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1. Introduction

Nowadays, ever-increasing environmental 
pollution and energy shortage require-
ment have triggered tremendous concerns 
and global explorations to develop efficient 
energy conversion and storage systems, 
such as electrochemical water splitting, 
electroreduction of CO2, innovative bat-
teries, and supercapacitors.[1–5] Among 
them, supercapacitors, especially pseudo-
capacitors, have attracted wide attention 
and been regarded as one of the most 
perspective energy-storage systems due 
to their high power/energy density and 
fast charge/discharge processes. Bismuth 
chalcogenides (Bi2X3, where X = O, S, and 
Se) are a species of electrode materials 
employed in pseudocapacitors as they have 
multiplied intrinsic characteristics of envi-
ronmental friendliness, low cost, and nat-
ural abundance. Bismuth sulfide (Bi2S3), 
for example, has a narrow band gap of 
1.3 eV and high dielectric permittivity, 
making it potential candidate for super-
capacitor electrodes. However, the electro-
chemical energy-storage performance of 
bismuth sulfides is confined by their low 

The use of free-standing carbon-based hybrids plays a crucial role to help 
fulfil ever-increasing energy storage demands, but is greatly hindered 
by the limited number of active sites for fast charge adsorption/desorp-
tion processes. Herein, an efficient strategy is demonstrated for making 
defect-rich bismuth sulfides in combination with surface nitrogen-doped 
carbon nanofibers (dr-Bi2S3/S-NCNF) as flexible free-standing electrodes 
for asymmetric supercapacitors. The dr-Bi2S3/S-NCNF composite exhibits 
superior electrochemical performances with an enhanced specific capaci-
tance of 466 F g−1 at a discharge current density of 1 A g−1. The high per-
formance of dr-Bi2S3/S-NCNF electrodes originates from its hierarchical 
structure of nitrogen-doped carbon nanofibers with well-anchored defect-
rich bismuth sulfides nanostructures. As modeled by density functional 
theory calculation, the dr-Bi2S3/S-NCNF electrodes exhibit a reduced 
OH− adsorption energy of -3.15 eV, compared with that (–3.06 eV) of 
defect-free bismuth sulfides/surface nitrogen-doped carbon nanofiber 
(df-Bi2S3/S-NCNF). An asymmetric supercapacitor is further fabricated by 
utilizing dr-Bi2S3/S-NCNF hybrid as the negative electrode and S-NCNF 
as the positive electrode. This composite exhibits a high energy density 
of 22.2 Wh kg−1 at a power density of 677.3 W kg−1. This work demon-
strates a feasible strategy to construct advanced metal sulfide-based free-
standing electrodes by incorporating defect-rich structures using surface 
engineering principles.
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electrical conductivity and limited number of active sites, which 
stems from their poor electron transfer ability and severe self-
aggregation or even complete crystal/atomic structure.[6–8]

Recent studies illustrate that vacancy/defect engineering 
on the surface of metal sulfide/oxide is a potentially effective 
approach to achieve more active sites for surface redox reac-
tion and faster charge transfer ability in electrodes.[9–11] For 
instance, Liu et  al.[12] prepared a flexible electrode of oxygen-
defect bismuth oxide/graphene supported on bacterial cellulose 
by combined solvothermal and reduction processes to deliver 
an improved capacitance of 1137 F g−1 (based on oxygen-defect 
Bi2O3 active material). Zhai et al.[13] demonstrated that oxygen-
deficient MnO2 nanorods show a superior areal capacitance 
of 449 F g−1 with excellent rate capability and cycling stability, 
which is much more outstanding than that (96.2 F g−1) of pure 
MnO2 nanorods. To reveal the function of sulfur deficiency in 
Bi2S3, density functional theory (DFT) calculations are applied 
as a guide before the experiments. As shown in Figure 1a, the 
sulfur-deficient Bi2S3 exhibits obviously enhanced density of 
states (DOS) at the conduction band edge as compared to its 
pristine counterpart, which is beneficial to achieve promoted 
electrical conductivity. Meanwhile, the charge distribution in 
sulfur-deficient Bi2S3 is significantly disturbed after incorpora-
tion of sulfur deficiency in Bi2S3 crystal. As shown in Figure 1b, 
the charge densities around sulfur deficiency and neighboring 
bismuth atoms are weakened and enhanced, respectively, and 
this differential charge distribution can provide more active 
sites for electrochemical reactions.

Except for sulfur deficiency engineering in Bi2S3, con-
structing novel nanostructures can increase its specific surface 
area to provide more active sites. Our previous works have 
reported an effective strategy to fabricate advanced supercapac-
itor electrodes by constructing 3D networks between pseudo-
capacitive compound and porous conductive carbon nanofiber 
substrate.[14–16] Here, electrospinning is a mature and low-cost 
technique to fabricate 3D networks by stacking thousands of 
1D randomly oriented porous nanofibers, which can be con-
trolled and easily tailored (such as nanofiber diameter and 
surface tomography). By using an easily controlled carboniza-
tion process, well-maintained 3D carbon nanofiber networks 

can be obtained as templates for uniform dispersion of Bi2S3 
nanostructures. This strategy can endow Bi2S3 nanostruc-
tures with remarkable electrical interconnection and mechan-
ical integrity, leading to enhanced electrical conductivity and 
increased active sites for high-performance free-standing elec-
trodes in supercapacitors. Furthermore, the tactic of doping, 
such as nitrogen, sulfide, phosphorus, and oxygen atoms, can 
regulate the atomic-scale defects of sp3/sp2 carbons to obtain 
better interfacial connections between carbon nanofibers and 
Bi2S3 nanoparticles for a higher interfacial charge transfer 
rate.[17,18] In particular, the nitrogen heteroatom has been dem-
onstrated as a popular platform to tune the valence orbital 
energy levels between neighboring carbons, resulting in 
enhanced storage capability.[19–22]

In this work, we report a facile way to prepare defect-rich 
bismuth sulfides/surface nitrogen-doped carbon nanofibers 
(dr-Bi2S3/S-NCNF) as a flexible free-standing electrode for 
asymmetric supercapacitors (ASCs). The dr-Bi2S3/S-NCNF 
composite exhibits a superior electrochemical performance 
owing to its unique structures, consisting of surface nitrogen-
doped carbon nanofiber support that is uniformly covered by 
defect-rich bismuth sulfides nanoparticles. As the adsorption 
of electrolyte ions mainly happens on the outer surface of the 
materials, the S-NCNF electrode with more N-doped active sites 
on the surface of the carbon nanofibers exhibits an enhanced 
specific capacitance (280.1 F g−1 at 1 A g−1), by ≈3 times com-
pared with a pure carbon nanofiber electrode (about 82 F g−1  
at 1 A g−1). In addition, the dr-Bi2S3/S-NCNF composite dis-
plays enhanced specific capacitance of 466 F g−1 at a dis-
charge current density of 1 A g−1, high capacitance retention 
of 64.1% even at a high discharge current density of 8 A g−1, 
and excellent cycling stability of 81.5% after 1000 cycles. This 
high performance of dr-Bi2S3/S-NCNF electrode is due to the 
successful introduction of abundant defects into the surface 
of bismuth sulfides, which facilitates absorption of electrolyte 
ions with a reduced OH− adsorption energy of -3.15 eV than 
that (–3.06 eV) of defect-free bismuth sulfides/surface nitrogen-
doped carbon nanofiber (df-Bi2S3/S-NCNF). As a result, the 
asymmetric supercapacitor, by using dr-Bi2S3/S-NCNF com-
posite as a negative electrode and S-NCNF carbon nanofibers 
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Figure 1.  a) Calculated DOS for sulfur-deficient Bi2S3, and pristine Bi2S3. The shadowed region highlights the increased DOS at the conduction band 
edge of sulfur-deficient Bi2S3. b) The differential charge density of sulfur-deficient Bi2S3.
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as a positive electrode, shows a wider potential window of 
0~1.35 V and a high energy density of 22.2 W h kg−1 at a power 
density of 677.3 W kg−1, demonstrating its potential for applica-
tion in high-performance energy-storage devices.

2. Results and Discussion

The synthesis process to make dr-Bi2S3/S-NCNF is illustrated 
in Figure 2a. The electrospun urea-containing polyacryloni-
trile (u-PAN) nanofibers were first preoxidized and further 
carbonized with additional urea under a N2 flow, to obtain sur-
face nitrogen-doped carbon nanofibers (S-NCNF). Due to the 
nitrogen-rich structure of S-NCNF, the Bi2S3 precursor can 
be easily adsorbed on their surfaces. df-Bi2S3/S-NCNF were 
synthesized via a simple solvothermal method, while the dr-
Bi2S3/S-NCNF composite was achieved after high-temperature 
annealing treatment to increase the sulfur deficiencies. Field-
emission scanning electron microscopy (FESEM) was employed 
to study the morphologies of dr-Bi2S3/S-NCNF composite, as 
well as the S-NCNF and df-Bi2S3/S-NCNF composite. As shown 
in Figure 2b, the electrospun u-PAN nanofibers have an average 
diameter of about 800–900 nm. After successive preoxidation 
and carbonization, the average diameter of the electrospun 
u-PAN nanofibers is reduced to 400–500 nm, thus forming 

S-NCNF (Figure 2c,d). More importantly, thousands of surface 
nitrogen-doped carbon nanofibers are netted with each other 
to form a well-connected 3D network. This porous 3D network 
with abundant nitrogen doping on the carbon nanofiber sur-
faces not only enhances the ion diffusion ability in the inner 
space, but also provides more electrochemically active sites for 
electrolyte adsorption. This implies that it has potential for out-
standing energy storage performance when being incorporated 
into a supercapacitor. Moreover, the interconnected 3D architec-
ture acts as a mechanically robust substrate for uniform growth 
of bismuth  sulfide. In order to modify the electrochemical 
performance of hydrothermally synthesized df-Bi2S3/S-NCNF 
composite, a further annealing process was applied under a 
nitrogen atmosphere to introduce abundant sulfur defects on 
the surface of the dr-Bi2S3/S-NCNF composite. As shown in 
the SEM images in Figure 2e,f, the dr-Bi2S3 nanoparticles are 
still uniformly coated on the surface of S-NCNF, similar to df-
Bi2S3/S-NCNF composite (inset in Figure 2f), revealing the suc-
cess of annealing treatment without obvious distortion of the 
morphology. Further, the energy-dispersive X-ray spectroscopy 
mapping images (Figure S2, Supporting Information) demon-
strate the homogeneous spatial distribution of N, Bi, and S in 
the basal carbon nanofibers. More importantly, the as-treated 
dr-Bi2S3/S-NCNF composite membrane exhibits extraordinary 
flexibility (inset in Figure 2e) and can be used directly as an 
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Figure 2.  a) Schematic illustration of the preparation of dr-Bi2S3/S-NCNF composite. The FESEM images of b) the electrospun u-PAN nanofibers. 
c,d) S-NCNF with different magnification, and e,f) dr-Bi2S3/S-NCNF composite with different magnification [inset in panel (e): the digital photo of 
flexible dr-Bi2S3/S-NCNF composite membrane; inset in panel (f): the FESEM image of df-Bi2S3/S-NCNF composite]. g) HR-TEM image of dr-Bi2S3/S-
NCNF composite.
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electrode in a supercapacitor. To further investigate the crystal 
structure of the as-prepared dr-Bi2S3/S-NCNF, high-resolution 
transmission electron microscopy (HR-TEM) analysis was per-
formed. The clear lattice fringes shown in Figure 2g have an 
interplanar spacing of 0.36 nm, which is attributed to the (130) 
plane of Bi2S3 nanoparticles.

To confirm the phase structure of the different materials, the 
X-ray diffraction (XRD) patterns are shown in Figure 3a. The 
dr-Bi2S3/S-NCNF, df-Bi2S3/S-NCNF composites, and pure Bi2S3 
aggregates display four distinct characteristic peaks of Bi2S3 
((130) at 2θ  = 13.2°, (211) at 2θ  = 31.9°, (221) at 2θ  = 38.1°, 
(431) at 2θ  = 46.2°), which is in agreement with JCPDS card 
No. 17–0320.[23] Furthermore, a broad peak ranging from 20° 
to 30° was observed in the XRD pattern of Bi2S3/S-NCNF com-
posite, which is attributed to the amorphous carbon nanofibers 
(JCPDS card no. 01–0646). The surface compositions of the dif-
ferent samples are also reflected in Raman spectra as shown in 
Figure S3 in the Supporting Information. The ID/IG ratios show 
the degrees of defects in carbonaceous materials for S-NCNF, 
NCNF, and pure carbon nanofibers (CNF) are 2.05, 1.79, and 
1.49, respectively. The computational results indicate that the 
S-NCNF possesses more disorders or defects than those of the 
NCNF and pure CNF, resulting from the incorporation of more 
N-doped active sites on the surface of the carbon nanofibers.[24] 
X-ray photoelectron spectroscopy (XPS) was utilized to inves-
tigate the surface chemical compositions and valence states 
of the dr-Bi2S3/NCNF composite, as well as the S-NCNF. The 
full-survey scan spectrum (Figure 3b) exhibits the characteristic 

peaks for C, N, O, S, and Bi as the principal elemental com-
ponents. According to the XPS, the N 1s spectrum (Figure 3c) 
shows that the nitrogen atom has been incorporated into the 
surface of carbon nanofibers and is mainly present in three 
forms centered at 398.4, 399.8, and 401.1 eV, corresponding 
to the pyridine-like (N-6), pyrrolic-like (N-5), and graphitic-like 
(N–Q) nitrogens, respectively.[25] The nitrogen contents in pure 
CNF, NCNF, and S-NCNF were calculated to be 2.27%, 4.08%, 
and 6.99%, respectively (Figure S4c, Supporting Information). 
Meanwhile, the portions of each N-configuration within pure 
CNF, NCNF, and S-NCNF are shown graphically in Figure S4d  
in the Supporting Information. The results demonstrate that 
S-NCNF has achieved an inhomogenous nitrogen-doped 
carbon nanofiber structure with relatively poor nitrogen-doping 
and rich nitrogen-doping inside the carbon nanofibers and 
on the surface of carbon nanofibers, respectively. This unique 
nitrogen-doped carbon nanofibers are totally different from 
the nitrogen-doped carbon materials reported previously,[26,27] 
proving the superiority of the two-step nitrogen-doping pro-
cesses, which is beneficial to enhance its energy-storage per-
formance due to the extra active sites on the surface of the 
carbon nanofibers. Apart from the S 2p peak (Figure 3d), both 
dr-Bi2S3/S-NCNF and df-Bi2S3/S-NCNF composites also show 
several peaks belonging to Bi 4f (Bi 4f5/2: 159.3 and 164.6 eV; 
Bi 4f7/2: 163.6 and 158.3 eV).[28] This provides direct evidence of 
the successful formation of Bi2S3. It should be noted that both 
S 2p3/2 and S 2p1/2 peaks of the dr-Bi2S3/S-NCNF composite 
(Figure  3d) move to relatively lower binding energies with an 
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Figure 3.  a) X-ray diffraction patterns of dr-Bi2S3/S-NCNF, df-Bi2S3/S-NCNF composites, S-NCNF, and pure Bi2S3. b) XPS survey spectrum of dr-Bi2S3/S-
NCNF composite. c) High-resolution spectrum of the N 1s peak of dr-Bi2S3/S-NCNF composite. d) High-resolution spectra of the Bi 4f and S 2p peaks 
of dr-Bi2S3/S-NCNF, df-Bi2S3/S-NCNF composites.
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energy shift of 0.1 eV, indicating the successful incorporation 
of sulfur deficiencies in the dr-Bi2S3/S-NCNF composite.[29–31] 
In comparison, there are no discernible variations in the Bi 4f 
peak, indicating no deficiency of Bi atoms in the dr-Bi2S3/S-
NCNF composite. In order to further study the quantity of 
sulfur deficiencies, the S/Bi atom ratios in both dr-Bi2S3/S-
NCNF and df-Bi2S3/S-NCNF composites were determined 
from the XPS data. As shown in Figure S5 in the Supporting 
Information, we found that the atom ratio of the S/Bi in df-
Bi2S3/S-NCNF composite is fixed to 1.51, which matches well 
with defect-free Bi2S3 crystal. This value decreases to 1.28 for 
dr-Bi2S3/S-NCNF composite after high-temperature annealing 
treatment, providing convincing evidence for the presence of 
sulfur deficiencies in the dr-Bi2S3/S-NCNF composite.

The electrochemical behaviors of S-NCNF, df-Bi2S3/S-NCNF, 
and dr-Bi2S3/S-NCNF electrodes were first evaluated under a 
three-electrode system by using 6 m KOH aqueous solution as 
an electrolyte. As shown in Figure 4a, cyclic voltammograms 
(CVs) curves of various carbon nanofiber electrodes (i.e., pure 
CNF, NCNF, and S-NCNF) display near-rectangular shapes 
at a scan rate of 20 mV s−1, suggesting that the capacitance 
mainly arises from the ion adsorption/desorption on the sur-
face of carbon nanofibers. In contrast with the CV curves of 
pure CNF and NCNF electrodes, the S-NCNF electrode shows 
a larger CV area, which indicates its much larger capacitance. 
It is because of the plentiful N-doped species on the carbon 
nanofibers can tune its surface valence orbital energy levels, 
to provide more active sites for enhanced ion adsorption/diffu-
sion ability. Moreover, the CV curves of the S-NCNF electrode 
exhibit excellent shape preservation even at a high scan rate of 
200 mV s−1 (Figure 4b), indicating its good rate stability. Linear 

galvanostatic charge–discharge (GCD) curves of S-NCNF 
electrode at various current densities are shown in Figure 4c, 
from which the specific capacitance can be calculated to be 
280.1 F g−1 at 1 A g−1 (specific capacitance based on CV curves 
in Figure S8 in the Supporting Information). This high per-
formance is superior or comparable with previously reported 
values of carbon-based electrodes, such as nitrogen-doped 
porous carbon nanofibers (245 F g−1 at 1 A g−1),[32] metal–
organic framework derived carbons (251 F g−1 at 5 mV s−1),[33] 
nitrogen-doped graphene aerogels (223 F g−1 at 0.2 A g−1),[34] 
and 3D porous framework-like N-doped carbon (260 F g−1 at 
1  A g−1).[35] As shown in Figure 4d, acceptable capacitance 
retention is observed for the S-NCNF electrode when the cur-
rent density were increased to 8 A g−1, which is even better than 
that (49.7%) for the pure CNF electrode. Further, no obvious 
decrease is observed after 5000 cycles at a constant scan rate of 
200 mV s−1, showing outstanding capacitance retention above 
97% (Figure S9, Supporting Information). These results mean 
that the two-step nitrogen-doping process is a novel and effi-
cient method to boost the overall performance of carbon-based 
materials toward supercapacitors.

To go further, the CV curves of dr-Bi2S3/S-NCNF electrode 
at different scan rates ranged from 5 to 100 mV s−1 are shown 
in Figure 5a, from which obvious characteristic redox peaks 
of Bi2S3 are observed at a potential window of –0.95 to –0.4 V. 
In addition, the voltage plateaus at –0.8 to –0.7 V in the galva-
nostatic charge–discharge curves of dr-Bi2S3/S-NCNF elec-
trode (Figure 5b) reveal its typical pseudocapacitive behav-
iors. The specific capacitance was calculated to be 466 F g−1 at 
a discharge current density of 1 A g−1 (based on Equation (2)), 
which is considerable compared to the Bi2S3-based electrodes 
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Figure 4.  a) CV curves of CNF, NCNF, and S-NCNF at a scan rate of 20 mV s−1. b) CV curves of S-NCNF at various scan rates. c) Galvanostatic charge–
discharge curves at various current densities for S-NCF nanofibers. d) Specific capacitance of S-NCNF and CNF nanofibers at various current densities.
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reported previously (Table  S1, Supporting Information), such 
as Bi2S3 nanorods-reduced graphene oxide nanosheet compos-
ites (396 F g−1 at 1 A g−1),[36] Bi2S3/PbS solid solution in nano-
composites (402.4 F g−1 at 1 mA cm−2),[37] and Bi2S3 nanorods 
(290 F g−1 at 1 A g−1).[38] The specific capacitance, calculated by 
CV curves, is provided in Figure S8 in the Supporting Informa-
tion. Furthermore, even at a high current density of 8 A g−1, 
64.2% (299 F g−1) of the initial capacitance is still retained for 
dr-Bi2S3/S-NCNF electrode (Figure 5c), indicating its acceptable 
rate capability. Nyquist plots of S-NCNF, df-Bi2S3/S-NCNF, and 
dr-Bi2S3/S-NCNF electrodes are shown in Figure 5d. The electro-
chemical impedance spectroscopy (EIS) measurements were car-
ried out at the open-circuit potential in the frequency range from 
100 kHz to 0.01 Hz. Compared to the df-Bi2S3/S-NCNF elec-
trode, the dr-Bi2S3/S-NCNF electrode shows a reduced charge-
transfer resistance in the high-frequency region, indicating their 
fast ion diffusion and low charge-transfer resistance. Cycling sta-
bility is another standard to evaluate the property of an electrode 

material. The CV curve at a current density of 200 mV s−1 for 
1100 cycles is shown in Figure 5e. The result shows that the 
capacitance retention increases in the first 500 cycles owing to an 
activation process and even remains at 81.5% of the initial capac-
itance after 1000 cycles (Figure S10, Supporting Information), 
indicating its outstanding cycling stability for long time usage.

Compared with a df-Bi2S3/S-NCNF electrode, the dr-Bi2S3/S-
NCNF electrode exhibits an enhanced electrochemical per-
formance of higher specific capacitance, higher rate stability, 
and lower resistance, which can be attributed to the following 
reasons. First, the synergistic effect of uniform dispersion of 
defect-rich bismuth sulfide on the surface of nitrogen-doped 
carbon nanofibers (Figure 5f) results into an increased specific 
surface area, which can maximize the contact area of the active 
material and electrolyte. Second, a slight peak shift of about 
39 mV is observed for a dr-Bi2S3/S-NCNF electrode (Figure 5g), 
indicating its better reversibility in the redox processes than 
that of a df-Bi2S3/S-NCNF electrode, which is ascribed to the 
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Figure 5.  a) CV curves of dr-Bi2S3/S-NCNF composite at various scan rates. b) Galvanostatic charge–discharge curves at various current densities 
for dr-Bi2S3/S-NCNF composite. c) Specific capacitance of dr-Bi2S3/S-NCNF composite at various current densities. d) Nyquist plots of S-NCNF,  
df-Bi2S3/S-NCNF, and dr-Bi2S3/S-NCNF. e) The long-term cycling performance of dr-Bi2S3/S-NCNF composite at a scan rate of 200 mV s−1. f) Illustra-
tion of the electrochemical processes for dr-Bi2S3/S-NCNF composite. g) CV curves of pure Bi2S3, df-Bi2S3/S-NCNF, and dr-Bi2S3/S-NCNF composites 
at a scan rate of 20 mV s−1. h) Schematic reaction pathway of dr-Bi2S3/S-NCNF.
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successful incorporation of sulfur deficiencies on its surface for 
faster electrolyte ion adsorption. This sulfur deficiencies derived 
advantage is also revealed by the density functional theory cal-
culation. As shown in Figure 5h, the dr-Bi2S3/S-NCNF exhibits 
much lower OH− ion adsorption energy of -3.15 eV than that 
(–3.06 eV) of the df-Bi2S3/S-NCNF, indicating that the initial 
electrode-OH− state can easily occur on the surface of the dr-
Bi2S3/S-NCNF electrode to accelerate the following Faradaic 
reaction (based on Equation (1)):

Bi S OH Bi S OH e2 3 2 3+ → +− − � (1)

Finally, the 3D network of dr-Bi2S3/S-NCNF electrode, 
stacked by highly conductive surface nitrogen-doped carbon 
nanofibers, provides efficient pathways for fast ion-diffusion 
and electron-transport, making it a potential for the next-gener-
ation electrode materials for use in supercapacitors.

An asymmetric supercapacitor was further fabricated by uti-
lizing dr-Bi2S3/S-NCNF hybrid as the negative electrode and 
S-NCNF as the positive electrode (Figure 6a), which is denoted 
as a dr-Bi2S3/S-NCNF//S-NCNF device. Due to the collective 
contribution of the electric double-layer capacitance and pseu-
docapacitance, an asymmetric supercapacitor can achieve a 
higher operating voltage of 1.35 V. The CV shape (Figure 6b) 
can still be seen clearly even at a high scan rate of 200 mV s−1, 
reflecting the fast charge–discharge properties of the ASC. This 
performance is in agreement with the galvanostatic charge–
discharge curves at various current densities from 1 to 8 A g−1  
(Figure 6c). In addition, the specific capacitances based on 
the total mass of ASC can be calculated based on the GCD, the 
typical data of which are plotted in Figure 6d. The ASC device 

displays a high specific capacitance of 87.8, 81.1, 71.2, and 
60.7 F g −1 at various current densities of 1, 2, 4, and 8 A g−1, 
respectively. Meanwhile, the specific capacitance of CV curves 
was shown in Figure S8 in the Supporting Information. It 
should be noted that this device also displays good capacitance 
retention of 69.1%, which is closely related to the unique struc-
ture constructed by surface nitrogen-doped carbon nanofibers 
and bismuth sulfide nanoparticles with sulfur deficiencies on 
its surface. The energy and power densities of the as-fabricated 
device were also calculated based on the galvanostatic discharge 
plots in Figure 6c [based on Equations (3) and (4)]. Impres-
sively, with an acceptable operating voltage of 1.35 V, the as-fab-
ricated dr-Bi2S3/S-NCNF//S-NCNF asymmetric supercapacitor 
device exhibits a maximum energy density of 22.2 Wh kg−1 at a 
power density of 677.3 W kg−1 and still maintains 16.4 Wh kg−1 
at a high power density of 5317 W kg−1 (Figure 6e). This high-
energy storage performance is superior to those of previously 
reported asymmetric supercapacitor devices, such as Co9S8//
activated carbon (AC) device (11.2 Wh kg−1, at a power density of 
222.2 W kg−1),[39] CuS microspheres//AC device (15.1 Wh kg−1, 
at 392.9W kg−1),[40] nickel cobalt oxide–reduced graphite oxide-
activated carbon device(NiCo2O4–rGO/AC) (23.3  Wh kg−1, at 
324.9 W kg−1),[41] and Bi2O3//MnO2 device (9.1 Wh kg−1, at 
3370 W kg−1).[42] Furthermore, the durability of the as-assem-
bled ASC device was also evaluated after 2000 cycles, and the 
ASC device still can keep a high capacitance retention of 118% 
(Figure 6f and Figure S10, Supporting Information), which 
is comparable to those of other ASC devices. The above per-
formance indicates that the dr-Bi2S3/S-NCNF//S-NCNF elec-
trodes are promising candidates for the next-generation energy 
storage applications.

Small 2018, 14, 1801562

Figure 6.  a) Schematic representation of the assembled structure of an asymmetric supercapacitor based on dr-Bi2S3/S-NCNF composite as negative 
electrode material and S-NCNF as positive electrode material. b) CV curves at various scan rates, and c) galvanostatic charge–discharge curves at 
various current densities for the assembled asymmetric supercapacitor. d) Specific capacitance and the corresponding capacitance retention of the as-
assemble dr-Bi2S3/S-NCNF//S-NCNF ASC device at different current densities. e) Ragone plots of the as-assembled ASC device and recently reported 
values for comparison. f) The long-term cycling performance of the device at a scan rate of 200 m V s−1.
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3. Conclusions

In summary, the defect-rich Bi2S3 was fabricated on surface 
nitrogen-doped carbon nanofibers via a simple solvothermal 
method followed by high-temperature annealing. The sulfur 
deficiency was successfully introduced into Bi2S3 by the 
annealing treatment. The dr-Bi2S3/S-NCNF composite exhibits 
superior electrochemical performance with an enhanced-
specific capacitance of 466 F g−1 at a discharge current den-
sity of 1  A  g−1, a high capacitance retention of 64.1% even 
at a high-discharge current density of 8 A g−1, and excellent 
cycling stability of 81.5% retention after 1000 cycles. The high 
performance of dr-Bi2S3/S-NCNF electrode originates from its 
unique hierarchical structure of surface nitrogen-doped carbon 
nanofibers with well-anchored sulfur-defect bismuth sulfides, 
leading to a reduced OH− adsorption energy of -3.15 eV as 
assessed by density functional theory calculation. An asym-
metric supercapacitor is assembled by using dr-Bi2S3/S-NCNF 
composite as negative electrode and S-NCNF as positive elec-
trode, which exhibits a wide potential window between 0 and 
1.35 V with a high-energy density of 22.2 Wh kg−1 at a power 
density of 677.3  W  kg−1, demonstrating its potential applica-
tions in high-performance energy-storage devices.

4. Experimental Section
Materials: Polyacrylonitrile (PAN) (Mw  = 150 000 g mol−1) was 

purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF), 
bismuth nitrate pentahydrate [(Bi(NO3)3·5H2O], and thiourea were all 
purchased from Sinopharm Chemical Reagent Co. All the other reagents 
were purchased from Sinopharm Chemical Reagent Co. Ltd and used as 
received without further purification.

Preparation of Hybrid Membranes: The preparation process 
of nitrogen-doped nanofiber hybrid membranes is illustrated in 
Figure  2a. The PAN nanofiber membrane was first prepared through 
a facile single-nozzle electrospinning technique using a commercial 
electrospinning system (UCALERY Beijing Co., Ltd, China). Typically, 
0.5 g of PAN and 0.25 g of urea were dissolved in 4.25 g of DMF at room 
temperature under magnetic stirring to form a viscous homogeneous 
precursor solution and then loaded into a 5 mL plastic syringe. The 
electrospinning process was carried out at a high voltage of 20 kV at 
a feeding rate of 0.1 mm min−1 through a stainless-steel needle, which 
had an inner diameter of 0.5 mm. The u-PAN nanofiber membranes 
were positioned 21 cm away from the aluminum drum collector. Then, 
the preoxidized process of the generated u-PAN nanofiber membrane 
was generated at 180 °C in air atmosphere for 1 h with a heating 
rate of 1  °C min−1. The preoxidized u-PAN membranes were further 
carbonized in a conventional tube furnace under a nitrogen atmosphere 
at 800 °C for 2 h with a heating rate of 5 °C min−1 and are denoted as 
NCNF. The carbonization process of S-NCNF was the same as NCNF 
process, except by adding an external urea precursor with a mass ratio 
of 5:1 (u-PAN to urea). In addition, pure CNF was obtained by a direct 
preoxidization and carbonization processes of the electrospun PAN 
nanofiber membrane.

Preparation of Bi2S3/S-NCNF Hybrid Composites: In a typical synthesis, 
0.97 g of Bi(NO3)3 and 0.23 g of thiourea were separately dissolved in 
a mixed solvent of 25 mL ethylene glycol and 15 mL ethanol. Then, the 
as-prepared S-NCNF membranes were immersed in the above-mixed 
solution, and then transferred into an 80 mL Teflon-lined stainless-steel 
autoclave for hydrothermal reaction (180 °C, 18 h). After cooling to 
room temperature, the sample was washed with ethanol and distilled 
water several times, then dried at 80 °C overnight. The obtained sample 
was denoted as defect-free bismuth sulfides/surface nitrogen-doped 

carbon nanofiber (df-Bi2S3/S-NCNF) composite. After high-temperature 
annealing treatment of df-Bi2S3/S-NCNF composite at 450 °C for 
10  h, the defect-rich bismuth sulfides/surface nitrogen-doped carbon 
nanofiber (dr-Bi2S3/S-NCNF) composite was successfully synthesized 
with mass of 0.75 mg cm−2. Furthermore, pure Bi2S3 powder was 
prepared via the same steps for comparison. The overall synthesis 
procedure for Bi2S3/S-NCNF composites is shown in Figure 2a.

Materials Characterization: The morphology of the nitrogen-doped 
carbon nanofibers and Bi2S3/CNF hybrid composites was observed 
by FESEM (Ultra 55) and transmission electron microscopy (Tecnai 
G2 20 TWIN). XRD patterns were measured using an X’Pert Pro X-ray 
diffractometer equipped with Cu Kα radiation (λ  = 0.1542 nm) at a 
current of 40 mA and voltage of 40 kV. The Raman spectra were collected 
using a LabRAM-HR Confocal Laser Micro Raman Spectrometer with a 
532 nm laser diode as the excitation source. XPS analyses were made 
with a VG ESCALAB 220I-XL device. The curve fitting of all XPS spectra 
was accomplished using XPS Peak 4.1 software. All XPS spectra were 
corrected according to the C1s line at 284.6 eV, while curve fitting and 
background subtraction were accomplished using the RBD AugerScan 
3.21 software provided by RBD Enterprises. Thermogravimetric analysis 
(TGA, Pyris 1 TGA, Perkin Elmer) was performed in air from 100 to 
800 °C at a heating rate of 10 °C min−1 in order to measure the mass 
content of Bi2S3 in the composites. EIS was performed using a CHI 
660D electrochemistry workstation by applying AC amplitude of 5 mV 
over the frequency ranged from 100 kHz to 10 mHz.

Theoretical Calculation: DFT computations were performed using 
the plane-wave technique implemented in Vienna ab initio simulation 
package. The projector-augmented plane-wave approach[43] was applied 
to describe the ion−electron interactions. The generalized gradient 
approximation expressed by Perdew–Burke–Ernzerhof[44] and a 500 eV 
cutoff for the plane-wave basis set were adopted in all computations. 
The geometry optimizations were performed by using the conjugated 
gradient method, and the convergence threshold was set to be 10−5 eV 
in energy and 10−3 eV Å−1 in force. The Brillouin zone was sampled with 
an 8 × 6 × 1 centered k-points grid.[45]

Electrochemical Measurements: Electrochemical measurements were 
carried out in 6 M KOH aqueous solution on an electrochemical working 
station (CHI600D, Chenhua Instruments Co. Ltd., Shanghai) with a 
standard three-electrode setup where Ag/AgCl as the reference electrode 
and Pt wire counter electrode, respectively. CVs under various scan 
rates were obtained from –0.95 to –0.4 V and –0.5 to 0.4 V for N-doped 
nanofibers and Bi2S3/CNF composites, respectively. GCD testing was 
performed under different current densities between −0.95 to –0.4 V and 
–0.5 to 0.4 V for Bi2S3/CNF composites and N-doped carbon nanofibers, 
respectively. The EIS measurements were conducted by using a CHI 
660D electrochemistry workstation by applying an AC amplitude of 5 mV 
in the frequency ranging from 10 mHz to 100 kHz. Specific capacitance 
of the electrodes can be calculated from galvanostatic charge–discharge 
curves according to the following equation:

c I t
m V

= × ∆
×

� (2)

where I is the current (A), V is the potential (V), m is the mass of 
electroactive materials (g), and Δt is the discharge time (s).

The ASC was constructed from a two-electrode setup by using 
Bi2S3/S-NCNF composites as the negative electrode material and 
doped nanofibers as the positive electrode material. It is significant to 
balance the capacitance according to the specific capacitances obtained 
from the three-electrode system of the two electrodes. The mass-ratio 
of negative electrode and positive electrode was decided according to 
the charge balance Equation (5). Galvanostatic charge–discharge curves 
were measured at different current densities varied from 1 to 8 A g−1 
to evaluate the energy density and power density of the asymmetric 
supercapacitor by using Equations (3) and (4):

1
2

2E C V= × × � (3)
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P E
t

= ∆
� (4)

m
m

C V
C v

= ×
×

+

−

− −

+ +
� (5)

where C is the specific capacitance (F g−1), V is the potential (V), ▵t is 
the discharge time (s), E is the energy density (Wh kg −1), and P is the 
power density (W kg −1).
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