine and
lithium at 2.55. Therefore, fluorine exhibits electrically
negative-charged characteristics (67) on the surface, and the
lithium exhibits relatively positively charged characteristics (6").
Consequently, this electronegativity difference will electrically
attract the hydrogen molecule into PCNFs.* The electrons from
the hydrogen molecule are attracted towards the surface by
electric force and can be adsorbed on the surface of the PCNFs
more efficiently. Furthermore, the nanopore size of the PCNFs
is 2.65 nm for the Li-F-PCNFs composites, which can be
ascribed to the capillary condensation according to the equi-
librium temperature of adsorption and the geometrical char-
acteristics of the adsorbent. Therefore, these effects are
beneficial to an improvement of hydrogen storage.

Conclusions

In summary, we report a facile synthesis procedure for the
preparation of Li-F-PCNFs composites with noticeable perfor-
mance as hydrogen storage materials. The Li-F-PCNFs were

4058 | RSC Adv, 2021, 11, 4053-4061

synthesized through a simple electrospinning, hydrothermal
treatment, and carbonization process. Especially, PFSA was not
only a fluorine source to enhance the hydrogen adsorption
density, but it also acted to prevent the agglomeration of
lithium nanoparticles through an ion-exchange method. The
porous carbon framework endows the Li NPs with a uniform
distribution, effective space confinement, and a much higher
specific surface area. The unique architecture of the Li-F-
PCNFs composites allows 2.4 wt% absorption under 10 MPa at
0 °C. Therefore, this strategy represents a highly novel approach
for synthesizing Li-F-PCNF scomposites to act as hydrogen
storage materials that exhibit superior storage properties. It is
also expected that these materials can be significant potential
materials in the electrochemical and fuel-cell fields.
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