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Abstract:

Hollow porous carbon fibers for Li-S battery electrodes were prepared by the KOH activation of carbon prepared from

hollow polyacrylonitrile fibers. The fibers had a high specific surface area of 2 491 m* g ', a large pore volume of 1.22 cm’-g ' and
an initial specific capacity of 330 mAh-g " at a current density of 1 C. To improve their electrochemical performance, the fibers were
modified by treatment with hydrazine hydrate to prepare nitrogen-doped hollow porous carbon fibers with a specific surface area of
1 690 m*-g™', a pore volume of 0.84 cm’-g™" and a high nitrogen content of 8.81 at%. Because of the increased polarity and adsorp-
tion capacity produced by the nitrogen doping, the initial specific capacity of the fibers was increased to 420 mAh-g ' at a current

density of 1 C.
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1 Introduction

In the past few decades, lithium-ion batteries
(LIBs) have occupied the new energy market because
of their long cycling stability, high energy density,
high operating voltage and Coulombic efficiency'" .
However, the current systems of LIBs cannot keep up
with the increasing performance demanded by elec-
tronic vehicles! . Inspired by the rising demand for
sophisticated energy storage systems, lithium-sulfur
(Li-S) batteries came to be regarded as the most prom-
ising next-generation high-performance energy stor-
age system. The Li-S batteries have higher theoretical
specific capacity of 1 675 mAh-g ' and energy dens-
ity of 2600 Wh-kg '™ several times higher than
LIBs. In addition, compared with conditional cathode
materials, monomeric sulfur is resource-rich, environ-
ment-friendly, inexpensive, and easily available'”.

The charge and discharge process of the Li-S bat-
teries is realized by the transport of lithium ions
between the two electrodes'™. During the initial dis-
charge, the active material sulfur exists in the form of
cyclic molecules. As the voltage drops, the sulfur-sul-

fur bonds (S-S) of the cyclic molecules are broken,
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generating long-chain polysulfides (Li,S,, 4<n<38). As
the reaction proceeds, these are reduced to short-chain
polysulfides (Li,S,, 2<n<4), which are finally re-
duced to lithium sulfide (Li,S)*'". The multi-elec-
tron reaction of sulfur phase transition gives Li-S bat-
teries good electrochemical performance, but some
problems arise. The main problem is the “shuttle ef-
fect” of polysulfide ions (Li,S,, 2<n<8), which are
easily dissolved during cycling, leading to the low ac-
tual specific capacity and fast decay at high rates!".
On the other hand, the insulating properties of sulfur
and insoluble Li,S,/Li,S reduce utilization of the act-
ive substances. Due to densities of sulfur and Li,S be-
ing 2.03 and 1.66 g-cm ", respectively, volume expan-
sion occurs during the cycle. In addition, there are
problems such as “lithium dendrites”, solid electro-
lyte interphase (SEI) and self-discharge’ '], These
effects cascade down to bigger problems like severe
capacity degradation, low Coulombic efficiency and
insufficient cycle life.

Great efforts have been made to solve these prob-
lems, especially focusing on the preparation of better
cathode materials"*. Limiting “shuttle effect” of poly-
sulfides by physical confinement and chemical bond-
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ing are commonly used methods. In addition, the ideal
anode structure should have the following properties:
a substrate with good mechanical properties to pre-
vent structural damage; enough space to cushion
volume expansion; a large conductive matrix to accel-
erate electron/ion transfer, and larger specific surface
area to contain sulfur'”.

Numerous studies have shown that carbonaceous

5] 'such as car-

materials are excellent hosts of sulfur
bon nanotubes'”, graphene foam"!, metallic MoS,
nanoflowers decorated graphene nanosheet!*, N-
doped porous carbon cages'”, free-standing carbon

[18]

nanofibers interlayer'', activated carbon fiber cloth!”!

and so on. The hollow carbon nanofiber arrays were
[10]

synthesized by Zheng et al." ™ using the anodized alu-
minum template method (AAO). The specific capa-
city of 730 mAh-g"' was obtained by charging and
discharging 150 times at 0.2 C, which illustrated that
the high aspect ratio of the carbon nanofibers were
ideal structures for this purpose. You et al.”*) fabric-
ated a-MEGO/S composite by using microwave exfo-
liation of graphite oxide and KOH activation. A hier-
archically micro/mesoporous a-MEGO with higher
specific surface area (3 000 m*-g ') and pore volume
(2.14 cm’-g ") was utilized, which proved that materi-
als with high specific surface area and large pore
volume were suitable sulfur host materials. Zhang et
al.”" designed a lotus root-like carbon fiber modified
by CoS,. The integrated electrodes achieved high ca-
pacity of 1015 mAh-g' at 0.2 A-g”', which showed
that modification by transition metal compounds can
improve electrochemical performance.

Hollow-shaped carbon fiber has good electrical
conductivity and unique cavity structure. By treat-
ment, it is easy to increase its specific surface area,
and modify various other properties. Herein, N-doped
hollow-shaped porous PAN-CFs with high specific
surface area were utilized in Li-S batteries. Using
PAN hollow-shaped fiber as the precursor, hollow-
shaped porous carbon fibers activated by KOH at
800 °C exhibited higher specific surface area of
2491 m*g', larger pore volume of 122 cm’-g’,
good conductive network and hierarchical porous

structure. Because of the high specific surface area,

hollow-shaped CFs achieved high sulfur loading of
75 wt.%, obtaining initial specific capacity of
330 mAh-g' at1 C rate. Meanwhile, the modifica-
tion of carbon fibers with hydrazine hydrate increased
its nitrogen content by 122.2%, with a nitrogen con-
tent as high as 8.81 at%. When the nitrogen doped
hollow-shaped porous carbon fiber was used as Li-S
battery electrodes, its initial specific capacity in-
creased to 420 mAh-g ™' at current density of 1 C, and
the Coulombic efficiency was about 100%. This work
provides a new idea for the application of carbon

fibers as sulfur hosts in Li-S batteries.

2 Experimental

2.1 Materials

Potassium hydroxide (KOH), hydrochloric acid
(HCI), hydrazine hydrate (N,H,-H,O) and acetylene
black were purchased from Sinopharm Chemical Re-
agent Co. Sulfur powder (900 mesh) was purchased
from Alfa Aesar Chemical Co., Ltd. N-Methyl-
pyrrolidone (NMP) and poly(1,1-difluoroethylene)
(PVDF) were purchased from Aladdin. The hollow-
shaped PAN precursor fibers filament was provided
by the Institute of Coal Chemistry, Chinese Academy
of Sciences.

2.2
CFs

Synthesis of N-doped hollow-shaped porous

Firstly, hollow-shaped PAN precursor fiber was
pre-oxidized in fluid air at 190, 220 and 250 °C for
2 h; then it was carbonized at 700 °C for 1 h. Second-
ly, the carbonized fibers were activated by KOH at
600, 700, 800 and 900 °C for 1 h (weight ratio of
KOH : CF=2 : 1). The carbonation and activation
process were carried out in a tube furnace with nitro-
gen as protective gas at a flow rate of 200 mL-min”'
and a heating rate of 10 °C-min”'. Finally, activated
carbon fibers were washed with 1 mol-L™" of hydro-
chloric acid and deionized water for neutralization.
After drying in an oven at 60 °C, the obtained hollow-
shaped porous carbon fiber was denoted as HSPCF-X
(X=600, 700, 800, 900).

The PAN precursor fiber was pre-treated with
hydrazine hydrate by heating and stirring at 95 °C for
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20 h. After that, the fiber was washed with deionized
water, and dried to a constant weight. Then, carbon
fiber was pre-oxidized, carbonized and activated se-
quentially according to the same process conditions as
described above. In this way, the nitrogen-enriched
hollow-shaped porous carbon fiber could be obtained
and marked as N-HSPCF.

2.3 Cell assembly

Porous carbon fiber was melted and blended with
sulfur, kept at 155 °C for 12 h in N, to obtain carbon
fiber/sulfur (CF/S) composites. A homogeneous slurry
was fabricated by dissolving 80 wt.% CF/S compos-
ites, 10 wt.% acetylene black and 10 wt.% PVDF in
NMP.

The slurry was evenly coated on the carbon-
coated aluminum foil, and the solvent was evaporated
overnight in a vacuum oven, then cut into circular
electrodes from the as-obtained positive electrode ma-
terial. Finally, the electrode material was loaded into
CR2032 batteries in an argon-protected glove box.

2.4 Characterization

The morphology of the porous carbon fiber was
characterized by scanning electron microscopy (SEM,
JEOL 7900F) and transmission electron microscopy
(TEM, JEM-2100F). Nitrogen adsorption-desorption
isotherms and pore size distributions were analyzed
with a nitrogen physisorption apparatus (ASAP 2020
HDS88). The chemical composition of the fibers’ sur-
face was characterized by X-ray photoelectron spec-
troscopy (XPS). Thermogravimetric analysis (STA
449F3) was carried out at 25-600 °C in nitrogen atmo-
sphere.

2.5 Electrochemical measurements

The cycle and rate capability were obtained by a
LAND 3002A battery testing system. The cyclic
voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were carried out on
the CHI660E. The voltage range for CV testing was
1.7-2.8 V, and the EIS test was performed in the fre-
quency range of 0.01 to 100 kHz.

3 Results and discussion

As seen from the SEM images of PAN hollow-

shaped carbon fibers (HSPCF) (Fig.1), the surface of
the fibre is relatively smooth devoid of any obvious
groove structure after carbonization, which is inher-
ited from the precursor of PAN fibers manufactured
by dry-jet wet spinning. The outer diameter of hollow-
shaped carbon fibers is approximately 25 um
(Fig. 1a). The SEM image in Fig. 1b is the cross-sec-
tion of single carbon fiber, showing an internal cavity
structure with a diameter of about 9 pm, which can
provide a channel for sulfur loading and ion diffusion.

The pore structure analysis of the HSPCF-X is
performed as shown in Fig. 2. HSPCF-600 and HSP-
CF-700 show predominantly type-I adsorption and de-

10 um 1 um

Fig. 1 SEM images of PAN hollow-shaped carbon fibers of (a) surface

and (b) cross-section
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Fig. 2 (a) N, adsorption/desorption isotherms and (b) pore size distribu-
tion obtained from DFT method for HSPCF-X (X=600, 700, 800, 900)
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sorption curve, indicating that HSPCF-600 and HSP-
CF-700 have a mostly microporous structure (Fig. 2a).
HSPCF-800 and HSPCF-900 show combination of
type I and type IV adsorption and desorption iso-

therms®" >

, indicating that these two samples have a
hierarchical pore structure. As shown in Fig. 2b, the
peaks of HSPCF-600 and HSPCF-700 exist at 0.4,
0.6, 0.8 and 1.3 nm. Compared with HSPCF-600,
HSPCF-700 has higher peaks at these four locations,
which is due to the slow reaction at 600 °C. The de-
gree of reaction between carbon and KOH becomes
more intense with increasing temperature, and the
pore structure becomes more developed. In addition to
the pores with peaks at 0.4, 0.8 and 1.3 nm, HSPCF-
800 and HSPCF-900 have a pore size distribution at
the range of 1.4-3.7 nm and 1.4-5.5 nm, respectively.

HSPCF-900 has larger pore volume (1.56 cm’-g ")

(Table 1), because with the increase of activation tem-
perature, the reaction degree increases, the micropore
wall collapses, the pore size increases and gradually
develops into mesopores. In summary, in the range of
600-900 °C, the increase in temperature favors the ac-
tivation reaction and the pore size and volume gradu-
ally increase.

The pore structure parameters of each sample are
listed in Table 1. The specific surface area and pore
volume of the HSPCF-X increases significantly com-
pared with the untreated carbon fibers, and this in-
crease is also correlated with the increase of temperat-
ure in the range of 600-900 °C. The micropore area
shows a trend of increasing and then decreasing, up to
992.42 m*-g .

Fig. 3 shows the cycling performance curves of

the composite electrodes of hollow porous carbon

Table 1 Pore structure parameters of samples

Sample Sper(m’ g ') Shicrom’ ) Viulem’ g7) Vom(em® )
HSCF 0.19 - - -
HSPCF-600 323.31 260.19 0.16 0.021
HSPCF-700 566.05 449.23 0.28 0.045
HSPCF-800 2490.98 992.42 1.22 0.407
HSPCF-900 2813.15 95.90 1.56 1.131
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Fig. 3 Cycling performance curves of HSPCF-X/sulfur composite electrodes at current density of 1 C (1 C=1675 mA g'):
(a) HSPCF-600, (b) HSPCF-700, (c) HSPCF-800 and (d) HSPCF-900



% 14 NIU Jing-yi et al: Nitrogen doped hollow porous carbon fibers derived from polyacrylonitrile for Li-S------ - 147 -

fiber and sulfur under different activation temperature
conditions. After 100 cycles at 1675 mA-g ', Cou-
lombic efficiencies are about 100 %, and the specific
capacities of the materials obtained by activation
treatment at 600, 700, 800 and 900 °C are 246, 252,
330 and 220 mA-g ', respectively. The specific sur-
face area of HSPCF-800 is not the highest, from
which it can be concluded that when the carbon ma-
terial is used as the substrate, beyond a certain extent,
the increase in specific surface area does not necessar-
ily improve the specific capacity. The four charging
and discharging curves do not show a stable decaying
trend, which may be due to insufficient activation of
the cell or related to the change of ambient temperat-
ure during charging and discharging (Fig. 3a). In con-
clusion, the electrode obtained when activated at
800 °C has the highest specific capacity. Hereinafter,
HSPCEF is replaced by HSPCF-800.

Results from SEM, TEM and EDS were ob-
tained to analyze the porous structure of the N-HSP-
CF. From Fig. 4a, the sample diameter is reduced to
about 20 um after the treatment of hydrazine hydrate,
oxidation, carbonization and activation, and a clear
groove structure appears on the fiber’s surface
(Fig. 4b). The TEM image clearly shows a distinct
pore structure (Fig. 4c), which is formed due to the
chemical reaction of KOH with carbon. Elemental
mapping analysis (Fig. 4d,e) is carried out, where one

5pum

can see that the nitrogen and carbon elements are
mostly situated on the surface of the N-HSPCF. The
results confirm that after treatment with hydrazine hy-
drate and activation, nitrogen atoms and pore struc-
ture are successfully introduced into the fibers.

The pore structure characteristics of the prepared
porous carbon fibers (HSPCF and N-HSPCF) are
demonstrated (Fig. 5). Clearly, HSPCF and N-HSP-
CF show a type I +IV adsorption curve in Fig. 5a™*,
the adsorption curves are approximately vertical in the
low-pressure area, indicating the presence of massive
micropores in HSPCF and N-HSPCF; while the small
hysteresis loop suggests certain mesopores in them.
This is because KOH reacts with carbon fibers during
the activation process at 800 °C and generats a large
number of micropores, some of which even develop
into mesopores. The pore size distribution of HSPCF
and N-HSPCF in Fig. 5b illustrate their micropores
are mainly distributed at 0.80, 1.35 and 1.65 nm,
meanwhile, there are a certain amount of mesopores at
2.0-3.5 nm. This is consistent with adsorption-desorp-
tion curves. Besides, the mesopores content of N-
HSPCF is significantly less than that of N-HSPCEF,
which is caused by the secondary nitrogen enrich-
ment treatment. From the pore structure parameters of
HSPCF and N-HSPCF in Table 2, HSPCF has higher
specific surface area of 2491 m’-g ' than N-HSPCF
(1690 m*g™).

5um

Fig. 4 (a) SEM image of the surface of N-HSPCF, (b) Magnification of the white rectangle region in (a). (c) TEM image of N-HSPCF.

Elemental maps of (d) nitrogen and (e) carbon corresponding to (a)
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Table 2 Pore structure parameters of
HSPCF and N-HSPCF

Samples  Sper (072 ")  Spige (Mg ) Vg (cm® g ) Vg (em™g ™)
HSPCF 2491 992 122 0.41
N-HSPCF 1690 1307 0.84 0.12

The possible reason for this difference is that
after hydrazine hydrate treatment, the cross-linking re-
action occurs between PAN molecules to form a
cross-linked

. During the pre-oxidation process, due to

three-dimensional network of

structure®”

the occurrence of cyclization and dehydrogenation re-

5um
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(a) N, adsorption isotherms and (b) pore size distributions of HSPCF and N-HSPCF

actions, small molecules are released, molecular
chains are arranged more tightly, and the carbon skel-
eton shrinks. Following the carbonization process, the
carbon skeleton shrinks more obviously after further
dehydrogenation and cross-linking reactions.

Fig. 6a shows the morphology of the fibers blen-
ded with sulfur. The fiber still maintains the original
morphology after blending. The element mapping of
sulfur-loaded porous carbon fiber is shown in Fig. 6b,
¢. The sulfur is evenly distributed on the inner and

outer surfaces of the hollow porous carbon fiber shell

(d) —— HSPCF-800/S

Mass (%)
(2]
o

0 100 200 300 400 500 600
Temperature (°C)

Fig. 6 (a) SEM image of CFs/S, elemental mapping of (b) sulfur, (c) carbon, (d) TG curve of CFs/S composite
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wall, which also proves the existence of a large num-
ber of pore structures. At the same time, a thermogra-
vimetric analysis of the CFs/sulfur composites is per-
formed (Fig. 6d). It could be seen that a weight loss
of 75 wt.% occurred during the heating process, indic-
ating that the prepared composite material has high
sulfur loading with a sulfur content of 75 wt.%.

Fig. 7a shows the XPS full spectra of HSPCF
and N-HSPCF, the nitrogen content of HSPCF is
4.15 at%, while the nitrogen content of N-HSPCF af-
ter treatment with hydrazine hydrate is up to 8.81 at%.
Generally, the nitrogen functional groups include
pyridine nitrogen (N-P, 398.5 eV), hydroxy pyridine
and pyrrole nitrogen (N-X, 400.3 ¢V), graphitized ni-
trogen (N-Q, 401.2 eV) and pyridine nitrogen oxide
(N-0, 403-405 eV) as shown in Fig. 7b!">'72*2%] For

(a)
C:80.8 at.%

N: 8.81 at.% 0:10.39 at.%
L o. at./

N-HSPCF

C:83.55at.%

Intensity (a.u.)

0:12.31 at.%
N: 4.15 at.%

300 400 500 600
Binding energy (eV)

() HSPCF

394 396 398 400 402 404 406 408 410
Binding energy (eV)

HSPCF, the Nls spectrum can be divided into 3
peaks: N-X, N-Q and N-O, which account for 40.29%,
55.16% and 4.55%, respectively (Table 3). While for
N-HSPCEF, the N1s spectrum is fitted as N-P, N-X and
N-Q, accounting for 19.25%, 53.50% and 26.75%, re-
spectively. The differences in the types and contents
of nitrogen-containing functional groups for HSPCF
and N-HSPCF might be because hydrazine hydrate
can cross-link with PAN branches and form new
bonds™* ¥,

The CV and EIS tests are conducted to evaluate
the performance of HSPCF/S and N-HSPCEF/S elec-
trodes. The CV test is carried out at potential window
of 1.7-2.8 V. As shown in Fig. 8a, both curves have
two obvious reduction peaks and an oxidation peak,

which correspond to the reduction of sulfur to long-

@ N-HSPCF

394 396 398 400 402 404 406 408
Binding energy (eV)

Fig. 7 (a) XPS full spectra of HSPCF and N-HSPCF. (b) Types of nitrogen-containing functional groups. N1s spectra of (c) HSPCF and (d) N-HSPCF

Table 3 The content of surface nitrogen-containing functional groups for HSPCF and N-HSPCF

XPS (at. %) Nitrogen functional group (%)
Sample C N 0 N-P N-X N-Q N-O
HSPCF 83.55 4.15 12.31 - 40.29 55.16 4.55
N-HSPCF 80.80 8.81 10.39 19.25 53.50 26.75
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Fig. 8 (a) CV curves of cells with HSPCF/S electrodes and N-HSPCF/S electrodes at 0.15 mV-s ™. (b) EIS spectra of cells with HSPCF/S
electrodes and N-HSPCEF/S electrodes from 0.01 to 100 kHz

chain polysulfides (Li,S,, 4<x<8) around 2.3 V, and
further reduction into short-chain polysulfides and in-
soluble Li,S,/Li,S around 2.05 V. N-HSPCF/S
shows more intense redox peaks compared with HSP-
CF/S cells, indicating that the introduction of nitro-
gen-containing functional groups facilitates the con-

version of polysulfide!*”

. EIS is used to analyze the
cell internal resistance and charge-transfer resistance
of HSPCF and N-HSPCF'” as shown in Fig. 8b. The
Nyquist plots consist of a single semicircle in the

high-to-medium frequency region and an arc in the
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low frequency region, which include charge-transfer
resistance R, and a mass-transfer process”’.. After sec-
ondary nitrogen enrichment treatment, the value of R,
decreases, which indicate that the N-HSPCF/S elec-
trode has faster charge transfer process. Besides, the
N-HSPCEF/S electrode shows smaller internal resist-
ance compared with the HSPCF/S electrode.

The cycle performance curves of HSPCF/S and
N-HSPCEF/S electrodes at 1 C rate are shown in Fig. 9.
The initial specific capacity of HSPCF (Fig. 9a) is
only 330 mAh-g', and the initial specific capacity of
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b
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Fig. 9 Cycling performance, Coulombic efficiency and rate performance of (a,c) HSPCF/S electrodes and (b,d) N-HSPCF/S electrodes
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N-HSPCF/S modified by hydrazine hydrate (Fig. 9b)
increase to 420 mAh-g'. The result indicates that the
increase of nitrogen content in HSPCF can improve
the electrochemical performance. Because nitrogen
doping can improve the fiber surface polarity, wettab-
ility, conductivity and adsorption capacity™"**. More-
over, pyrrolic nitrogen and pyridine nitrogen have a
relatively high electron cloud density, which can
provide greater chemical bonding when combined
with polysulfides, thus contributing to the enhance-
ment of battery performance. The rate capability of
HSPCF and N-HSPCF at different rates is presented
in Fig. 9¢c, d. The current densities tested are from
0.1 to 2 C. The first discharge specific capacities of
HSPCF celectrodes at 0.1, 0.2, 0.5, 1, 2 and 5 C are
327.7, 234, 191, 145.5, 114.7 and 77.7 mAh-g ', re-
spectively. The first discharge specific capacities of
N-HSPCEF electrodes at 0.1, 0.2, 0.5, 1, 2 and 5 C are
501, 342.1, 291.9, 244.8, 213.4 and 174.1 mAh-g ',
respectively. The first specific capacities of N-HSP-
CF electrodes at different rate are significantly higher
than those of HSPCF electrodes, which illustrates that
HSPCF possesses better electrochemical performance.

The batteries with HSPCF and N-HSPCF are dis-
assembled after 100 cycles. As shown in the insets of
the Fig. 10, the PP separators of the HSPCF electrode
possess yellow color, but the PP separators of the N-
HSPCEF electrode remain pale yellow, which is due to
the shuttle effect. As illustrated in Fig. 10a, the HSP-
CF electrode surface are coated with block materials.
In contrast, the surface of the N-HSPCF electrode is
relatively clearer, implying the absence of massive

materials observed in Fig. 10b.

Fig. 10 SEM images of (a) HSPCF and (b) N-HSPCF electrode, insets of
the cycled PP separators respectively

4 Conclusion

Nitrogen doped hollow-shaped porous carbon
fiber (N-HSPCF/S) is successfully prepared by KOH
activation and hydrazine hydrate modification using
polyacrylonitrile as the precursor. It has a high specif-
ic surface area of 1 690 m*-g "' and nitrogen content of
8.81 at%. The abundant pore structures provide ample
active sites and simultaenously, nitrogen doping im-
proves the fibers' surface polarity, wettability, con-
ductivity and adsorption capacity. Consequently, N-
HSPCF/S shows good performance with an initial
specific capacity of 420 mAh-g ' at current density of
1 C when it is used as the electrode for the Li-S bat-

tery.
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