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MnS nanocomposites based on doped graphene:
simple synthesis by a wet chemical route and
improved electrochemical properties as an

electrode material for supercapacitorst
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Nanocomposites of MnS anchored on graphene, nitrogen-doped graphene and boron-doped graphene

have been prepared by a simple wet chemical process. The effect of graphene concentration in MnS and

the effect of doping type in the composites are studied through the use of various characterization

techniques. An electrochemical performance better than that of pure MnS has been observed in the

graphene based composites. The doping of N and B atoms in graphene can further enhance the
electrochemical activities of the nanocomposites. The present study demonstrates that MnS with doped
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graphene has large electrode/electrolyte interfaces, which offers more active sites and ensures a high

charge storage capacity of the composite. A maximum specific capacitance of 696.6 and 353.8 F g * are
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Introduction

Clean and renewable energy resources are critically needed to
deal with environmental pollution and the exhaustion of fossil
fuels.” Electrochemical energy storage and energy conversion
such as supercapacitors, lithium ion batteries, fuel cells and
solar cells are considered as potential alternatives for future
renewable energy sources thanks to their negligible impacts on
the environment.>* The development of these energy systems
with high energy and power outputs, and long lifetimes is
desirable and important for applications in many important
areas such as electric vehicles and industrial equipment, etc.®
Among the various energy storage systems, supercapacitors
have attracted a lot of attention due to their high power density,
large capacitance, low cost and long cycle life compared to
traditional batteries and conventional capacitors.*” Super-
capacitors exhibit their superior advantages by releasing and
storing energy through nanoscopic separation of charges at the
electrode/electrolyte interfaces.® Based on the fundamental
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measured for MnS/BG-9 and MnS/NG-9 composite, respectively, at a 5 mV s~! scan rate, whereas the
pure graphene composite (MnS/G-9) exhibits only a maximum specific capacitance of 156 F 9*1.

mechanism of capacitance, the supercapacitors can be catego-
rized as two major classes, electric double layer capacitor
(EDLC) and pseudocapacitor.’ The capacitance of EDLC comes
from non-faradic charge accumulation at the electrode/
electrolyte interface, whereas the pseudocapacitance comes
from faradic redox reactions.'® Carbon based materials such as
carbon nanotube, carbon nanospheres and recently graphene
have been used as electrodes for EDLCs due to their good
electrical conductivity, and long cyclic life. But, there is one
drawback for EDLCs that they typically deliver specific capaci-
tance lower than 200 F g~ '.** Pseudocapacitors rely on faradic
redox reactions, which can deliver much higher specific
capacitance than EDLCs. To further enhance the specific
capacitance of the electrochemical capacitors, pseudocapaci-
tors can be coupled with EDLCs depending on the nature of the
electrodes.”” There are various kinds of materials used for
supercapacitor electrodes like metal oxides, polymers and
carbon based materials.”® Recently, graphene has also been
used widely in composites with metal oxide and polymers to
improve the electrochemical activities of these materials,
because the ultrathin graphene sheets can not only serve as
high conductive matrix but also avoid the aggregation of
nanoparticles during electrochemical process.’ Hetero atom
doping is an effective way to enhance the intrinsic properties of
graphene. Especially, graphene material with nitrogen or boron
doping (NG and BG) has become a research spotlight because
its atomic size and strong valence bonds, which are similar to
those characteristic of carbon atoms.*® The doping of N and B
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atoms can effectively change the electronic characterization,
electron mobility and an increase in the number of active sites
for catalytic reactions than the pristine form. Thus, the doping
of hetero atoms in graphene improves the electrical conduc-
tivity and electrochemical performance.*

Similar to metal oxides/graphene and polymers/graphene
composites, recently metal sulphide based graphene nano-
structures have also attracted much attention as supercapacitor
electrodes materials and have revealed wonderful pseudocapa-
citive performance. Researchers have reported the super-
capacitor electrodes with G/CoS,"” G/Co0Ss,"® G/NiS,* G/SnS*
and G/ZnS.** In spite of the good electrochemical performance,
the low potential window of these sulfides makes them less
feasible for practical applications. Likewise, the other metal
sulfides such as MoS,,**** Ni;S,,>**® TiS,,* CuS*” and VS, (ref.
28) electrode materials have been reported for supercapacitors.
However, these electrodes could be operated at high potential
windows; the poor cyclic performance and the lesser specific
capacitance are the main drawback for practical applications.
Manganese sulfide (MnS) is another potential sulfide candidate
for energy storage application such as Li ion batteries and
supercapacitors.”® Only a few work has been reported yet on the
MnS nanoparticles for supercapacitor applications. MnS can
deliver poor electrochemical activities due to the aggregation of
MnS nanoparticles during redox reactions which makes a big
challenge for it to be applicable for supercapacitor electrodes.
Fortunately, the matrix like graphene can be added in MnS to
avoid the aggregation of MnS nanoparticles. Very recently, Tang
et al., have reported the synthesis of graphene oxide anchored
MnS nanocrystals and the composite exhibited specific capaci-
tance of 390.8 F ¢~ ! at current density 0.25 A g~ .3

In this work, we have adopted a simple wet chemical process
for preparation of y-MnS/G nanocomposites with different
weight percent of graphene contents. As prepared samples were
well characterized through XRD, XPS and HRTEM analysis.
Systematic investigation has been done with electrochemical
performance. Based on the electrochemical measurements, gra-
phene concentration in MnS (MnS/G-9) was optimized to 9 wt%
for supercapacitor electrode applications. A maximum specific
capacitance of 156 F g~ was achieved at 5 mV scan rate. The
effect of doping in composites was studied with the same amount
of NG and BG in MnS (MnS/NG-9 and MnS/BG-9). Maximum
specific capacitances of 353.8 F ¢ ' and 696.6 F g~ were ob-
tained with MnS/NG-9 and MnS/BG-9 nanocomposites, respec-
tively. It has also been noticed that the electrochemical activities
of MnS is better improved with doped graphene than that with
undoped graphene, which is mainly due to the higher electrical
conductivity of nitrogen and boron doped graphene material.

Experiment method
Materials

Analytical Reagent (AR) grade of graphite powder, sodium
nitrate (NaNO;), potassium permanganate (KMnO,), sulfuric
acid (H,SO4, 99%), sodium borohydride (NaBH,), hydrogen
peroxide (H,O,, 30%), sodium hydroxide (NaOH), ammonia
solution (NHjz-H,O, 25%), borane-THF adduct, potassium
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hydroxide (KOH), manganese acetate tetrahydrate (C,Hs-
MnO,-4H,0), thioacetamide (C,H;NS), triethenolamine (TEA,
Ce¢H15NO;), ammonium chloride (NH,Cl), were purchased
from Sigma-Aldrich. All the solutions were prepared using
Milli-Q water (pH 7.2). Carbon paper TGP-H from TORAY was
used as a base matrix of the electrode. The typical size of the
electrode was 3 cm?.

Preparation of nitrogen doped graphene (NG)

Graphene oxide and graphene were prepared according to our
previous reports, which are given in the ESL{*“** Nitrogen-
doped graphene was prepared via the hydrothermal route.**
100 mg of graphene oxide was dispersed in 200 ml of water and
sonicated for 2 hours. Then, 4 ml of ammonia solution was
added to the GO suspension to achieve a pH of 11. The mixed
solution was then transferred into a Teflon-lined stainless steel
autoclave and heated at 150 °C for 24 hours. After cooling the
bath solution to room temperature, it was centrifuged at
7000 rpm, washed with distilled water several times and dried at
60 °C for 12 hours to obtain the N-doped graphene.

Preparation of boron doped graphene (BG)

Boron doped graphene was prepared according to the litera-
ture.** 500 mg of graphene oxide was dispersed in 250 ml of
water in a round bottom flask and sonicated for one hour. Then,
a solution of borane-THF adduct (1.5 ml) was added to the above
solution under stirring. The flask was then immersed in an oil
bath and the brown solution of GO was stirred under reflux. The
stirring was continued for 4 days. Then, the resulting black solid
product (BG) was filtered and dried at room temperature.

Preparation of manganese sulfide/graphene (y-MnS/G)
nanocomposites

Initially, 10 ml manganese acetate (1 M) solution was mixed
with 1 ml of TEA solution (7.4 M) in a beaker and stirred for 5
minutes. After, 10 ml of ammonium chloride (1.4 M) was
added under magnetically stirring. The stirring was continued
for 10 minutes. Then 0.2 ml of hydrazine hydrate and 3 wt% of
graphene were added into the above solution and stirring was
continued for 10 minutes. Finally, 10 ml of thioacetamide
(1 M) was added and stirred for 5 minutes, immediately the
solution turned into pink colour. After 1 hour, the pink parti-
cles settled at the bottom of the beaker, which was filtered and
washed with ethanol. The washed particles were dried at 60 °C
for 3 hours. The obtained product was named as MnS/G-3
(weight ratio of MnS and graphene is 300 mg : 9 mg). Similar
way, the other nanocomposites, MnS/G-6, MnS/G-9 and MnS/
G-12 were prepared at a concentration of graphene with 6, 9
and 12 wt%, respectively. Pure MnS nanoparticles were also
prepared without graphene for comparison.

Preparation of v-MnS/NG and MnS/BG nanocomposites

Manganese sulfide/nitrogen doped graphene and manganese
sulfide/boron doped graphene nanocomposites were prepared
with 9 wt% of N-doped graphene and B-doped graphene

This journal is © The Royal Society of Chemistry 2017
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concentration with the method above. Then, the powders were
named as MnS/NG-9 and MnS/BG-9.

Materials characterization

X-ray diffraction system (BRUKER, D8 Advance, Germany) was
used with Cu-Ko radiation (1 = 1.540 A). Step scanning was
done with 26 intervals from 6° to 80°. X-ray photoelectron
spectroscopy (XPS) measurements were carried out by using
a Thermo Scientific Multilab 2000 spectrometer with Mg source.
The surface morphologies of the samples were characterized by
using high resolution transmittance electron microscope (JEOL
2011) and EDX mappings of the samples were obtained with
FESEM by using a Hitachi S-4800.

Electrochemical measurements

All the electrochemical measurements were carried out in an
electrochemical analyzer (CHI 600C work station, version 5.01)
using a three electrode system in 6 M KOH electrolyte solution
under ambient conditions. The potentials were measured with
respect to Ag/AgCl (sat. KCl) as the reference. Carbon paper
(purchased from Cabot, USA) and Pt wire were used as the working
and counter electrode, respectively. The cyclic voltammetry was
performed at various scan rates in the potential range from —0.2
to 0.3 V. The working electrode was prepared as follows: a known
amount of active material was dispersed in 5 wt% of Nafion and
the mixture was coated with a carbon paper (3 cm x 1 cm x 0.1
cm). The total surface area coated with active material was 0.5 cm”.
The mass of the active material of electrode was 2 mg em™>. Then,
the electrode was dried for 3 hours at room temperature.

Results and discussion
Formation mechanism

The Scheme 1 represents a schematic diagram of MnS/G-9
nanocomposite. The formation mechanism of y-MnS is
described as follows. After addition of TEA into Mn>" solution,
Mn*>* was firstly combined with TEA to form [Mn(TEA)]** ions.
[Mn(TEA)]*" would react with S~ ions released from thio-
acetamide to form MnS nuclei. The obtained MnS nano-
particles were attached on the surface of graphene sheets
through oxygen-containing functional groups, such as
hydroxyl, epoxide and carbonyl.>* A probable reaction mecha-
nism can be explained as follows:
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Scheme 1 Schematic diagram of MnS/G-9 nanocomposite synthesis.
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Mn** + TEA — [Mn(TEA)**
CH;CSNH, + 20H™ — $>~ + CH;CN + 2H,0

[Mn(TEA)P*" + S~ — (MnS|) + TEA

Microstructural characterization

XRD pattern of pure MnS, MnS/G-9, MnS/NG-9 and MnS/BG-9
nanocomposites are shown in Fig. 1. From all the nano-
composites, the characteristic diffraction peaks of MnS was
observed in 26.2, 28.1, 29.8, 38.8, 46.2, 50.8, 54.9 and 58.4°,
corresponding to (111), (200), (211), (102), (110), (103), (112) and
(201) of y-MnS with good agreement with JCPDS card no. 89-
4089. Apart from y-MnS diffraction peaks, two other minor
diffraction peaks at 32.4° and 36.1° were also observed in Fig. 1(a)
and (c), which corresponds to Mn;0, phase formation (indicated
as * and #) due to the complex stoichiometric nature of chalco-
genide materials. Though, these Mn;0, phases are mixed in vy-
MnS, it is not affecting the crystallinity of y-MnS. Interestingly,
there are no diffraction peaks of carbon atoms observed in these
composites. This phenomenon could be mainly due to the good
crystallinity of MnS nanoparticles on graphene and doped gra-
phene sheets, which has weakened the diffraction of carbon
atoms.”* Therefore, when the MnS nanoparticles cover the gra-
phene sheets, they give strong diffraction peaks.

Intensity (a.u.)

10 15 20 25 30 35 40 45 50 55

2 theta (Degree)

60 65 70 75 80

Fig.1 XRD pattern of (a) pure MnS (b) MnS/G-9 (c) MnS/NG-9 and (d)
MnS/BG-9 nanocomposites.

MnS/G-9
nanocomposite
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XPS spectrum of MnS/NG-9 nanocomposite is shown in
Fig. 2. The bonding configuration of nitrogen atoms in MnS/
NG-9 is characterized by the deconvoluted N1s spectrum. The
N1s spectrum of MnS/NG-9 nanocomposite could be fitted with
two peaks at a binding energy of 398.5 and 400.1 eV corre-
sponding to pyridinic nitrogen and pyrrolic nitrogen atoms in
graphene.®® The strong intensity peaks suggests a good level of
nitrogen doping in graphene. The presence of pyrrolic and
pyridinic nitrogen in graphene can increase the electrochemical
activity of graphene in electrochemical process. Our analysis
shows that the atomic percentage of doped nitrogen is about
4.3% in MnS/NG-9 composite. From deconvoluted spectra of
C1s, a main peak is observed at 284.6 eV due to graphitic sp”
carbon atoms and minor peak at 286.4 eV due to the bond of
C=0." The peak at 163.6 eV in S2p spectrum, corresponds to
the S2p;/, characteristic peak of sulfur in MnS.*® Mn2p;;, and
Mn2p,,, characteristic peaks are shown at binding energy of
641.9 and 653.1 eV in the deconvoluted spectrum of Mn2p.*

In Fig. 3, the deconvoluted B1s spectrum shows a peak at
a binding energy of 192.1 eV, which is the characteristic peak of
boron in MnS/BG-9 composite.** Result reveals that a high
content of boron (atomic percentage of 3.8%) has been incor-
porated into graphene networks. Two strong peaks at 643.1 and
654.9 eV can be clearly seen in the deconvoluted spectrum of
Mn2p which corresponds to the binding energy of Mn2p;/, and
Mn2p,,.*" In Mn2p region, the splitting width between 2p;,
and 2p,/, was observed to be 11.8 eV, which is in good agree-
ment with the literature value.*® The chemical states of the MnS/
G-9 nanocomposites were also identified by XPS and its core
level spectrum of S2p, C1s and Mn2p are given in Fig. S1.T

The morphology of MnS, MnS/G-9, MnS/NG-9 and MnS/BG-9
nanocomposites were characterized by HRTEM analysis. From
Fig. 4(a;-a3), it can be seen that the MnS nanoparticles were
aggregated and self-assembled in sphere like structure. The
selected area electron diffraction (SAED) pattern of MnS nano-
particles clearly shows rings structure, substantiating the poly-
crystallinity of MnS. The HRTEM images of MnS/G-9, MnS/NG-9
and MnS/BG-9 nanocomposites in Fig. 4(b;-bs, ¢;—¢; and d;-d3)

S2p ﬁ'

S2py;
163.6 eV

Pyrrolic type N
400.1eV

404 630 635 640 645 650 655 660

Binding Energy (eV) —

Fig. 2 Core level XPS spectrum of S2p, Cls, N1s and Mn2p of MnS/
NG-9 nanocomposite.
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Fig.3 Core level XPS spectrum of Bls, S2p, Cls and Mn2p of MnS/BG-
9 nanocomposite.

identify that y-MnS nanoparticles are uniformly distributed and
deposited on the surface of wrinkle graphene sheets. The MnS
nano particles can also act as a spacer and avoid the restacking
of graphene sheets in the composites. Furthermore, the gra-
phene sheets can prevent MnS nanoparticles from agglomera-
tion and enable good dispersion of these nanoparticles over the
surface. It is observed that the MnS nanoparticles are still
strongly anchored on the surface of graphene and nitrogen,
boron doped graphene sheets even after a long period of soni-
cation, suggesting the strong interaction between MnS nano-
particles and graphene sheets. The depositing and strong
anchoring of MnS nanoparticles on the surface of graphene
sheets enable fast electron transport through the graphene
sheets to MnS nanoparticles, which improves the electro-
chemical performance of nanocomposites comparing to the

Fig. 4 HRTEM images of (a;—as) MnS nanoparticles (b;—bz) MnS/G-9
(c1—c3) MnS/NG-9 and (d;—ds) MnS/BG-9 nanocomposites. Inset
pictures shows SAED pattern of samples (a,—dy).

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 EDX analysis of (a) MnS/G-9 (b) MnS/NG-9 and (c) MnS/BG-9
nanocomposites.

pure MnS.** It is also seen that more number of MnS nano-
particles have been attached to MnS/NG-9 and MnS/BG-9
nanocomposites comparing to the MnS/G-9 sample. This
might be due to the doping of nitrogen and boron introduces
more defects in graphene sheet. Therefore, more MnS nano-
particles are strongly attached in covalent bond with carbon
structure. From the inset pictures of b,, ¢, and d,, the SAED
pattern of nanocomposites clearly shows rings, suggesting the
polycrystal nature of MnS in the composites. EDS spectrum
shows, the presence of C, N, B, Mn and S components in
nanocomposites (Fig. 5).

Electrochemical behavior and specific capacitance
measurements

The prepared composite materials for supercapacitor are char-
acterized by cyclic voltammetry (CV), galvanostatic charge-
discharge and electrochemical impedance measurements in 6 M
KOH aqueous solution. The CV curves of pure MnS and MnS/G-9
nanocomposite are shown in Fig. 6 and near rectangular shape
and symmetric current-potential characteristic behavior are

2.5x10°

10s10° [ @
50x10° [0
=
00

100 mV

= 20x10"
+ 1.5x10*
+ 1.ox10*
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5.0x10 —S0mV 2
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Fig. 6 Cyclic voltammetry response of (a) MnS/G-9 nanocomposite
and (b) pure MnS nanoparticles.
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observed, suggesting an ideal capacitive behavior with a low
contact resistance.*® This indicates that the prepared electrodes
exhibit high reversibility between —0.2 V to 0.3 V. It has shown
that the cyclic voltammetry curve of pure MnS has slightly
different shape than that of MnS/G-9, due to the specific capac-
itance contribution only from pseudocapacitance. Whereas, the
overall specific capacitance of MnS/G nanocomposites is due to
the combined contributions from EDLC and pseudocapacitance.
The possible faradic process can be explained as follows,*

MnS + OH™ < MnSOH + e~
MnSOH + OH™ < MnSO + H,O + e~

The electrochemical capacitive behavior depends on the rate
of charge transfer. Pure MnS cannot allow a high rate of charge
transfer between the electrode and electrolyte interfaces. This is
mainly because that the aggregated particles which may not be
accessible by solvated ions, could reduce the effective surface
area of the interfaces. The electrical double layer capacitance of
the composites is influenced by the oxygen groups, which is
present in the edges of graphene. These oxygen groups enhance
the accessibility to hydrophilic surface in aqueous electrolytes.
The pseudocapacitance is due to the interactions between
oxygen functional groups in graphene sheets and metal ions in
the electrolyte.** It could be seen that both the cathodic and
anodic current response of pure MnS is almost above the zero
current level, suggesting poor electrochemical performance of
the synthesized MnS nanoparticles.” Graphene addition into
MnS can improve the dispersion of MnS on the surface of gra-
phene therefore providing more paths for ion diffusion. Fig. S27
shows the CV graph comparison of bare carbon paper, pure
MnS and MnS/G-9 nanocomposite. The area of CV curve is
larger for the MnS/G-9 nanocomposite than pure MnS and bare
carbon, indicating better capacitive behaviour of MnS/G-9.

CV measurements were conducted at various scan rates for
MnS samples with different weight percent of graphene to
optimize the suitable graphene concentration in MnS. The
specific capacitance and energy density of electrode materials
were calculated from the CV curves according to the following
formula,>"**

(1.~ 1)
mv

C=

where, C is the specific capacitance (F g™ '), I, is the maximum
current in the positive scan (A), I_ is the maximum current in
the negative scan (A), m is the mass of the active material (g), v is
the scan rate (V s~') and V is the initial voltage (V). A maximum
specific capacitance of 156 F g~ ' was obtained at a scan rate of
5 mV s~ for MnS/G-9 nanocomposite which is larger than the
other electrodes. At the same scan rate, pure MnS electrode only
gave a maximum specific capacitance of 33.7 F g~ *. It is believed
that such a large capacitance difference is mainly caused by the
introduction of graphene into MnS. As seen in Fig. 7, the
specific capacitance values decreases as the scan rate increases.
At low scan rate, positive ions (K") can easily diffuse into almost
all available spaces of materials leading to sufficient insertion

RSC Adv., 2017, 7, 2249-2257 | 2253
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Fig. 7 Plot of scan rate versus specific capacitance of MnS and MnS/G
nanocomposites.

reaction.*® Based on the CV measurements, it is well evidenced
that the loading of graphene sheets in MnS can provide better
electrical conductivity in the network.

Among the various composites, 9 wt% of graphene loaded
MnS (MnS/G-9) has shown the highest capacitance. Thus, MnS/
G-9 composite can provide better electrochemical activities
towards the energy storage devices. The effect of nitrogen and
boron doping in graphene was observed through electro-
chemical measurements. As can be seen from Fig. 8, the MnS/
NG-9 and MnS/BG-9 nanocomposites have shown better elec-
trochemical performance and provided higher specific capaci-
tance than MnS/G-9 nanocomposite.

The area and current level of CV curve for MnS/BG-9 and
MnS/NG-9 nanocomposites are larger than those of MnS/G-9
composite, which suggests that the presence of N and B
enhances the electrochemical activity and hence, more capaci-
tive nature could be achieved.”

CV measurements were done with different scan rates and
the corresponding specific capacitances of electrodes are shown
in Fig. 9. From Fig. 9, maximum specific capacitances of 696.6

Potential (V) vs. Ag/AgCl
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Fig.8 Cyclic voltammetry response of (a) MnS/G-9 (b) MnS/NG-9 and
(c) MnS/BG-9 nanocomposites. (d) Comparison of the CV curve of
MnS/G-9, MnS/NG-9 and MnS/BG-9 nanocomposites.
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Fig. 9 Plot of scan rate versus specific capacitance of MnS and MnS/G
nanocomposites.

and 353.8 F g~ ' were observed for MnS/BG-9 and MnS/NG-9
composite, respectively, at 5 mV s~ scan rate, whereas pure
graphene composite (MnS/G-9) exhibited a maximum specific
capacitance of 156 F g~ '. The presence of N and B in graphene
allows a higher rate of charge transfer between the electrode
and electrolyte interfaces and hence the effective surface area
will be increased.*®

The insertion of N and B atoms into graphene layers can
change the values of HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecular Orbital) in
order to reduce the band gap, thus increasing electron mobility
at the carbon atom/electrolyte interface in comparison to pure
carbon atom.*> The potential in the double layer is shared
between the solvent layer and the space charge layer, so the
capacitance of the sample is provided by these two aspects.
Based on this view, increased mobility of electrons in the
sample would result in a larger space charge capacitance.
Graphitic and pyridinic N can enhance the wettability of
graphene in MnS/NG-9, because of their extensive dipole
moments. Further, graphitic N can facilitate electron transfer,
thereby improving the capacitive behaviour of lowering the
charge-transfer resistance of the electrode.* Due to the elec-
trochemically active nature of pyridinic and pyrrolic N in an
alkaline solution, offer high specific capacitance in MnS/NG-9
composite.*® Given the idea that boron atom has three valence
electrons, the deficiency of electrons would be more favourable
to attract anions in electrolyte and to enhance the pseudoca-
pacitive nature.>* Also, the incorporated boron and oxygen
atoms might improve the affinity of graphene with regard to an
alkaline medium, resulting in an increase in the magnitude of
the accessible electrode surface area. Thus, boron doped gra-
phene gave maximum specific capacitance than nitrogen doped
graphene. A comparison is made with the current material and
those reported in literatures, as shown in Table 1. It can be seen
that the MnS/BG-9 nanocomposites reported in this paper
has good activity and thus could be used for supercapacitor
applications.

The capacitance retention property of MnS, MnS/G-9, MnS/
NG-9 and MnS/BG-9 electrodes were investigated by repeating
the CV measurements at 100 mV s~ " scan rate for 1000 cycles. As

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25457h

Open Access Article. Published on 12 January 2017. Downloaded on 10/30/2025 12:39:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Comparison of specific capacitance of various electrode
materials towards the supercapacitor applications

Material E* SR? Sce RY
CoS, 1 M LiPFq 52 52
NizS,/MWCNT 2 M KOH 5 55.8 53
CNT/CuS 2 M KOH 2 112 54
CuS 1 M LiClO, 5 72.85 55
CuS 3 M KOH 5 276 56
SnS/carbon 0.1 M KOH 5 36.16 57
SnS 0.1 M KOH — 21.17 58
MoS,/graphene 1 M Na,SO, — 268 59
MoS,/carbon 3 M KOH 5 210 60
Ni;S, nanorod 3 M KOH 10 34.9 61
VS, nanosheets 6 M KOH — 155 28
MnS/GO 1M KOH 5 390.8 30
MnS 6 M KOH 5 33.7 This work
MnS/NG-9 6 M KOH 5 156 This work
MnS/NG-9 6 M KOH 5 358.8 This work
MnS/BG-9 6 M KOH 5 696.6 This work

“ Electrolyte. ” Scan rate (mV s'). ©Specific capacitance (F g).
9 Reference.

shown in Fig. 10, the capacitance retention of MnS/BG-9 and
MnS/NG-9 composite electrodes exhibited higher retention rate
than that of MnS/G-9 electrode (92.7%) and pure MnS electrode
(89.3%) even after 1000 cycles, indicating better electrochemical
cyclic stability of N and B doped graphene in composite.

Fig. 11 shows the charge-discharge characteristic behavior of
the fabricated electrodes. The charging-discharging time of
pure MnS electrode is almost identical and symmetric, implying
a high reversibility of electrode (Fig. S3t). A small deviation in
symmetric charge-discharge behavior was observed in MnS/G-9,
MnS/NG-9 and MnS/BG-9 nanocomposite electrodes, which
suggests the dual behavior via electrical double layer and the
pseudocapacitance nature of the electrodes.®> The IR drop is
attributed to the internal resistance of the electrodes associated
with the resistance of ion migration and electrical connection
resistance of electrodes. As seen from the figure, the IR drop of
MnS/BG-9 electrode is lesser than that of the other composite
electrodes and pure MnS electrode. A lower internal resistance

98

96

94

92
=@=MnS/G-9

Capacitance retention (%)

=@=MnS/NG-9
90 [ —9—MnS/BG-9
88 1 1 1 L 1
0 200 400 600 800 1000

Cycle Number

Fig.10 Capacitance retention properties of pure MnS, MnS/G-9, MnS/
NG-9 and MnS/BG-9 nanocomposites.
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of the MnS/BG-9 composite electrode indicates higher pseudo-
capacitance behavior along with the double layer capacitance and
thus, less energy will be wasted during the charge-discharge
process.' The charge/discharge time of MnS/BG-9 nanocomposite
electrode was significantly increased compared to other elec-
trodes, suggesting that the presence boron in graphene has
enhanced the charge capacity of MnS nanoparticles.
Electrochemical Impedance Spectroscopy (EIS) analysis was
used to investigate the fundamental behaviour of the electrode
materials for supercapacitors, such as the charge transport
phenomenon at the electrode-electrolyte interface. EIS was
measured with an AC perturbation of 0.01 V in the frequency
range from 0.01 Hz to 10° Hz at an open circuit potential.
Nyquist plots of pure MnS, MnS/G-9, MnS/NG-9 and MnS/BG-9
electrodes are shown in Fig. 12. A semicircle region could not be
observed at high frequency for the electrodes, probably due to
the low faradic charge-transfer resistances.®® The straight
vertical 45° line shows the pure capacitive nature of MnS and
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Fig. 12 Nyquist plots of (a) pure MnS (b) MnS/G-9 (c) MnS/NG-9 and
(d) MnS/BG-9 nanocomposite from the frequency range from 0.01 Hz
to 10°® Hz (inset shows the fitted equivalent circuits).
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composite electrodes. This straight line in the low frequency
range is related to the diffusion resistance of the electrolyte into
the interior of the electrode and ion diffusion into the electrode.
The ionic conductivity of the electrolyte system is reflected from
the solution resistance (R;), which is calculated from the
intersection of curve at real axis for high frequency region. The
inset in each figure shows the fitting circuit of high frequency
region. In the fitting circuits, Rs and R, are the solution and
charge transfer resistance, respectively. Cq is the double layer
capacitance, Cp, is the pseudocapacitance and W is the Warburg
diffusion element. The smaller solution resistance of MnS/BG-9
electrode (1.73 Q) than other electrodes suggests a faster elec-
tron transfer process through the MnS/BG-9 electrode. This is
because that B atom in graphene introduces more active sites to
access the electrolyte ions in electrode/electrolyte interfaces.
Obviously, the MnS/BG-9 electrode is more suitable for being
used as an electrode material for supercapacitors which is due
to the high electrical conductivity of electrode. The improved
electrochemical performance of MnS/BG-9 nanocomposite can
be attributed to the functionalization effect of B doping, which
donates the electron density to aromatic rings of graphene
sheets and increased their conductivity. These results are in
good agreement with the capacitance values calculated from the
CV curves and the charge/discharge curves.

Bode phase angle plots are shown in Fig. 13. The phase angle
of all the electrodes is observed to be close to —45° at low
frequency, which indicates the pure capacitor behavior of elec-
trodes. The amplitude of the total impedance versus frequency
plots shows three slopes at different frequency regions. At lower
frequency region (1-0.01 Hz), the slope value of the electrodes is
high, which is probably due to the resistive component of the
interfaces and at mid-frequency range (100-1 Hz), the slope
values of electrodes shows both capacitive and resistive compo-
nent of the interface. At high frequency region (10°-100 Hz), the
electrodes highlight pure capacitive components of the electrode
interfaces. It could be seen that the slope of MnS/BG-9 nano-
composite electrode at higher frequency is smaller (~0.021) than
other electrodes, indicating the more capacitive nature.

Phase (theta/degree)
Log (Z/Hz)

5 .70

1 0 1 2 3 4

Log (f/Hz)

Fig. 13 Bode plots of phase angle and Bode plots of total impedance
verses frequency of (a) pure MnS (b) MnS/G-9 (c) MnS/NG-9 and (d)
MnS/BG-9 nanocomposites.
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Conclusions

A simple wet chemical process was adopted for synthesis of
MnS/G, MnS/NG and MnS/BG nanocomposites. As prepared
samples were analyzed through XRD and XPS studies. XRD
analyze showed the cubic nature of y-MnS nanoparticles in
MnS/G composites. XPS characterization revealed that the
nitrogen and boron atoms were well anchored in graphene and
enhanced the electrochemical properties. Aggregation of MnS
nanoparticles was observed in pure MnS, whereas the isolated
MnS particles were anchored on graphene and doped graphene
sheets, which confirmed from HRTEM analyze. Based on the
specific capacitance, 9 wt% of graphene concentration was
optimized in MnS for electrode materials. The presence of
nitrogen and boron doping in graphene enhanced the electro-
chemical activities of MnS than the undoped graphene.
Maximum specific capacitances of 696.6 and 353.8 F g~ were
observed for MnS/BG-9 and MnS/NG-9 composite at 5 mV s
scan rate, respectively, whereas pure graphene composite (MnS/
G-9) exhibited a maximum specific capacitance of 156 F g~ .
The present study demonstrates that the doping of graphene in
MnS generates large electrode/electrolyte interfaces, which
provides more active sites for excellent electrochemical perfor-
mance with high charge storage of composite. These results
suggest that MnS/BG-9 nanocomposite is a prominent candi-
date for high performance supercapacitor devices.
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