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Accepted: 27 December 2017 Cohalt-manganese (Co-Mn)-based bimetallic compounds (such as Co-Mn oxi-
Published online: des, hydroxides) have been investigated as a new type of high-performance
9 January 2018 electroactive materials for energy storage device. Nevertheless, Co-Mn sulfides
are seldom investigated, especially for those with hierarchical architectures and
© Springer Science+Business structures. Herein, we first adopt a facile two-step hydrothermal route and
Media, LLC, part of Springer synthesize Co-Mn sulfides with sea urchin-like architecture and nanowire array
Nature 2018 structure. The anion-exchange sulfuration process gives rise to hierarchical

structure with numerous nanosheets grown on the surface. Benefiting from the
attractive structures and the high electrochemical activity of Co-Mn sulfides, the
Co-Mn sulfides show improved performance than Co-Mn oxides with similar
morphology. Especially, the Ni foam-supported Co-Mn sulfide nanowire arrays
exhibit superior performance of 502 C g ' at1 A g~ as well as excellent cycling
stability with 107% of capacity retention after 2000 cycles. In addition, a hybrid
supercapacitor Co-Mn sulfide nanowire arrays/RGO displays an energy den-
sity of 18.4 Wh kg™' at 375 W kg~'. More importantly, an ultrahigh power
density (22.5 kW kg ' at 9.5 Wh kg ') and outstanding cycling stability can also
be achieved. The excellent electrochemical performance can be ascribed to the
attractive structure and high electrochemical activity of Co-Mn sulfide.

Such attractive properties make them the first-rank

Introduction choice for applications requiring high power supply,
such as electric vehicles, high-power electronic
Supercapacitors have received tremendous research devices. Nevertheless, the widespread applications of

attentions because of their high power density, rapid supercapacitors, especially for the electric double-
charging/discharging ability and long cycle life [1-4]. layer capacitors, are still restricted by their low
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energy density (around 5 Wh kg™!) in comparison
with batteries which normally deliver more than
50 Wh kg*1 [1, 5]. So more research efforts should be
focused on increasing the energy density of
supercapacitor.

A successful attempt for better energy density has
been conducted by replacing one supercapacitive
electrode with a battery-type electrode, and such
configuration is addressed as the hybrid superca-
pacitor. With the both contributions from its battery-
type and capacitor-type electrodes, the hybrid
supercapacitor shows an improved energy density
while excellently maintaining the high-power per-
formance of supercapacitor, and thereby demon-
strates significant application potential [6-9]. As a
typical battery-type material, binary transitional oxi-
des, such as NiCo,0O; [10-12], NiFe,O, [13] and
ZnCo,0O4 [14-16] have been wildly investigated
owing to their higher specific capacity, excellent
cycling stability than the monometallic oxides. In
addition, Co-Mn oxides [17-19], such as Co,Mn3_, Oy,
have been recently used as the electroactive materials
for hybrid supercapacitors; it is found that cobalt
element has higher intrinsic electric conductivity and
superior rate performance [11, 20-24], while the
manganese element involved can reduce the cost of
electroactive material [25, 26]. More importantly, the
Co ions and Mn ions can synergistic mutually
improve the electrochemical performance, and thus
show better electrochemical performance than single
cobalt oxide or manganese oxide. For instance,
Venkatachalam et al. [27] synthesized spinel structure
MnCo0,0; nanorods and exhibit 287.5 C g_1 at
05 A g_l. Zhang et al. [28] prepared Co;5Mn; 50,
nanosheets with a high specific capacity of 307 C g™
at 0.5 A g~ ' as well as excellent cycling stability with
no capacity decay after 1000 cycles. Peng et al. [29]
reported that hierarchical core-shell CoMn,O,@-
MnO;, nanoneedle array demonstrates a specific
capacitance of 2126 F g~ at 1 A g~'. Liu et al. [30]
reported that Ni foam-supported manganese—cobalt
oxysulfide shows a specific capacity of 490 C g™ " at
2 A g ! and good rate performance of 415 C g~ ' at
20 A g~'. Those reports demonstrate the promising
performance of Co-Mn-based compounds, but their
electrochemical activity should be further improved
to meet the need of practical application. Very
recently, our research group has conducted a series of
researches and found metal sulfides have better
electrochemical activity than oxides [20, 31, 32]. More

@ Springer

J Mater Sci (2018) 53:6157-6169

attractively, our research group [33] found that a
series of Co,Mn;_, sulfides have excellent perfor-
mance and the highest specific capacity of 289 C g™'
at 1 A gfl has been attained for Co,sMng s sulfide.
Therefore, it is feasible to try Co-Mn sulfides as the
electroactive materials for better electrochemical
activity.

Additionally, to help the electroactive materials
with high electrochemical utilization, especially at
high rates, the electroactive materials should be
exposed to the surface or near surface as much as
possible. Therefore, morphology and structure are
very important for electroactive materials. To date, a
lot of reports have focused on designing the overall
structure of electroactive materials, such as 3D
architectures or arrays structures, to increase elec-
troactive areas and facilitate the excellent contact
with electrolyte [31, 32, 34-36]. Unfortunately, the
microstructures have not paid sufficient attention
despite they can greatly increase the electroactive
areas of electroactive materials. For example, if a
nanowire is porous or decorated with hierarchical
structure on surface, the electroactive sites will be
multiplied for energy storage. However, the
microstructure designing has been usually omitted
by researches because of the multistep synthesis
process, which will bring extra cost and lengthy
preparation process.

Herein, we develop a facile precursor-conversion
method to synthesize Co-Mn sulfides with sea
urchin-like architectures and nanowire arrays on Ni
foam and used as electroactive materials for high-
power energy storage. The exchanging of the Co-Mn
precursor with S~ generates attractive microstruc-
ture for the Co—Mn sulfides, and they become porous
interiorly and grow nanosheets on the surface. Such a
structure brings increased electroactive sites for
energy storage and thereby achieves high electro-

chemical performance for high-power energy
storage.
Experimental

Fabrication of Co—-Mn precursor arrays on Ni
foam and the urchin-like Co—-Mn precursor

Firstly, a piece of Ni foam with a size of 2 x 4 cm was
treated under ultrasonic washing successively with
acetone to clean the surface and 3 M HCI to remove
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oxide layer. Secondly, 7.5 mmol of Co(NOj3),-6H,0,
3.25 mmol of Mn(NO3), and 45 mmol of urea were
dissolved into a mixed solution of 30 ml deionized
water and 30 ml ethanol under magnetic stirring.
After completely dissolved, the solution was trans-
ferred into an 80 ml Teflon-lined autoclave. Then, the
Ni foam was put into the solution with a piece of
polytetrafluoroethylene (PVDF) tape covered on one
side. The autoclave was heated to 90 °C and main-
tained for 8 h, and the Co-Mn precursor on Ni foam
can be harvested after washing with deionized water
and ethanol. Meanwhile, the urchin-like precursor
was also synthesized by same experimental proce-
dure without adding the Ni foam substrate.

Fabrication of Co—Mn sulfide arrays on Ni
foam and sea urchin-like Co-Mn sulfide

The Co-Mn sulfide arrays on Ni foam and sea urchin-
like Co-Mn sulfide are prepared by reacting of the
Co-Mn precursor with S*~. Briefly, 0.4 g of Na,.
S-9H,0 was dissolved into 60 ml deionized water,
and the Co-Mn precursor was added into the solu-
tion and treated under the hydrothermal condition at
160 °C for 6 h. The mass of Co-Mn sulfide on Ni
foam was determined to be 2.9 mg cm ™ with precise
weighting.

Fabrication of Co—-Mn oxide arrays on Ni
foam and sea urchin-like Co—Mn oxide

For comparison, the Co-Mn oxide arrays on Ni foam
and sea urchin-like Co-Mn oxide have been synthe-
sized by annealing the precursor at 280 °C for 3 h.
The mass loading of Co-Mn oxide on Ni foam is
~ 1.5 mg cm?, which is carefully determined by
weighting the Ni foam before and after growing the
Co-Mn oxide arrays.

Fabrication of reduced graphene oxide
(RGO)

The RGO is prepared by reducing GO in the
hydrothermal condition, and the details of experi-
mental procedure can be found in our previous
report [22, 31].
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Materials characterization

X-ray diffraction (XRD, AXS D2 Phaser) was carried
out to inspect the crystal structure of samples. Scan-
ning electron microscope (SEM, HITACHI SU8010)
and transmission electron microscope (TEM, JEM-
2100) are used to observe the morphology and
structure of samples. The SEM (HITACHI SU8010)
equipped with EDX mapping test is used to charac-
terize the compositions of sample. The elements near
the surface of sample were examined by the X-ray
photoelectron spectroscopy (XPS, Kratos, AXIS-
ULTRA DLD-600 W) test. The elemental distribution
was investigated by the SEM equipped with ele-
mental mapping.

Electrochemical tests

The electrochemical measurements were conducted
using a three-electrode system with 6 M KOH aque-
ous solution as electrolyte. A Pt foil (1 x 1 cm) and
an Hg/HgO electrode are used as the counter elec-
trode and reference electrode, respectively. As for the
Co-Mn sulfide arrays and the Co-Mn oxide arrays,
the Ni foam substrate can directly serve as the current
collector and therefore the arrays were directly used
as the working electrodes. With respect to the Co-Mn
sulfide and Co-Mn oxide powder samples, the
working electrodes were prepared by the following
procedure: firstly, the active material, acetylene black
and polytetrafluoroethylene with a mass ratio of 8:1:1
were added into ethanol solution and treated under
ultrasonic condition for at least 1 h. After that, the
mixture was dropped into Ni foam substrates
(d = 1.5 cm) and kept in a hot air flow to evaporate
the ethanol, and then dried at 60 °C for 10 h. Finally,
the Ni foam was pressed at 10 MPa as the working
electrode. The mass loading of active material on
very Ni foam substrate is about 3 mg. Electrochemi-
cal tests were performed using a CHI660E worksta-
tion, the electrochemical performance of electroactive
material was evaluated by the cyclic voltammetry
(CV), galvanostatic charge-discharge test (GCD) and
electrochemical impedance spectroscopy (EIS). The
specific capacity values are calculated from the GCD

curves according to the following equation [21, 24]:
It

c=- (1)
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where C (in C g™ ") is specific capacity; I is current; t is
discharge time; and m represents the active material
mass of the electrode.

The hybrid supercapacitor was fabricated using a
two-electrode cell, and the Co—Mn sulfide electrode is
used as the positive electrode, the capacitive RGO
electrode is served as the negative electrode. The two
electrodes were separated by a piece of hydrophilic
separator. To balance the charge storage in each
electrode, the mass ratio of two electrodes is deter-
mined by Eq. (2) as follows [24]:

cv_
C,

my

o (2)
where C (in C g') is the specific capacity of the
battery-type Co-Mn sulfide electrode, C' (in F g™ ') is
the specific capacitance of capacitive RGO electrode
and V is the potential window of the negative elec-
trode. The energy density (E, in Wh kg™') and power
density (P, in W kg™") of the hybrid supercapacitor
are calculated from the GCD curves by the following
equations, respectively:

1
E= 2x3.6 cav 3)
E x 3600
P=—x ®

where C is specific capacity of the hybrid device
(in C g"); AV (V) is operating voltage window of the
hybrid supercapacitor; and At (s) is discharge time.

Figure 1 Schematic
illustration of the fabrication
process of sea urchin-like Co—

Mn oxide and sulfide, and Ni Step I
foam-supported Co—Mn oxide hydrothermal
and sulfide.
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Results and discussion

The typical process for fabricating the Co-Mn sul-
fides and oxides is illustrated in Fig. 1. The Co-Mn
precursor is first prepared by the urea-assisted
hydrothermal method. The Co(NO;),-6H,O and
Mn(NOs), are used to produce Co*" and Mn*",
respectively; the urea serves as the precipitant and
provides carbonate ions and alkaline environment for
Co”" and Mn*" precipitation. The precursor is pref-
erentially grown along the [100] direction [37], and
thereby form the nanowire structure. Without the Ni
foam substrate, the nanowires of precursor share a
common center and extended radially outwards,
giving rise to a sea urchin-like structure. When the Ni
foam is added, the precursor can grow on its surface,
forming a nanowire arrays structure. For the next
step, the precursor is converted to the oxide and
sulfide  counterparts under annealing and
hydrothermal conditions, respectively. The Co and
Mn components in the precursor as well as the
structure of precursor are well maintained, so Co-Mn
oxides and sulfides with sea urchin-like structure and
Ni foam-supported nanowire arrays structure have
been harvested. The Co-Mn oxides are prepared by
decomposing the precursor at high temperature
without any motion of Co and Mn ions, so the Co-
Mn oxides fully copy the morphology of precursor.
The Co-Mn sulfides are synthesized by replacing the
anions of the precursor with S*~, which is happened

_Step 11,8, Hydrotherma! =

Slight, Sharp
Smooth surface

~Thick, Porous,
”’ Rough Surface

Step II *NaS, Hydrothermey
Precursor

MnCo,S,
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by the outer diffusion of Co and Mn ions and reacted
with the %~ in the solution, so the nanowires in the
sea urchin-like structure and the Ni foam-supported
arrays become much thicker with porous inside and
rough surface. As the porous structure and the rough
surface can enhance the electroactive sites for charge
storage, and the porous structure is able to buffer the
volumetric change that from repeat charging and
discharging, such a structure feature of Co-Mn sul-
fides makes them potentially very promising for
high-performance electroactive materials.

XRD measurement is used to characterize the
crystal structure of Co-Mn-based precursors, oxides
and sulfides with the results are shown in Fig. 2. For
the sea urchin-like and Ni foam-supported Co-Mn
sulfides, the diffraction peaks that located at 31.8°,
38.4°, 50.5° and 55.6° can be assigned to 311, 400, 511
and 440 planes of cubic phase of Co3Ss (JCPDS no.
02-0825). Besides of these diffraction peaks from
Co3S,4 phase, not any additional diffraction peak is
observed, suggesting Mn ions substitute the Co ions
in cubic CosS; phase without changing the crystal
structure. With respect to Co-Mn precursors, the
XRD peaks can be fully indexed to Co(COs)gs
OH-0.11H,O (JCPDS no. 48-0083), demonstrating
synthesis of Mng 33C00.67(CO3)9s0H-0.11H,0. There-
fore, the Co-Mn sulfides are synthesized by replacing
the anions of precursor by S*~. As for the annealing-
treated samples, all the XRD peaks of both sea
urchin-like and Ni foam-supported samples can be
assigned to MnCo,0O;5 (JCPDS no. 32-0297),

o Ni foam e

Intensity (a. u.)

221 231
(a)SOO

30 40 50 60 70 80
260 (degree)

Figure 2 XRD patterns of sea urchin-like and Ni foam-supported
(a, d) precursors, (b, €) Co—Mn oxides and (c, f) Co—Mn sulfides.
(a—c) Sea urchin-like samples, (d—f) Ni foam-supported samples.
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signifying the decomposition and transformation of
precursors to oxides because of the annealing
treatment.

In addition, both of the sea urchin-like and Ni
foam-supported Co-Mn sulfides are measured by
XPS test to investigate the surface chemical compo-
nent and chemical states of each element. The sea
urchin-like Co-Mn sulfide is directly used for XPS
measurement, and the Ni foam-supported Co-Mn
sulfide is first scraped from Ni foam and then used
for XPS measurement. Figure 3a shows the survey
spectra of the Co-Mn sulfides. The XPS peaks from
Co, Mn, S and O can be obviously observed, which is
indicative of the surface compositions are Co, Mn, S
and O. The O may from the surface oxygen-contain-
ing functional group. For the Ni foam-supported Co—
Mn sulfide, the XPS peak from Ni is also found
because the violent scrap process unavoidable to
destroy Ni foam surface. High magnified XPS spectra
of Co, Mn and S compositions are also tested and
analyzed, as shown in Fig. 3b—d. The Co 2p spectrum
can be best fitted with two spin-orbit doublets toge-
ther with two shake-up satellites (identified as Sat.),
as shown in Fig. 3b. The peaks located at 776.48 and
793.48 eV are attributed to Co’", and the peaks at
781.38 and 797.07 eV are assigned to Co** [21, 22, 24].
The two main peaks of Mn 2p at 654.4 and 642.37 eV
correspond to Mn 2p;,, and Mn 2p3,,, respectively
(Fig. 3c). The Mn 2p;,, spectrum can be best fitted
with two peaks at 645.6 eV and 642.5 eV, which
confirms the existence of both Mn** and Mn’* [38].
The main peaks of S 2p spectrum located at 162.0 and
163.3 eV belong to S 2p3,2 and S 2p;/,, respectively
(Fig. 3d), which is the typical characteristic of sulfur
ions with mental ions (Co-S and Mn-S bonding)
[20, 22]. In addition, an extra peak at 168.6 eV can be
observed, and such a peak is attributed to surface
sulfur with high oxide state such as metal sulfates,
which can be observed in the XPS spectrum of metal
sulfide [34]. Thusly, the near-surface components of
sample are Mn**, Mn®", Co®', Co®" and S*~
according to the XPS spectrum analysis, which mat-
ches well with the Co-Mn sulfide.

The morphology and structure of sea urchin-like
Co-Mn-based samples are characterized by SEM and
TEM measurements. The precursor determines the
main structure of the Co-Mn oxide and sulfide. As
shown in Fig. 4a—d, the Co-Mn oxide and sulfide
show a similar sea urchin-like structure compared to
the precursor (Fig. S1). However, the different

@ Springer
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Figure 3 XPS spectra of a survey spectra, b Co 2p, ¢ Mn 2p and d S 2p of sea urchin-like and Ni foam-supported Co—Mn sulfides. The

Ni foam-supported sample is scraped from Ni foam for XPS test.

conversion condition also gives rise to varied
microstructures for the sea urchin-like Co-Mn-based
samples. For the Co-Mn oxide, the precursor only
experiences a decomposition process without the
motion of Co and Mn ions, so even the microstruc-
ture of the sea urchin-like precursor can be kept for
the Co-Mn oxide. However, the precursor experi-
ences an anion-exchange process and converts to Co—
Mn sulfide. The inner Co and Mn ions of the nano-
wires cannot contact with S*~ unless they diffuse to
the outer surface, so the metallic compositions are
recombined with S*~ and thereby form the Co-Mn
sulfide. Despite the sea urchin-like structure can still
be maintained, some newly formed microstructure
can be observed. As demonstrated by the TEM ima-
ges in Fig. 4e, f, the nanowires in the sea urchin-like
structure become porous with a rough surface, which
can be attributed to the outer diffusion of Co and Mn
ions in the anion-exchange process.

@ Springer

The Ni foam-supported Co-Mn nanowire arrays
were also characterized by SEM and TEM measure-
ments, as shown in Fig. 5. There is a uniform cover of
nanowire arrays on Ni foam surface for the Co-Mn
oxide and sulfide, and it is obvious that they have
well maintained the nanowire arrays structure. The
nanowires in the Co-Mn oxide arrays show a smooth
surface, but they become much rough for the Co-Mn
sulfide nanowires, so outer motion of Co and Mn ions
happens when converting the precursor to Co-Mn
sulfide. With an enlarge view, it is observed that Co-
Mn sulfide nanowires become porous and their sur-
faces decorate numerous wrinkle layers (Fig. Se, f).
Such a structure is obviously able to greatly increase
the electroactive sites and promote the excellent
contact of the electroactive material with the elec-
trolyte for better electrochemical performance. The
elemental mapping that equipped in SEM has been
used to characterize the compositions of Ni foam-
supported Co-Mn sulfides, which demonstrates
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Figure 4 a, b SEM images of
sea urchin-like Co—Mn oxide;
¢, d SEM and e, f TEM
images of sea urchin-like Co—
Mn sulfide.

uniform distribution of Co, Mn and S elements, as
shown in Fig. 5g. In addition, the sample has been
characterized by selected area electron diffraction
(SAED) test. As shown in Fig. 5h, the well-defined
diffraction rings are indicative of polycrystalline
nature of Co-Mn sulfide. The diffraction rings can be
indexed to 311 and 440 planes of Co3S4 phase, which
is in good agreement with the XRD result.

The electrochemical performance of the sea urchin-
like Co-Mn oxide and sulfide, and the Ni foam-
supported Co-Mn oxide and sulfide nanowire arrays
are measured using the three-electrode method in
aqueous and alkaline electrolyte. Figure 6a shows the
CV curves of those Co-Mn-based electroactive
materials at a scan rate of 5mV s~'. All the CV
curves demonstrate obvious redox peaks, indicating
their Faradaic properties. The redox peaks are from
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50 nm

the chemical reactions of MnZt/Mn>*, Co?>*/Co>*
and Co>*/Co*" coming from the following reactions
[39, 40]:

Mn*" + OH™ — Mn?" —OH + e~ (5)
Co®" + OH™ « Co*" —OH + e~ (6)
Co*" —OH + OH™ « Co*" + H;O + e~ (7)

From Fig. 6a, it is found that the Co-Mn sulfide
samples show vaguer and smaller redox peak sepa-
rations than the Co-Mn oxide samples, demonstrat-
ing lower structure variation of electroactive
materials while charging and discharging. As
demonstrated by the SEM and TEM images in Figs. 4
and 5, the Co-Mn sulfides become very porous with
numerous wrinkle layers decorated on the surface, so
more electroactive materials locate on the surface or

@ Springer
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Figure 5 a, b SEM images of Co—Mn oxide arrays on Ni foam. ¢, d SEM and e, f TEM images of the Co—Mn sulfide arrays on Ni foam.
g The elemental mapping images for Co, Mn and S elements and h SAED pattern of Ni foam-supported Co—Mn sulfide arrays.

near-surface range, and thereby leading to Co-Mn
sulfide shows part of capacitive-like behavior. By
comparing the CV curves, it is obvious that their
integral areas greatly varied for different Co-Mn-
based samples. As shown in Fig. 6a, the Ni foam-
supported Co-Mn sulfide nanowire arrays demon-
strate the highest capability for charge storage
because of its largest CV integral area. The contri-
bution from Ni is ignorable (Fig. S3), so the charge is
mainly stored by Co-Mn sulfide. Figure 6b shows the
GCD curves at 1 A g~ of the Co-Mn-based samples,
the longest charge and discharge time of the Ni foam-
supported Co-Mn sulfide can further demonstrate
the best electrochemical performance, which is in
good agreement with the CV measurement.

Figure 6¢, d, respectively, displays the CV and
GCD curves at different rates of the Ni foam-

@ Springer

supported Co-Mn sulfide nanowire arrays (the CV
and GCD curves of other three samples can be found
in Fig. S2). As the rates increasing, the Co-Mn sulfide
nanowire arrays maintain similar CV curve with low
position shift of redox peaks and low IR drop in the
GCD curves, signifying a rapid charge and discharge
kinetic property. For better evaluating the electro-
chemical performance of Co-Mn-based samples, the
specific capacity values are calculated from the GCD
curves, which are plotted together in Fig. 6e for a fair
comparison. There is a general trend that the Co-Mn
sulfide demonstrates superior electrochemical per-
formance than the Co-Mn oxide when they are pre-
pared into similar morphology. The Ni foam-
supported Co-Mn sulfide nanowire arrays and the
sea urchin-like Co-Mn sulfide show much higher
specific capacity values than Ni foam-supported Co-
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Figure 6 Electrochemical performance of the Co—Mn-based

samples in a three-electrode system: a CV curves at 5 mV s~ ',

b GCD curves at 1 A g~', ¢ CV curves and d GCD curves at

Mn oxide nanowire arrays and sea urchin-like Co—
Mn oxide, respectively. The superior electrochemical
performance can be ascribed to the structural pre-
ponderance as well as higher electrochemical activity
of Co-Mn sulfide. Firstly, the Co-Mn sulfide nano-
wires are more porous with numerous nanosheets
decorated on surface, and such attractive structure
can notably increase the electroactive sites for charge
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storage; secondly, the Co-Mn sulfide is more elec-
trochemically active than the Co-Mn oxide, so
superior electrochemical performance has been
attained for Co-Mn sulfide. With the arrays structure,
the electrochemical performance of Co-Mn sulfide is
considerably promoted. The Co-Mn sulfide arrays on
Ni foam deliver specific capacity values of 502, 477,
452, 412, 350, 288 and 192 C gfl at current densities
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Figure 7 Electrochemical performance of Ni foam-supported Co—
Mn sulfide array/RGO hybrid supercapacitor: a CV curves of RGO
and Ni foam-supported Co—Mn sulfide arrays at a scan rate of
5mV s in a three-electrode system, b CV curves of the hybrid
device at different scan rates, ¢ GCD curves of the hybrid device at

of 1,2,3,5,10, 20 and 50 A gfl, respectively, which
are much higher than the sea urchin-like Co-Mn
sulfide as well as the Co-Mn oxide samples. The
cycling stability of the Co-Mn-based samples is also
measured with the results shown in Fig. 6f. Obvi-
ously, the Co-Mn sulfide array sample exhibits
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power density curve) and the inset is specific capacity values at
different current density of the hybrid device, e cycling stability
and columbic efficiency of the hybrid device and f EIS spectra of
the hybrid device before and after 3000 cycles.

superior cycling stability and its specific capacity first
increases from 403 to 500 C g~ in the first 500 cycles
and then tends to stable in the subsequent cycles.
Encouragingly, 107% of the specific capacity is
remained after 2000 cycles, which is much higher
than Co-Mn sulfide, Co-Mn oxide nanowire arrays
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on Ni foam and Co-Mn oxide samples. The sulfide
experiences an erosion and recrystallization process
during the long-term cycling test [22, 32, 41], result-
ing in the gradually variation of electroactive sites.
The gradual increased specific capacity value of Ni
foam-supported Co-Mn sulfide demonstrates
increased electroactive sites for energy storage. The
other samples all demonstrate a gradual decreased
cycling performance. Therefore, the Ni foam-sup-
ported Co-Mn sulfide array sample has better ability
to maintain stable electroactive sites for energy
storage.

In addition, two-electrode system is also used for
further investigating the electrochemical perfor-
mance of Co-Mn sulfide nanowire array sample. The
Co-Mn sulfide works with a potential range of
0-0.56 V and therefore used as the positive electrode.
As shown in Fig. 7a, the RGO electrode works at
lower potentials ranging from — 1 to 0 V, so it can be
used as the negative electrode. The RGO uses the
accumulation of charge and electrolyte ions on the
electrode and electrolyte interface for charge storage,
which is a typical material for double-electrode layer
supercapacitors [42]. Therefore, the two-electrode
device is a hybrid supercapacitor, which combines a
battery-type positive electrode with a capacitor-type
negative electrode. Owing to the different potential
windows of the two electrodes in the hybrid super-
capacitor, the working voltage is determined to be
1.5V, as shown by the CV and GCD curves in Fig. 7b,
c. The specific capacitance values of the hybrid cell
(based on the total mass of active materials on the
two electrodes) are plotted in the inset of Fig. 7d. The
hybrid supercapacitor delivers a specific capacity of
88.2 C g ! at a current density of 0.5 A g~ and dis-
plays a high rate capability with 52% specific capacity
retention as current density rising from 1to 30 A g~ .
According to Eqs. 3 and 4, the energy density and
power density values of the hybrid device are cal-
culated from the GCD curves, and they are plotted
into the form of Ragone plot, as shown in Fig. 7d. An
energy density of 18.4 Wh kg™ ' can be obtained at
the power density of 375 W kg~'. When the power
density increases 60 times to 22.5 kW kgfl, the
energy density can still retain 9.5 Wh kg™ ', illustrat-
ing an ultrahigh power density. The cycling stability
of the hybrid device is also evaluated by repeated
GCD test at 3 A g~' for 3000 cycles, which has been
plotted in Fig. 7e. About 85% of the initial specific
capacity as well as high coulombic efficiency of 98%
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can be retained after 3000 cycles. To assess the electric
impedance characteristic of the hybrid device, EIS
measurements before and after cycles are also carried
out, as shown in Fig. 7f. The two plots are almost
overlapped except the straight line part in low fre-
quency is more vertical, suggesting the hybrid device
has excellent long-term cycling stability.

Conclusions

In summary, a facile two-step hydrothermal route
was employed to synthesize Co-Mn sulfides with sea
urchin-like architecture and hierarchical nanowire
arrays on Ni foam. It is found that the anion-ex-
change sulfuration process gives rise to hierarchical
structure with numerous nanosheets grown on the
surface. Thusly, electroactive materials with high
active areas can be harvested for the Co-Mn sulfides.
Benefiting from the attractive structures and the high
electrochemical activity of Co-Mn sulfides, the Co-
Mn sulfides show improved performance than Co-
Mn oxides with similar morphology, which exhibit
superior performance in terms of high electrochemi-
cal activity and excellent cycling stability. The elec-
trochemical performance of Co-Mn sulfide nanowire
arrays sample is also evaluated by two-electrode
system, and it demonstrates both high energy density
and power density. Our work demonstrates that Co-
Mn sulfide is a new type of electroactive materials
with high electrochemical activity and the electro-
chemical performance can be greatly promoted by
rational designing the morphology and structure of
Co—Mn sulfide.
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