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Manganese sulfide is promising material for electrochemical applications. In this work, crystalline, porous, and
nanostructured MnS2 and MnS2/carbon nanotube electrodes are prepared using dip dry and successive ionic
layer adsorption and reaction (SILAR) methods at room temperature (300 K). Comparative charge storage of
MnS2 and MnS2/carbon nanotube is examined in aqueous Na2SO4 and KOH electrolytes. The superior charge
storage of MnS2/CNT in Na2SO4 is observed with highest specific capacitance of 855 F g− 1 at 1 mA cm− 2 current
density and 90.1% capacitance retention for continuous 5000 charge discharge cycles. The improvement in
electrochemical charge storage of MnS2/CNT is associated with reduced electron transfer path and low equiv
alent series resistance (ESR) in Na2SO4.

1. Introduction
Supercapacitors are modern energy storage devices with moderate
energy density and high power density features useful in wearable
electronics, and hybrid electric vehicles [1–5]. Commercially available
supercapacitors are assembled using carbon materials electrodes such as
graphene, and carbon nanotubes (CNTs) [6–9]. However, their low en
ergy density (<10 Whkg− 1) is major bottleneck for further development
and it can be increased by replacing carbon based electrodes by com
posites of metal sulfide (rich redox active) and carbon (High surface and
high conductivity) materials [10–12]. The composite electrodes pre
pared with reduced graphene oxide (rGO) and CNTs endow with high
specific capacitance and improved energy density owing to increase in
electrochemical active sites and increase in electrical conductivity.
Recently, different strategies are employed for preparation of com
posite and hybrid electrodes such as MnS [13–17], NiS [18–21], CuS
[22–25] etc to increase energy density of supercapacitors. The metal
sulfide electrodes show higher energy density and power density
compared with corresponding metal oxide electrodes owing to higher
electrical conductivities, however, low cyclic lifetime is major challenge
for them. Cyclic stability of metal sulfide electrodes can be increased by
different strategies such as making composite or hybrid electrodes with

rGO [26] and CNTs [27–29], or core-shell structures preparation [30]
etc. Moreover, finding suitable electrolyte for metal sulfide and com
posite electrodes is also necessary to guarantee maximum charge storage
and that can achieved through systematic electrochemical study of
electrode storage in different compatible electrolytes.
Present work comprises preparation of MnS2 by SILAR method at
room temperature (330 K) and its application to supercapacitor prop
erties. Moreover, improvement of electrochemical charge storage of
MnS2 is achieved through MnS2/CNT preparation and systematic elec
trochemical study of MnS2 and MnS2/CNT is presented in Na2SO4 and
KOH to decide suitable electrolyte.
2. Experimental
Manganese sulfate (MnSO4), and sodium sulfide hydrate (Na2S.
xH2O) were purchased from Sigma Aldrich Ltd Mumbai, India. Carbon
nanotubes (CNTs), sulphuric acid (H2SO4), and nitric acid (HNO3) were
purchased from Sigma Aldrich Pvt. ltd. USA. De-ionised (DI) water was
used for preparation of chemical solutions.
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Fig. 1. (a) Comparative X-ray diffraction patterns, and (b) survey scan XPS profile of MnS2 and MnS2/CNT thin films. Narrow scan XPS profiles of (c) manganese, (d)
sulphur, (e) carbon and (f) oxygen elements in MnS2 and MnS2/CNT thin films.

2.1. MnS2 preparation

(Fig. S2) were prepared to demonstrate an industrial applicability of
present method.

MnS2 thin film was prepared on 304 type stainless steel (SS) sub
strate (1 × 5 cm2) using successive ionic layer adsorption and reaction
(SILAR) method at room temperature (~300 K). Initially, SS substrate
was well-polished with silicon carbide paper and cleaned with ethanol
and DI water. Then, it was immersed in 50 ml of manganese sulfate
(0.05 M) solution for 20 s (where adsorption of Mn+2 ions occur). Then,
it was dipped for 40 s in 50 ml of sodium sulfide (0.1 M) solution. There
is no drying between adsorption and reaction steps in the preparation of
MnS2. Immediately after adsorption of Mn+2, SS substrate was immersed
in sodium sulfide solution. Thus, single SILAR cycle was completed to
form layer of manganese sulfide on SS substrate. The successive 100
SILAR cycles were repeated to form terminal thickness of MnS2 thin film.
After each cycle, substrate was rinsed in DI water for 10 s and next cycle
was initiated without any delay. Hence, approximately 2 h was required
to prepare MnS2 thin film with the mass loading of 0.7 mg cm− 2.

2.3. Materials characterizations
Materials were analysed for crystal structure using X-ray diffraction
technique (X-ray diffractometer; X’Pert Pro, Malvern Panalytical B.V.)
with Cu Kα radiation. Chemical composition and elemental valence
states of MnS2 and MnS2/CNT thin films were studied using X-ray photoemission spectroscopy (XPS) technique (ESCALab Mark II, VG Scientific
Ltd.) with Al-Kα radiation as the X-ray source. Surface morphology of
thin films were examined using field-emission scanning electron mi
croscopy (FE-SEM) (SU-70, Hitachi High Technologies). High resolution
transmission electron microscopy (HR-TEM; Philips TECNAI F20) was
used to verify nanomaterials, crystal structure, materials. Electro
chemical charge storage was evaluated in three electrode setup in 1 M
Na2SO4, and 1 M KOH electrolytes using cyclic voltammetry (CV) and
galvanostatic charge discharge (GCD) techniques. Reference and
counter electrode were the saturated calomel electrode and platinum
plate, respectively. MnS2 and MnS2/CNT thin films were used as work
ing electrodes. Electrochemical impedance were performed in the fre
quency range of 0.1–105 Hz using ZIVE MP1 electrochemical work
station of Wonatech Company.

2.2. MnS2/CNT preparation
Dip-dry and SILAR methods were adopted to prepare MnS2/CNT thin
film on SS substrate. Initially, 10 mg of activated CNTs (Please see
supplementary information for activation of CNTs) were homoge
neously dispersed in 50 ml of DI water using Tip sonicator and identified
as CNT precursor solution. Then, CNTs were coated on SS substrate by
dip-dry method. A dipping time of SS substrate in CNT precursor solu
tion was optimised to 20 s and drying time as 60 s. One dipping and
drying cycle of CNTs was followed with SILAR cycle of MnS2 (as iden
tical with the used in section 2.1). After each MnS2/CNT cycle, SS sub
strate was rinsed in DI water for 10 s. Thus, 160 MnS2/CNT cycles were
repeated to load ~0.7 mg cm− 2 mass of MnS2/CNT thin film on SS
substrate. Schematic of MnS2/CNT preparation is presented in Fig. S1.
Large area thin films of brown MnS2 and brown-black MnS2/CNT

3. Results and discussions
MnS2/CNT thin film was prepared by combination of dip-dry and
SILAR methods. Initially, CNTs were coated on SS substrate by dip-dry
method. Then, MnS2 was deposited by heterogeneous chemical precip
itation on CNT/SS substrate. MnS2 thin film was formed on SS substrate
in anionic (sulphur) precursor by the chemical reaction between Mn+2
and S− 2. In detail, the dissociated Mn+2 ions in cationic beaker were
adsorbed on SS substrate during the adsorption step and MnS2 layer is
2
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Fig. 2. FE-SEM images of (a) pristine and (b) activated CNTs, (c) MnS2/CNT and (d) MnS2 thin films, and (e, f) HR-TEM images of MnS2/CNT. Inset of FE-SEM images
(a–d) show low resolution FE-SEM images and inset of HR-TEM images (e, f) show SAED patterns of CNT and MnS2, respectively.

formed in the next step by reaction with sulphur ions (S− 2) (Fig. S1). The
increase in oxidation state of (Mn+4) was occurred in the reaction with
sulphur ions at 300 K. When SS substrate (carrying Mn+2 ions) is dipped
in sulphur precursor solution, S− 2 (in the 0.1 M aqueous Na2S solution)
ions attack very high in number on Mn+2 ions on the SS substrate. Thus,
high energy system is formed at the SS substrate surface vicinity to Mn+2
ions. In order to achieve ground state, manganese (d-block element)

reacts with crowded electrophilic sulphur (S− 2) ions and shift their
oxidation state (Mn+2) from +2 to +4. Similarly, MnS2 has been pre
pared elsewhere at the low temperature reactions and oxidation of Mn+2
was caused by higher content of sulphur precursor (Na2S or thio
acetamide) [31–33].
MnS2 precipitate sample was prepared for XRD study by collecting
formed precipitate in the sulphur precursor solution during the

Fig. 3. The 5 to 100 mVs− 1 scan rate CV curves of MnS2 in (a) 1 M KOH and (c) 1 M Na2SO4, and MnS2/CNT in (b) 1 M KOH and (d) 1 M Na2SO4. The GCD curves of
MnS2 in (e) 1 M KOH and (g) 1 M Na2SO4, and MnS2/CNT in (f) 1 M KOH and (h) 1 M Na2SO4. The comparison of (i) Specific capacitances, and (j) impedance spectra
of MnS2 and MnS2/CNT in two different electrolytes. (k) Magnified high frequency region of impedance profile. (l) Comparative cyclic stability study of MnS2/CNT
for 5000 cycles in two different electrolytes.
3
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preparation of MnS2 thin film. Moreover, another two samples were
prepared by scratching MnS2 and MnS2/CNT thin films from SS sub
strate. Fig. 1 (a) shows XRD patterns of all three different samples,
comprising XRD peaks at 2θ positions of 28.9◦ ,31.1◦ , 32.4◦ , 36.2◦ , 41.4◦ ,
44.4◦ , 50.8◦ , 53.9◦ correspond to (002), (210), (102), (112), (022),
(122), (222), and (023) planes of cubic MnS2 phase (COD ID: 9008044).
In case of MnS2/CNT sample, additional XRD peak (marked with #) is
observed at 25.3◦ corresponds to (002) graphitic plane of CNT and all
other peaks are correspond to MnS2 phase of manganese sulfide [34]. A
single impurity peak (dictated with @) is observed in all XRD patterns,
which corresponds to γ-MnS phase of manganese sulphide. The pristine
and activated CNTs show XRD peaks at 25.3◦ and 42.20◦ correspond to
(002) and (100) planes (Fig. S3) [35]. Broad graphitic peak of (002)
plane confirms layered hexagonal crystal structure [36].
The XPS study determines surface chemical composition of MnS2 and
MnS2/CNT thin films through Fig. 1(b–f). Survey scan profiles (Fig. 1
(b)) show that Mn and S are present in MnS2 and MnS2/CNT thin films.
Mn 2p profile in Fig. 1 (c) is splitted in Mn 2p3/2 and Mn 2p1/2 energy
doublets, with the 641.7 and 653.7 eV binding energies for MnS2, while
641.9 and 653.8 eV for MnS2/CNT (with 12 eV energy separation for
both the samples) supporting for existence of MnS2 phase of manganese
sulfide. In our previously published work, it is found that the energy
separation of Mn 2p doublet (Mn 2p1/2 and Mn 2p3/2) of MnS2 phase of
manganese sulfide is highest (12.0 eV) comparison with the γ- and
α-MnS (11.6 eV) phases [32]. Thus, it is verified that MnS2 phase of
manganese sulfide is formed [32]. S 2p XPS profile shows metal sulfide
(Mn–S) bonding in both thin films, which is indicated by S 2p3/2 peak
(Fig. 1 (d)) [37,38]. Owing to air oxygen exposure, both the thin films
show S–O bonding in S 2p profile.
The C 1s profile shows C–S bonding at 285.8 eV for MnS2/CNT [39],
indicating attachment of S species to CNT during material preparation.
The broad scan XPS profile of MnS2/CNT shows low intensity O 1s peak
(Fig. 1 (b)) and narrow scan S 2p profile (Fig. 1 (d)) shows decreased
ratio of sulfate (related to S–O bonding) to sulfide (related to Mn–S
bonding) peaks compared with MnS2. It is concluded that composite
(MnS2/CNT thin film) is protected from adsorption of atmosphere oxy
gen. Because, carbon nanotubes do not form a bond with oxygen at
ambient condition, even though exposed to atmospheric oxygen and
many MnS2 nanoparticles on the MnS2/CNT thin film are grown below
CNT matrix, which is evidenced from FE-SEM results, Such, MnS2
nanoparticles are hiding from exposure to the air oxygen and material is
protected from S–O bond formation.
Fig. 2 presents surface morphology and crystalline features of MnS2
and MnS2/CNT thin films. The FE-SEM image (Fig. 2 (b)) of activated
CNTs show rough surface of their sidewall, which is caused by oxidation
of CNTs by the acidic treatment, however it is not seen in case of pristine
CNTs (Fig. 2 (b)). MnS2/CNT thin film (Fig. 2 (c)) shows incorporated
MnS2 particles in the porous matrix of CNTs, while MnS2 thin film (Fig. 2
(e)) have porous nanostructure formed with nanoparticles. HR-TEM
images (Fig. 2 (e, f)) show that sidewall surface of CNT are nonuniformly attached with few MnS2 nanoparticles. Bright and dark
spots are seen in MnS2 nanoparticle (Fig. 2 (f), which increases electroactive sites useful for electrochemical applications. Inset of Fig. 2 (e, f)
show selected area electron diffraction (SAED) patterns of CNT and
MnS2 nanoparticles, respectively. The SAED pattern of CNTs is indexed
with (002), and (100) plane while (002), and (112) planes are indexed
for MnS2.
In the literature, promising electrochemical charge storage of man
ganese is demonstrated in neutral as well as basic electrolytes i.e.
Na2SO4, and KOH, etc [33]. The comparative study of electrochemical
charge storage is necessary to decide whether neutral or basic electrolyte
is more suitable for MnS2. Hence, as a concept of proof, MnS2, and
MnS2/CNT electrodes are analysed in both Na2SO4 and KOH electro
lytes. The CV curves of MnS2 are recorded at different scan rates in 1 M
Na2SO4 (Fig. 3 (a)) and 1 M KOH (Fig. 3 (c)), which show that integrated
area of all CV curves of MnS2 are higher in Na2SO4 electrolyte than KOH.

Similarly, occurred in case of MnS2/CNT electrode (Fig. 3 (b, d)). Thus,
it is concluded that electrochemical charge storage of MnS2 and its
composite with CNT have increased charge storage properties in neutral
Na2SO4 electrolyte than KOH.
Moreover, MnS2/CNT shows more suitable rectangular CV curves
and higher integrated area under CV curves in Na2SO4 as well as in KOH
that dictates higher electrochemical charge storage properties of MnS2/
CNT electrode over bare MnS2. It is also noted that addition of CNT in
MnS2 decreases deep curve of cathodic and anodic peaks for the case of
KOH electrolyte, which is attributed to the stabilization of composite
(MnS2/CNT) electrode because of CNT addition in comparison with
MnS2 electrode. MnS2 and MnS2/CNT electrodes show operating po
tential window of 0 to +1.0 V/SCE in Na2SO4 and -0.8 to +0.4 V/SCE in
KOH. Positive and negative potential shift is observed during oxidation
and reduction of material, respectively with increased scan rate (in case
of KOH electrolyte) caused by limitation of ion diffusion rate at higher
scan rates [40,41], However, no clear cathodic or anodic peaks are
observed in Na2SO4 indicating that reversible and surface confined
electron transfer reactions occur between Na+ and MnS2. The observed
CV curves of MnS2/Na2SO4 are consequences of reversible electron
transfer activity between MnS2 and Na+ ions proposed by following
equation [33],
MnS2 + Na+ + e ↔ MnS2 Na

(1)

However, in KOH electrolyte, the reversible faradaic reactions be
tween MnS2 and OH− are occurred for electrochemical charge storage of
MnS2 and MnS2/CNT electrodes shown by following equation [42],
MnS2 + OH −

↔ − MnS2 OH + e−

(2)

For MnS2/CNT electrode, additional redox reactions are occurred
due to surface functional groups of activated CNTs proposed by
following equations (5)–(7).
> C − OOH ↔ − COO + H + + e−

(3)

> C − O + e ↔ > C − O−

(4)

> C − OH ↔ > C = O + H + + e−

(5)

The GCD study of MnS2 (Fig. 3 (e, g)) and MnS2/CNT electrodes
(Fig. 3 (g, h)) in Na2SO4 and KOH electrolytes, respectively at different
current densities (1–4 mA cm− 2) show similar results as in CV study.
However, all GCD curves of MnS2 and MnS2/CNT electrodes show
symmetrical charging and discharging profiles and less initial resistance
in the discharging path and longer duration in Na2SO4 demonstrating
more suitability of MnS2 in Na2SO4 for electrochemical charge storage.
Moreover, GCD curves show steeper nature between 0.2 and 0.8 V/SCE
potential caused by CNTs addition, which is indicative of double layer
charge storage contribution in MnS2/CNT thin film. Initial linear region
of discharging curve is associated with redox reactions demonstrated in
eqs (5) and (6). The specific capacitances of electrode are calculated for
different current densities using following relation,
Specific capacitance =

Id
td
×
V m

(6)

where, Id, td, V, and m correspond to applied current density (mA cm− 2),
discharging time (s), applied potential window (V/SCE), and mass
loading of electrode (g). The specific capacitances of MnS2 and MnS2/
CNT electrodes are calculated based on discharging time and mass
loadings in Na2SO4 and KOH electrolytes and found that maximum of
855 F g− 1 specific capacitance is obtained for MnS2/CNT electrodes at 1
mA cm− 2 current density in 1 M Na2SO4 (Fig. 3(i)) compared with 669 F
g− 1 in 1 M KOH. Also, comparative study of specific capacitances of
MnS2 and MnS2/CNT electrodes show that rate capability of MnS2/CNT
electrode is higher in both KOH and Na2SO4, as compared with bare
MnS2 electrode (Fig. 3(i)). This is also observed elsewhere in the
4
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Table 1
Comparative Rs and Rct values of MnS2 and MnS2/CNT in Na2SO4 and KOH electrolytes.
Sr. no.

Resistance

1
2

Rs (Ω cm− 2)
Rct (Ω cm− 2)

Electrode -Electrolyte

MnS2–Na2SO4

MnS2/CNT- Na2SO4

MnS2–KOH

MnS2/CNT- KOH

2.9
2.4

0.72
2.1

1.4
25.6

1.2
20.8

literature owing to addition of CNT in the electrode [43]. Thus CV and
GCD studies show that Na2SO4 is more suitable electrolyte than KOH for
MnS2 and it’s composite for electrochemical capacitor application. The
increase in specific capacitances for MnS2/CNT electrode than MnS2
electrode is associated with short electron transfer due to CNTs and
lowest intrinsic resistance of MnS2/CNT electrode in Na2SO4 (Fig. S4).
The increased electrochemical charge storage of MnS2 in Na2SO4 is
supported by electrochemical impedance analyses within 0.1–105 Hz
frequency range presented in Fig. 3 (j). The impedance study of elec
trode gives various resistances associated with transfer of electrons from
electrolyte ions to electrode matrix. It consists of Warburg resistance (W)
associated with transport of ions through electrolyte solution, charge
transfer resistance (Rct) linked with electron transfer between electro
lyte ions and particles in the solid electrode matrix (here MnS2) and
equivalent series resistance (ESR) (Rs), which is combination of ohmic
resistance of wire, current collector, electrode material and electrolyte
[37]. Fig. 3 (j) presents comparative impedance profiles of MnS2, and
MnS2/CNT electrodes in 1 M Na2SO4 and 1 M KOH electrolytes.
The initial intersection of impedance profiles in high frequency re
gion show that MnS2/CNT electrode has lowest Rs (0.72 Ω cm− 2) and Rct
(2.1 Ω cm− 2) in Na2SO4 compared with corresponding values in KOH
(Rs = 1.2 Ω cm− 2 and Rct = 20.8 Ω cm− 2) electrolyte and it is also less
than resistances of MnS2 electrode in Na2SO4 (Rs = 2.9 Ω cm− 2, Rct =
2.4 Ω cm− 2) and KOH (Rs = 1.4 Ω cm− 2, Rct = 25.6 Ω cm− 2) (Table 1).
Also, small Warburg resistance spike is observed in case of MnS2/CNT in
Na2SO4 comparison with other combinations, indicating higher charge
storage properties of MnS2/CNT in Na2SO4. Thus, lowest ESR and Rct
values of MnS2/CNT electrode support to the higher specific capacitance
of MnS2/CNT electrode in Na2SO4 electrolyte as evaluated in CV and
GCD studies. It is due to improved charge storage kinetics of MnS2/CNT
electrode (demonstrated by schematic representation in Fig. S4) and
reduction in ESR, charge transfer resistance and Warburg resistances in
Na2SO4. The electrochemical cyclic life time of MnS2/CNT electrode is
evaluated in both KOH and Na2SO4 for successive 5000 cycles measured
at 4 mA cm− 2 current density (Fig. 3 (l)). It shows higher capacitance
retention in MnS2/CNT electrode in Na2SO4 (90.1%) compared with
KOH (86.4%) after cyclic study. The FE-SEM images of MnS2/CNT
electrode after cycling process of MnS2/CNT electrode are presented in
Fig. S5 that shows maintained surface nanostructure of MnS2/CNT
electrode after cycling.

more suitable electrolyte for electrochemical capacitor application of
MnS2/CNT electrode.
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