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Abstract: A simple and versatile method for general synthesis
of uniform one-dimensional (1D) MxCo3¢xS4 (M = Ni, Mn,
Zn) hollow tubular structures (HTSs), using soft polymeric
nanofibers as a template, is described. Fibrous core–shell
polymer@M-Co acetate hydroxide precursors with a control-
lable molar ratio of M/Co are first prepared, followed by
a sulfidation process to obtain core–shell polymer@MxCo3¢xS4

composite nanofibers. The as-made MxCo3¢xS4 HTSs have
a high surface area and exhibit exceptional electrochemical
performance as electrode materials for hybrid supercapacitors.
For example, the MnCo2S4 HTS electrode can deliver specific
capacitance of 1094 Fg¢1 at 10 A g¢1, and the cycling stability is
remarkable, with only about 6% loss over 20000 cycles.

Metal sulfides, including binary and mixed-metal sulfides,
represent a unique class of important multifunctional materi-
als which can be used in many applications such as electro-
catalysts for hydrogen evolution reactions, electrode materi-
als for lithium-ion/sodium-ion batteries, and hybrid super-
capacitors (HSCs).[1, 2] Among these metal sulfides, consid-
erable attention has been paid to ternary Ni-Co sulfides as
promising electrode materials for HSCs.[3,4] In addition, the
band gap of Ni-Co sulfides is lower than that of their
counterparts, ternary Ni-Co oxides, thus suggesting the higher
conductivity of Ni-Co sulfides.[4]

Hollow micro-/nanostructures are of great interest as
a unique family of functional materials with well-defined
interior voids and functional shells.[5] Their unique structural
merits include large surface area, high pore volume, and low
density, thus endowing them with the potential to be used in
many fields, including catalysis, gas sensors, energy conver-
sion, and storage systems.[6–12] As a result, there has been an
increasing demand for simple and controllable synthesis of
hollow nanostructured materials.[13–15] In particular, one-
dimensional (1D) hollow tubular structures (HTSs) have
been considered as promising hollow structures. For example,
we have recently used 1D carbon and copper nanofibers to
synthesize HTSs of metal oxides with a designed composi-

tion.[16, 17] However, it is challenging to extend these 1D
templates to produce HTSs of metal sulfides for different
applications.

Herein, we report a general approach for preparing
uniform 1D HTSs of MxCo3¢xS4 (M = Ni, Mn, Zn) using a soft
fibrous polymeric template of polyacrylonitrile (PAN). The
synthetic approach to 1D HTSs of MxCo3¢xS4 is schematically
shown in Figure 1 (experimental details are available in the
Supporting Information). First, soft PAN nanofibers, for use

as the template, are prepared by electrospinning, followed by
a precipitation strategy to obtain uniform fibrous core–shell
PAN@M-Co acetate hydroxide composite precursors with
a controllable molar ratio of M/Co.[18] Second, the as-
prepared precursors can be sulfidized into core–shell PAN@-
MxCo3¢xS4 composite nanofibers. Third, PAN nanofibers can
be easily dissolved in N,N-dimethylformamide (DMF) to
obtain well-defined MxCo3¢xS4 HTSs. Compared with other
templates, which are usually removed by dissolution in acid/
base or calcination in air, this soft polymeric template has
many important advantages, including uniform morphology,
flexible structure, copious functional groups, and easy
removal in a suitable solvent at relatively low temperature.
Importantly, the obtained uniform MxCo3¢xS4 HTSs exhibit
exceptional electrochemical properties when evaluated as
electrode materials for HSCs.

Figure 2 shows the morphological characterizations of the
PAN nanofibers and derived HTSs, by using NiCo2S4 as
a typical example. As shown in Figure 2a (see Figure S1 in the
Supporting Information), uniform PAN nanofibers with
a smooth surface and a diameter of about 200 nm can be

Figure 1. Schematic illustration of the formation of MxCo3¢xS4 nano-
tubes by using PAN nanofibers as soft templates: I) Growth process of
M-Co precursors on PAN nanofibers. II) Solution sulfidation process.
III) Removal of template in DMF.
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obtained by electrospinning. After refluxing, the surface of
PAN nanofibers becomes rough (Figure 2b, and see Fig-
ure S2a in the Supporting Information), thus indicating the
deposition of Ni-Co acetate hydroxide onto the PAN surface.
The inset in Figure 2b shows a typical transmission electron
microscopy (TEM) image of the PAN@Ni-Co precursor
composite material, and it clearly shows the core–shell
structure of the composite nanofibers with a larger fiber
diameter of about 300 nm (see Figure S3 in the Supporting
Information). The deposition of the precursor on the surface
of PAN nanofibers is mainly due to the existence of functional
groups (CN) within PAN nanofibers. The X-ray diffraction
(XRD; see Figure S4 in the Supporting Information) pattern
of the prepared precursors shows a tetragonal Ni-Co acetate
hydroxide phase. After sulfidation treatment in a thio-
acetamide (TAA) solution, the 1D morphology is perfectly
retained as shown in Figure 2c. Furthermore, a well-defined
core–shell structure of PAN@NiCo2S4 can still be observed
(Figure 2d), thus suggesting that the PAN core can maintain
its structural integrity during the sulfidation process and
growth of the NiCo2S4 shell. After treatment in DMF, the
PAN core is completely removed to generate 1D HTSs with
lengths of up to several micrometers, as revealed by the field-
emission scanning electron microscopy (FESEM) image
(Figure 2e). TEM studies clearly show the well-defined
tubular structure with a shell thickness of about 50 nm
(Figure 2 f), which is consistent with FESEM observations.
From the high-resolution TEM image (inset of Figure 2 f), the
resolved interplanar distance of 0.235 nm is ascribed to the
(400) plane of NiCo2S4. XRD analysis shows that a heating
treatment of the prepared materials under a nitrogen atmos-
phere increases the degree of crystallinity of the samples, thus
yielding a pure NiCo2S4 phase of the products (JCPDS card
no. 20-0782; see Figure S4). Energy-dispersive X-ray (EDX)
results show that the Ni/Co atomic ratio of the synthesized
NiCo2S4 HTSs is about 1:2.1, which is very close to the
theoretical composition (see Figure S5 in the Supporting
Information). The nitrogen sorption measurement suggests
the existence of porous structures,[19] with pore sizes mostly
below 20 nm (see Figure S6 in the Supporting Information),
which gives rise to a high Brunauer-Emmett-Teller (BET)
specific surface area of about 108.4 m2 g¢1.

The relative Ni/Co composition in the Ni-Co acetate
hydroxide can be easily altered by adjusting the molar ratio of
Ni/Co in the starting materials (see Figure S2). After sulfida-
tion (see Figure S7 in the Supporting Information), the
corresponding HTSs of NixCo3¢xS4 (e.g., Ni2CoS4, CoSx, and
NiSx) can be prepared as shown in Figure 3a,d (see also

Figure S8 in the Supporting Information). More importantly,
this approach can also be extended to synthesizing HTSs of
many other mixed-metal sulfides such as ZnCo2S4 (Fig-
ure 3b,e) and MnCo2S4 (Figure 3c,f) from their correspond-
ing precursors (see Figures S9 and S10 in the Supporting
Information). The composition of the as-made HTS is
confirmed by EDX and XRD analysis (see Figures S11 and
S12 in the Supporting Information). These results show that
the present strategy is very effective, versatile, and general,
and can be used to prepare HTSs of many functional mixed-
metal sulfides, with controllable composition, for different
applications.

These 1D HTSs of mixed-metal sulfides can find uses in
many applications. Here we evaluate their promising appli-
cation as electrodes for HSCs. Figure 4a shows typical cyclic
voltammograms (CV) of NiCo2S4 and MnCo2S4 HTS electro-
des at a scan rate of 2 mVs¢1 in a voltage window of 0 to
0.55 V versus a standard calomel electrode (SCE). It is clear
that two distinct pairs of redox peaks can be seen in the CV
curves. These well-defined peaks can be ascribed to the
reversible Faradaic redox processes of MS/MSOH and
MSOH/MSO.[4,20] Furthermore, in comparing two CV curves
for MnCo2S4 and NiCo2S4, the first cathodic peak in the CV
curves shifts to a more-negative potential when replacing Ni
with Mn. As expected, the shift in the peak positions for both
electrodes is also observed when increasing the sweep rate
from 2 to 50 mVs¢1 (see Figures S13a and S14a in the
Supporting Information). Figure 4b shows the galvanostatic
charge/discharge voltage profiles in the potential range of 0–
0.5 V at a current density of 5 Ag¢1, with two distinct voltage
plateaus in the charge and discharge processes for both
electrodes, and they are in good agreement with the CV
results. In principle, it might be more appropriate to report
the charge stored in such battery-type electrodes as specific
capacities.[21] For easy comparison with numerous works
reported in recent literature, we present the data as specific

Figure 2. FESEM and TEM images of a) PAN nanofibers, b) the core–
shell PAN@NiCo2 precursor composite nanofibers, c,d) core–shell
PAN@NiCo2S4 composite nanofibers, and e,f) NiCo2S4 HTSs. Scale
bars in insets of (a–f) are 200 nm.

Figure 3. FESEM and TEM images of a,d) Ni2CoS4, b,e) ZnCo2S4, and
c,f) MnCo2S4 HTS. Scale bars in insets of (a–f) are 200 nm.
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capacitance. The specific capacitance is obtained from
chronopotentiometry (CP) curves of the MxCo3¢xS4 samples.

As seen in Figure 4c, the NiCo2S4 HTS shows a high
capacitance of 1046, 987, 902, 844, 762, and 710 F g¢1 at
different current densities of 2, 3, 5, 10, 15, and 20 Ag¢1,
respectively. This measurement corresponds to 68 % of
capacitance retention with the increase of current density
from 2 to 20 Ag¢1. More impressively, the MnCo2S4 HTS
delivers outstanding capacitance of 1203, 1182, 1154, 1088,
and 1026 Fg¢1 at 2, 3, 5, 10, and 15 Ag¢1, respectively. Even at
a relatively high current density of 20 Ag¢1, a specific
capacitance of 968 Fg¢1, corresponding to about 80 % of the
value at 2 Ag¢1, can still be obtained, thus showing the
exceptional rate capability of the prepared MnCo2S4 HTS.
Additionally, the cycling stability of these two electrodes at 5
and 10 Ag¢1 was also evaluated as shown in Figure 4d (see
also Figure S13c and S14c). Both NiCo2S4 and MnCo2S4

HTSs show highly stable cycling performance. For the
NiCo2S4 HTS, the initial capacitance at 10 Ag¢1 is about
913 Fg¢1 with a capacitance loss of less than 6% after 20000
cycles. The capacitance of MnCo2S4 HTS is 1094 F g¢1 in the
first cycle at 10 Ag¢1 and it decreases to 1028 Fg¢1 after 20000
cycles with capacitance retention of about 94%. The electro-
chemical performance of these HTS is superior to that of
previously reported mixed-metal sulfides.[3, 4, 22–27] It is impor-
tant to mention that HTSs of other mixed-metal sulfides, such
as ZnCo2S4 and Ni2CoS4, also show excellent electrochemical
performance (see Figures S15 and S16 in the Supporting
Information). Furthermore, these mixed-metal sulfide HTSs
show much enhanced electrochemical properties as compared
to CoSx and NiSx HTSs (see Figure S17 and S18 in the

Supporting Information). Addition-
ally, the structural integrity of typ-
ical HTS of NiCo2S4 can still be
retained after cycling (see Fig-
ure S19 in the Supporting Informa-
tion). Such a desirable electrochem-
ical performance of 1D MxCo3¢xS4

HTSs might be attributed to their
unique structural and composi-
tional characteristics. Specifically,
the hollow tubular space could act
as a reservoir for electrolytes, and
the large surface area enables suffi-
cient electrode/electrolyte interface
for fast diffusion and reaction,
thereby resulting in excellent rate
capability.[28] The permeable thin
walls provide sufficient electroac-
tive sites for electrochemical reac-
tions, thus achieving high electro-
chemical activity.[27] In addition, the
1D hollow tubular architecture
would enhance the structural integ-
rity upon cycling, thus leading to
a long cycle life.[23]

In summary, we have developed
a simple general method for syn-
thesis of uniform 1D hollow tubular

structures of MxCo3¢xS4 (M = Ni, Mn, Zn) using electrospun
PAN nanofibers as a soft functional template. The as-
prepared MxCo3¢xS4 HTSs show exceptional electrochemical
performance as electrodes for hybrid supercapacitors. In
particular, MnCo2S4 HTSs deliver an initial specific capaci-
tance of 1094 Fg¢1 at 10 Ag¢1 with a capacitance retention of
about 94 % after 20000 cycles. If coupled with a suitable
negative electrode, it is possible to fabricate a high-perfor-
mance hybrid supercapacitor with energy density close to that
of lithium-ion batteries.

Keywords: mixed metal sulfides · nanotubes ·
polymeric template · supercapacitors
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