ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Pseudocapacitive-battery-like behavior of cobalt
manganese nickel sulfide (CoMnNiS) nanosheets
grown on Ni-foam by electrodeposition for
realizing high capacityt
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Hierarchical interconnected nanosheets (HIN) of cobalt manganese nickel sulfide (CoMnNiS) were
synthesized on Ni foam by a simple and economical electrodeposition technique for energy storage
application. Sulfonated thin nanosheets of Co, Mn and Ni provide stability of chemical activity, surface
functionalization and surface reactivity to the electrode. The fabricated electrode shows a specific
capacity of 257.4 mA h g~* (at 2.5 A g™, measured by galvanostatic charging—discharging (GCD). Both
diffusion and capacitive mechanisms in the sulfide layer contribute to the high electrical conductivity.
Asymmetric devices CoMnNiS/NiCuO and CoMnNiS/CNT (CNT = carbon nanotubes) were fabricated,

Received 7th September 2018 providing a maximum operating voltage of 1.7 V and 1 V, specific capacity of 20.8 and 50.8 mA h g,

Accepted 17th November 2018
and energy density of 8.4 and 6.3 W h kg~! corresponding to a power density of 985 and 211 W kg%,

DOI: 10.1039/c8ra07471b respectively, at a current density of 0.5 and 0.63 A g~*. These results demonstrate a novel material for
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1. Introduction

In order to protect living beings and the environment from the
adverse effects of harnessing/utilization of fossil fuels for
energy needs, generation of eco-friendly energy and its storage
is becoming a highly urgent task for researchers. Efficient
electrical energy storage can play a vital role in shaping our
future needs. Nowadays, development of energy storage devices
for portable electronic applications is a prime research focus
with increasing demand for solar, wind and other natural
sources of green energy. These storage devices should be effi-
cient enough to meet the demands for energy storage and
release for applications in a wide area of interest including
wireless communication, sensor networks, portable generators,
etc.' Classification of electrical energy storage devices can be
done mainly in two ways: based on energy density and power
density, where the first one refers to batteries and the second to
supercapacitors. Supercapacitors, compared to Dbatteries,
possess unique properties like fast charge/discharge times,
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application in energy storage devices as an electrode.

extended life cycle, good reliability, and massive charge storage
capacity. All these features make them superior to their battery
counterparts,>* but they are lacking in terms of energy density,
a key parameter for device application. The charge storage
behavior of an electrode depends on properties like high
surface area, porosity, electronic conductivity and multiple
faradaic redox reactions. These factors influence the amount of
charge collected, and the speed of transfer of ions through
nanopores. Therefore, the material and synthesis strategies
should be carefully selected in the design and fabrication of
electrodes.

Transition metal sulfides (TMS) have already been explored
as high performance pseudocapacitor materials.® TMS, as
compared to transition metal oxides (TMO), possess properties
like high porosity, high levels of active redox species, fast ion
transport, high number of active sites, short ion diffusion paths
and high numbers of charging/discharging cycles, contributing
to high energy density and stability of the electrode. TMS
possess layered crystal structures, so nanosheets of metal
sulfides can provide large specific surface area and interlayer
spacing for ion intercalation,” thereby increasing the capaci-
tance of the electrode. Therefore, TMS are being paid increasing
attention; additionally, sulfur can impart properties like
porosity and a fast ion transport mechanism®™° to the electrode.
Recent studies on sulfides of molybdenum (MoS;), cobalt (CoS),
nickel (NiS), and copper (CuS) show that the pseudocapacitive
behaviors of these materials are improved by the presence of

This journal is © The Royal Society of Chemistry 2018
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sulfur."*> Composites like CoS/graphene composite (654 F g~ 1),
nickel sulfide@CoS double-shelled polyhedra (2291 F g~ '), MnS
nanoclusters (828 F g '), MnS/rGO (rGO = reduced graphene
oxide) (846.4 F g~'), NiCo,S,@polypyrrole core-shell, CC/H-
Ni@Al-Co-S, and Co-Al-LDHs (layered double hydroxides)'*™®
show the high specific capacitance and stability of metal
sulfide-based materials. NiCo,S, nanostructures’” grown on Ni
foam showed a specific capacitance of 1948 mF cm ™2, high rate
capability and stability compared to NiCoO,, due to their small
band gap' and presence of inherent redox centers for reac-
tion.” Similarly, NiCo,S;@DCCNF (Double Capillary Carbon
Nanofiber), Ni@Ni(OH), and Co-doped Ni@Ni;S,, and Ni@Ni-
Co-S have shown high electrochemical performance.**>
Moreover, these multi-TMS surpass their mono-metal sulfide
counterparts in terms of electrochemical activity and capaci-
tance and thus find use in electrode fabrication.

From the above literature, it is found that individual/
combined TMS like nickel sulfide, cobalt sulfide, manganese
sulfide and NiCo,S, can act as high performance energy storage
materials. Here, an effort is made to harness the potential of all
these high performance metal (Co, Mn and Ni) sulfides, which
may possess rich redox behavior'” compared to single metal
sulfides. Electrode materials for supercapacitors can be
prepared by various methods like hydrothermal, electrodepo-
sition, sputtering, chemical bath deposition, etc. Among all
these methods, the electrodeposition technique® has a greater
advantage in terms of purity, homogeneity and growth time due
to the electrochemical mechanism. Therefore, here we have
used electrodeposition to synthesize a hierarchical inter-
connected nanosheets (HIN) composite of CoMnNiS on
conductive porous 3D Ni foam for exploring its electrochemical
energy storage behavior.

2. Experimental
2.1 Material synthesis

All chemicals used were of high purity, analytical grade, and
were used as such without any further purification. In a typical
synthesis, Ni foams with size 1 x 1 em?” were first cleaned by
sonication in conc. HCI solution, followed by acetone, ethanol,
and deionized (DI) water for 15 min, to remove any surface
impurities present. For electrodeposition of CoMnNiS onto Ni
foam, 0.01 M cobalt nitrate hexahydrate (Co(NOj3), 6H,0),
0.01 M manganese nitrate hydrate (Mn(NO;),-xH,0) and 0.01 M
nickel nitrate hexahydrate (Ni(NO3),-6H,0) were transferred to
a beaker with an addition of 15 mL DI water, and this solution
was kept stirring at 400 rpm for 30 min. Afterwards 0.1 M
sodium sulphite (Na,SO3) and 0.01 M potassium chloride (KCI)
were added to the above solution and further stirred for 20 min.
This solution was then transferred to an electrochemical cell,
having Ag/AgCl as the reference electrode, Ni foam as a working
electrode and Pt foil as the counter electrode, for carrying out
electrodeposition, in chronoamperometry mode. A potential of
—1.2 V was applied for 10 min on the working electrode, with
the temperature of the electrolyte solution kept at 90 °C. After-
wards, the electrodeposited Ni foil was washed with DI water,
and dried for 12 h at 70 °C. The mass (0.4 mg) of active material
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deposited was calculated from the mass difference of Ni foam
after and before the electrodeposition process.

2.2 Material characterization

The crystal structure, phase and surface morphology of the
samples were characterized by powder X-ray diffraction (Rigaku
CuK,, radiation, A = 1.5146 A) and field scanning electron
microscope (FESEM, Supra Zeiss 55), respectively. High reso-
lution micrographs and selected area diffraction patterns
(SAED) were taken using high resolution transmission electron
microscopy (HRTEM, TECNAI F20 Philips operated at 200 kV).
The chemical state of each sample was detected by X-ray
photoelectron spectroscopy (VG Multilab 2000-Thermo Scien-
tific, USA, K-Alpha) with a multi-channel detector, which can
endure high photonic energies from 0.1 to 3 keV.

2.3 Electrochemical measurement

Electrochemical measurements were carried out on an Autolab
PGSTAT302N in three-electrode cell configuration, with elec-
trodeposited Ni foam as working electrode, Pt foil as counter
electrode and Ag/AgCl as reference electrode in 2 M KOH elec-
trolyte solution. Cyclic voltammetry (CV) was carried out at
various scan rates in the range 1-90 mV s~ ' in the potential
window of —0.1 to 0.4 V. Galvanostatic charge-discharge (GCD)
was measured at different current densities in the range 2.5-
75 A g~ '. The cyclic stability of each sample was tested at
a current density of 50 A g~ for 3600 cycles.

Asymmetric devices were fabricated using the CoMnNiS
electrodeposited Ni foam and the NiCuO/CNT (CNT = carbon
nanotubes) nanostructure on Ni foam with polypropylene film
as the separator. An electrolyte of KOH/PVA gel was prepared by
dissolving 1 g of PVA and 1 g of KOH in 10 mL of DI water under
vigorous stirring at 85 °C. Electrodes of CoMnNiS/NiCuO and
CoMnNiS/CNT were soaked in the gel for 5 min and arranged to
form a stacked structure which later was dried at 60 °C for 3 h,
then the whole structure was wrapped in polymer film for
measurement.

3. Results and discussion

3.1 Growth mechanism of the nanostructure by
electrodeposition technique

A schematic representation of the nanostructure formation
along with the arrangement used for the electrodeposition
process is illustrated in Fig. 1(a). Electrodeposition was carried
out at —1.2 V on Ni foam for 10 min, resulting in the growth of
nanostructures.

Fig. 1(b) shows the variation of transient cathodic current
versus time, which essentially comprises three regions: (1) in the
first region (I) a sudden drop of current is realized, which is due
to double-layer formation at the beginning of the deposition
process; (2) the second region (II), showing an electron transfer
process with electroactive species i.e. formation of nuclei; and
the (3) third region (III), showing growth and overlap, or the
formation of an electroactive area after nuclei formation. This
trend of the curve can be explained on the basis of
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Fig. 1 (a) Experimental arrangement for electrodeposition and schematic representation of CoMnNiS formation on Ni foam (b) cathodic

electrodeposition curve of 10 min duration (chronoamperometry), indicating various processes taking place during deposition of CoMnNiS on Ni
foam; (inset) magnified image of region | & Il of the chronoamperometry curve.

instantaneous and progressive nucleation. In the former
process nuclei are formed at the beginning of the electric pulse
on active surface sites, while in the latter case simultaneous
nuclei are formed during a continuous ecrystal growth
process.>*2®

The behavior of the curve in region II, shown in the inset of
Fig. 1(b) (i vs. ¢), corresponds to instantaneous nucleation of
particles on Ni foam, thereby increasing the total surface area of

40200 | RSC Adv., 2018, 8, 40198-40209

the working electrode. The maximum current is due to the
overlap of diffusion zones formed around growing particles
while the decreasing current behavior follows the Cottrell
equation for planar diffusion.” The formation of an HIN of
CoMnNiS (SEM micrograph) can be explained on the basis of
the applied reduction potential and the additives® used in the
electrodeposition process. By changing the reduction potential,
the concentration of OH™ ions at the electrode can be changed,

This journal is © The Royal Society of Chemistry 2018
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which in turn influences pH of the solution as an increase in
OH"™ will increase its pH. Thus the electrostatic field acting on
the ions and the reaction kinetics govern the deposition of ions
on the irregular 3D Ni foam. The above analysis of the electro-
deposition curve confirms the deposition of electrolyte species
on Ni foam, allowing further study.

3.2 Structural and phase confirmation by X-ray diffraction
(XRD)

The X-ray diffraction (XRD) pattern of electrodeposited CoMn-
NiS on Ni foam is shown in Fig. 2. Below 26 = 35° no peaks were
seen. The diffraction peaks with 26 values of 43.86° correspond
to planes (422) of NiS, and (221) of MnS,; those at 51.06°
correspond to plane (440) of CooSg and (222) of MnS,; and those
at 75.78° correspond to plane (422) of MnS,.

The crystal structures of all these materials are found to be
cubic with calculated lattice constants NiS,: cubica = b = ¢ =
5.618 A (JCPDS card no. 01-080-0375); C0oSg: cubic a = b = ¢ =
9.905 A (JCPDS card no. 01-075-2023) and MnS,: cubica = b = ¢
= 6.107 A (JCPDS card no. 01-076-2051). Co, Mn and Ni differ
only slightly in their atomic radii, and substitution of one for
the other in a sulfide will have little influence on the crystal
structure.” Therefore, the diffraction peaks of sulfides con-
taining Co, Mn and Ni are found to be overlapping. The
composite of these metals in sulfide form is expected to favor
the formation of more electroactive species involved in elec-
trochemical processes, i.e. oxidation and reduction (states),
governing the charge storage behavior of the CoMnNiS
electrode.

3.3 Morphology studies by FESEM and HRTEM

The surface morphology of the CoMnNiS electrode was analyzed
through FESEM at different magnifications. Fig. 3 shows the
formation of an HIN-like structure of CoMnNiS where the HIN
structures group to form flower-like structures composed of
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Fig. 2 XRD pattern of CoMnNiS sample synthesized by electrodepo-
sition technique.
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sheets of thickness 25 nm with porous architecture. The growth
of such HIN structures on the surface and in-plane offers large
active surface area, favors fast electron transfer and more active
sites for electrolyte species for efficient ion/mass transport. The
HRTEM micrograph presented in Fig. 4(a) confirms the FESEM
image by showing a flake-like structure, which provides high
surface area due to the presence of sulfur. Fig. 4(b) presents
nano-size metal species and Fig. 4(c) shows the SAED pattern,
representing the polycrystalline nature of the sample; the
diffraction spots marked (221) and (422) correspond to NiS, and
MnS,, and can be further correlated with the XRD results,
supporting the presence of these crystal structures in the
sample. These HIN structures are expected to exert a synergetic
effect, leading to high electrochemical performance of this
material in terms of energy storage.

3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to investigate
the chemical states of the CoMnNiS sample as given in Fig. 5.
Fig. 5(a) depicts the survey spectra of the synthesized nano-
material. It shows the presence of Co, Mn, Ni and S in the
sample. In Fig. 5(b), the Ni 2p peak splits as a result of spin-
orbit splitting into two intense peaks, 2ps/, (858.18 eV) and 2p,,
(871.5 eV), having separation ANi = 13.32 eV, thus showing the
presence of the Ni*" state. The multiplet-splitting of the 2ps,
peak (858 eV) shows the presence of Ni**, which reveals distinct
peaks at 858.1 and satellite peaks located at 861 and 873.8 eV. In
Fig. 5(c), Co shows splitting similar to Ni, due to spin-orbit
splitting, with the first peaks 2p;, at 778.2 eV and 2py/, at
794.5 eV representing the presence of Co®". The band of 2p;, at
778.5 eV shows the existence of Co*" states,?*3* while the lower
region of the 2p,,, peak can be related to the formation of CoNi
at 793.5 eV. In Fig. 5(d), Mn shows two distinct peaks corre-
sponding to 2ps/, and 2p,, located at 640.94 and 650.5 eV (AMn
= 9.58 eV), indicating the presence of Mn*". In Fig. 5(e), sulfur
shows a peak at 161.2 eV corresponding to 2p;, of Ni/S and Co/S
and a peak at 163.8 eV corresponding to 2py,, of MnS. From the
above analysis, the existence of multiple oxidation states of Ni
and Co can be found. Fig. 5(f) shows the presence of oxygen, and
the O 1s core spectra can be fitted with three peaks, which can
be mapped as O1 corresponding to NiO and Mn,0; (528.8 eV);
similarly O2 and O3 correspond to Co(OH), and Ni(OH), (530.8
eV), and to C=0 (532.8 eV) and (CH),SO,, respectively.

The formation of these species takes place during the elec-
trodeposition process in the KOH electrolyte. The availability of
different oxidation states is expected to favor the redox reaction
taking place in the electrochemical process, and influences the
charge storage behavior of material. Moreover the bonding of
NiCo, Ni/S, Co/S and MnS supports the XRD results, ie. the
formation of CoMnNiS material. The atomic percentages (at%)
of Mn, Co, Ni, S, C and O calculated from XPS were found to be
0.62, 0.30, 0.18, 0.08, 79.61 and 19.21% respectively.

3.5 Electrochemical studies for energy storage

Cyclic voltammetry (CV) measurements were carried out to
study the electrochemical and redox behavior of HIN CoMnNiS

RSC Adv., 2018, 8, 40198-40209 | 40201
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Fig.3 FESEM images (a—c) of CoMnNiS sample showing hierarchical interconnected nanosheets-like morphology at different magnifications (2

pm to 200 nm).

electrodeposited on Ni foam in 2 M KOH electrolyte solution.
CV scans were conducted at varying scan rates from 1 to 90 mV
s~ in a fixed potential window of —0.1 to 0.4 V, as shown in
Fig. 6(a). The CV of the CoMnNiS electrode possesses a non-
rectangular shape, asymmetric, having three strong redox
peaks, indicating that the capacitive behavior of the electrode is
different from an electric double-layer.

The oxidation peak, Ep, = 0.23 V, can be related to nickel and
similarly the reduction peaks at Ep. = 0.16 and 0.27 V corre-
spond to conversion of cobalt**** and nickel** from one state to
another (Ni** < Ni*" and Co®" © Co0*"). The small difference
AE,. between anodic and cathodic peaks favors the reversibility
and pseudocapacitive property** of the electrode, leading to
a fast reversible redox mechanism. As the scan rate increases,
the anodic peak (oxidation) in the CV shifts towards more
positive potential, i.e. from 0.225 to 0.3 V, due to a redox reac-
tion mechanism governed by a charge transfer mechanism.’
The cathodic peak (reduction) shows almost no shift; the broad
nature of the redox peaks can be related to high conductivity, as
seen in conducting polymers,*” and to the intercalation nature
of pseudocapacitive materials*® involving a faradaic mechanism
without any phase change.

The shape of the CV remains the same with increasing scan
rate (1-90 mV s '), which shows the fast charge-discharge
behavior of the material.*® An increase in bounded area with

40202 | RSC Adv., 2018, 8, 40198-40209

increasing scan rate can be related to the rapid diffusion of ions
in KOH electrolyte. The electrochemical reactions taking place
can be attributed to a reversible faradaic redox nature. A plau-
sible mechanism can be represented by:

NiS + OH™ < NiSOH + e~
NiSOH + OH™ < NiSO + H,O +e”
MnS + OH™ < MnSOH + e~
MnSOH + OH™ < MnSO + H,O + e~
CoS + OH™ < CoSOH + ¢~

CoSOH + OH™ < CoSO + H,0 + e~

The specific capacity of the HIN CoMnNiS electrode was
calculated from the relation shown in ESIL.{ The variation of
specific capacity with different scan rates is shown in Fig. 6(b);
the highest value of specific capacity of 272.5 mA h g™ is ob-
tained at 1 mV s~ ', which decreases to 61.3 mA h g at 90 mv
s~ ". This high value of specific capacity can be attributed to the
ultrathin HIN structure of the CoMnNiS electrode, which offers
large surface area and highly porous structure for the rapid

This journal is © The Royal Society of Chemistry 2018
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Fig.4 TEM and HRTEM images of CoMnNiS sample (a) high and (b) low resolution (c) SAED pattern showing various diffraction planes, i.e. (221)

of NiS, and (422) of MnS..

diffusion of electroactive species during the charge transport
process.’” Moreover, the presence of different valence states of
Ni, Co and Mn obtained from the XPS results supports the high
electrical conductivity of the sample, due to the presence/
conversion of more ionic species in the electrolyte and inter-
change of states. The metals also act as self-dopants due to the
very similar ionic radii of the species involved in the electro-
chemical process. Meanwhile, the decrease in specific capacity
with increase in scan rate can be accounted for by the weakened
interaction of electrolyte ions with the metal species.

The total peak current measured from the CV scan rates can
be divided into diffusion-controlled (ig) and capacitive
current, which are required for charging the double layer at the
electrolyte interface or initiating faradaic reactions on the
surface of the electrode (i..p),””*® respectively. Therefore the
dependence of total peak current (i) on scan rate (v) can be
expressed by eqn (2)-(5) with parameters a and b, as shown in
ESI.***"} Calculation of b provides information about the type of
material i.e. pseudocapacitive or battery. The value of b is ob-
tained from the slope of a linear plot of log(i) versus log(v),
which provides information about the reaction kinetics taking
place at the electrode. Generally, b has a value of 1 or 0.5, where
avalue of b ~ 1 indicates the role of surface redox reactions and
the charging/discharging process of an electric double layer
capacitor while b ~ 0.5 indicates a slow semi-infinite diffusion-

This journal is © The Royal Society of Chemistry 2018

controlled faradaic mechanism taking place in bulk material,
i.e. battery type behavior.*®

The value of b calculated from Fig. 6(c), i.e. plot of log(—i)
versus log(v), is found to be 0.79 for the anodic peak and 0.83 for
the cathodic peak. This indicates a greater contribution of
capacitive current to the total current, which is also supported
by the broad peaks (oxidation/reduction) in the CV of the HIN
CoMnNiS electrode. In order to characterize the charge storage
mechanism, the total current can be further expressed as a sum
of the diffusion-controlled (o to ») and the capacitive process
(< to ™). The slope of a linear plot of i,(v)/v*® versus v*° at
different scan rates can be used to calculate the contribution
ratio of capacitive (k) and diffusive (k,) component to the total
current, as shown in Fig. 6(d). It can be seen that as the scan rate
increases, the contribution of the capacitive process continually
increases while that of the diffusion-controlled process
decreases.

GCD measurements of the HIN CoMnNiS electrode were
carried out in the potential window of 0-0.37 V at different
current densities ranging from 2.5 to 75 A g ', shown in
Fig. 7(a). The charge-discharge profiles of the HIN CoMnNiS
electrode show sloped plateaus, i.e. a mixed state of a regular
triangular profile (indicating an electric double layer capacitor,
EDLC) and a plateau (indicating a pseudocapacitor), with long
charging/discharging time. This can be attributed to the mixed

RSC Adv., 2018, 8, 40198-40209 | 40203
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Fig. 5 XPS spectra of CoMnNiS sample (a) survey and (b—f) showing various chemical states of the constituent elements including Ni, Co, Mn, S

and O present in the sample.

pseudocapacitive/battery type behavior of the electrode and can
be related to MnS, *° possessing a layered structure, enabling
diffusion of electrolyte and intercalation of ionic species. The
highest specific capacity of 257.4 mA h g * (Fig. 7(b)) was ach-
ieved at a current density of 2.5 A g~ " (calculated from eqn (6) as
shown in ESIt). This high value of specific capacity can be
attributed to the HIN structure of the electrode material, which
favors high accessible surface area for diffusion of charged
species on the surface of the HIN nanosheets of the CoMnNiS
electrode. This provides a path for the rapid transport of
electrons/ions through intercalation-deintercalation****
between sulfide layers.

40204 | RSC Adv., 2018, 8, 40198-40209

The rate capability, ie. relationship between calculated
specific capacity and current density, of the CoMnNiS electrode
is shown in Fig. 7(b). The electrode delivers a high specific
capacity of 257.4, 199.3, 150 and 108.3 mA h g’l, at current
densities of 2.5, 25, 50 and 75 A g " respectively. This behavior
may be related to an incremental decrease in either the voltage
or the amount of active material taking part in the redox process
at high current densities. It may also be related to the diffusion
and transport of OH ™ ions within the electrode material at high
current density.*”** All these support a high rate capability of
42% at a high current density of 75 A g~ as calculated.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07471b

Open Access Article. Published on 30 November 2018. Downloaded on 2/7/2026 2:06:12 PM.

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

(cc)

View Article Online

Paper RSC Advances
—1mV/s 300
0.03 | ——2mvss (a)
e 5 MV/$ >
e 10 mV/s (b)
E 2 250
—20mVis L i
E 0.02 4 |—30 mvis Oxidation peak ) 4
~ e 40 mV/s E
< ——50mVs < 2004 ,
60 mV/s
% 0.01 4| 70 mvis 7 i
80 mV/s
é =90 mV/s ‘o 1504
= 0.00- 2 >
2 S 100
= & "
-0.01 4 o >
= 3 R S
2 2. 50
Reduction peak | @
-0.02
1 T T T T T o T T T T T
-0.1 0.0 0.1 0.2 0.3 0.4 0.00 0.02 0.04 0.06 0.08 0.10
Potential (V vs. SCE) Scan rate (V/s)
-1.4
= Anodic (Linear fit of Rz=0.999) -
1.6 o 2 . 100.0
® Cathodic (Linear fit of R"=0.996) " L0 ) L35
O
138 L e £ 995 -‘\ Capacitive (k,v) o
~ 20] © o £ 30 5
< " S 99.0- =
E 2.2 " k5 L25 £
] Z =3
E 244 5 985+ g
a = F20 o
n s =
a2 2.6 ® 4 98.0- 8
< ]
@ = F1.5 8
£ 28- . £ g
S - € 9751 =
S 3.0 2 1.0 §
1 . E &
. £ 97.0- ]
324 ] Diffusion (k, v) ~ los &
& o 2 ~J%° &
-3.4 4 96.5 - =
T T T T T T T T T 0.0
0.0 0.5 1.0 1.5 2.0 0 20 40 60 80

Log (sweep rate, mV/s)

Scan rate (mV/s)

Fig. 6 Cyclic voltammetry of CoMnNiS electrode (a) CV curve at various scan rates in the range 1-90 mV s~ showing oxidation and reduction
peaks, (b) plot of variation of specific capacitance vs. scan rate (1-90 mV s %), (c) plot of log(peak current, A) vs. log(sweep rate, mV s~%) showing
linear behavior (d) plot of variation of diffusion and capacitive current vs. scan rate.

A difference in the values of specific capacity calculated from
the CV and GCD techniques is seen, which can be explained on
the basis that the phenomena taking place in the CV and GCD
processes are quite different and independent. In CV the ions
move rapidly over the surface with respect to the applied scan
rate, whereas in GCD the material becomes fully charged to the
level of the applied potential and discharges naturally (slowly)
in the electrolyte environment. A comparison of the specific
capacitance of Co-, Mn-, Ni-, and S-based nanostructured elec-
trodes from the literature has been provided in the ESI Table
S1.%

The cyclic stability of the CoMnNiS electrode was measured
at a current density of 50 A g~ for 3600 cycles, as shown in
Fig. 7(c and d). The specific capacity of the CoMnNiS electrode
remains about 48% after 3600 cycles, thus indicating an excel-
lent performance of the electrode material and long-term
stability at a high current density of 50 A g~'. This capacity
retention behavior of the CoMnNiS electrode can be attributed
to the diffusion length of ions and the long time period for
which such high current densities are maintained, thereby
reflecting that the external surface area of the electrode plays
a major role in charge storage processes.*> Moreover, capacity
retention also depends on the crystalline/amorphous nature of

This journal is © The Royal Society of Chemistry 2018

the electroactive material.** Amorphous structures can endure
a large structural change during redox reactions, leading to
better cycling stability. Similar results were obtained by CV at
different scan rates, i.e. the shape of the curve remains the same
as its original shape; also, the redox peak maintains the same
position, which demonstrates the excellent performance of the
CoMnNiS electrode. Moreover, the shapes of the GCD curves
remain unchanged with increasing current densities, which is
a favorable sign for the high rate capacity and stability of the
CoMnNiS electrode.

Electrochemical impedance spectroscopy (EIS) of the HIN
CoMnNiS electrode was conducted before and after 3600 cycles
of charge and discharge to gain an insight into the perfor-
mance. Frequencies in the range within 100 kHz to 0.01 Hz with
an imposed AC voltage of 10 mV in an open circuit model were
applied to the CoMnNiS electrode. The Nyquist plot in Fig. 8(a)
can be divided into three regions: the first region from 100 kHz
to 0.1169 Hz (high frequency region), second region from 0.1169
to 0.0131 Hz and finally the remaining region.

The fresh CoMnNiS electrode has almost linear behavior of
Z' vs. Z" with a small Warburg region. The CoMnNiS electrode
after cyclic testing shows two semicircles, one in the high
frequency region due to the porous nature of the surface of the

RSC Adv., 2018, 8, 40198-40209 | 40205
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electrode,* and the other semicircle at the low frequency region Accordingly, the contribution to resistance can be divided
showing a charge transfer process due to the electrode-elec- into three regions of interest. The first is due to the electrolyte
trolyte interface, and has a larger Warburg region. and cell (R. = 0.314 Q), the second arises from the surface film
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and constant phase element (Rgg:p||Cseip 2-€. 211 QJ|1.8 mmho)
(the latter part being due to the non-homogeneity of the
CoMnNiS electrode) and the third is due to resistance transfer
(Ret||Car i.e. 180]|6.85 mmho) or diffusion processes. The low
frequency region (for the electrode after the stability test) has
scattered points showing an undeveloped Warburg region (28.6
mmbho) due to a high charge transfer contribution. This is also
supported by an increase of the diffusion current component as
shown in Fig. 5(d). The small diameter of the EIS semicircle
before the stability test shows the high conductivity of the
CoMnNiS electrode; the values of the circuit elements fitted to
the above data are shown in Fig. 8 below the EIS curve. A higher

This journal is © The Royal Society of Chemistry 2018

value of R after the cyclic test shows that the material is in
a state of fast degradation, which can also be found from the
shape of the EIS curve and from the variation of specific capacity
vs. number of cycles (stability curve). A Bode plot of the HIN
CoMnNiS electrode is illustrated in Fig. 8(b), showing the vari-
ation of Z and phase angle with frequency. A rise in phase angle
to —66.25°, close to 90°, shows the capacitive behavior of the
CoMnNiS electrode material. The above EIS results support the
high performance of the CoMnNiS electrode in terms of charge
transfer kinetics/electron transport behavior.

Asymmetric supercapacitor devices, based on the HIN
CoMnNiS and NiCuO/CNT nanostructures, were tested; the CV

RSC Adv., 2018, 8, 40198-40209 | 40207
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and GCD profiles are shown in Fig. 9(a-d). The CoMnNiS/
NiCuO device showed a maximum discharging time of 30.2 s
at a current of 1 mA, Fig. 9(b). This device showed a maximum
specific capacity of 20.8 mA h g " at 0.5 A g~ *, which decreased
to1.5mAh g " at 2 Ag " (Fig. 9(e)), calculated from eqn (6) as
shown in ESLf{ Similarly, a CoMnNiS/CNT device was tested,
which provided a specific capacity of 50.8 mA h g ' at
0.63 A g™, as shown in Fig. 9(e). The energy density and power
density of the asymmetric HIN CoMnNiS/NiCuO device were
calculated from eqn (7) and (8) as given in ESIf and shown in
Fig. 9(f). The Ragone plot shows an energy density of
8.4 W h kg™ ' corresponding to a power density of 985 W kg™ ' at
0.5 A g~ ', which decreases to 0.6 W h kg™~ ' with a power density
of 3940.5 W kg™ " at 2 A g~ ". Similarly, the COMnNiS/CNT device
shows an energy density of 6.3 W h kg™ and power density of
211 Wkg ' at 0.63 Ag "

The above-mentioned results of the HIN CoMnNiS electrode
can be attributed to void spaces lying between the hierarchical
interconnected structures, which confine the electrolyte
between them. These open spaces also act as an ion/electrolyte
reservoir, favoring electrolyte diffusion/rapid ion transport
through them and allowing the device to withstand the volume
change taking place during charge/discharge to retain high
CoMnNiS electrode performance.

4. Conclusion

In summary, an HIN of CoMnNiS was synthesized by a simple
and economical electrodeposition technique for energy storage.
XRD of the nanostructure shows the presence of NiS,, MnS, and
CogS; in the cubic phase. FESEM and TEM images confirm an
interconnected flower-like structure made from flakes having
thickness of 25 nm, which possesses high surface area, porosity
and high electrical conductivity. The CoMnNiS electrode
showed high specific capacities of 272.5 mA h g~ " at a scan rate
of 1 mV 5" and 257.4 mA h g " at 2.5 A g~' with capacity
retention of 48% at 50 A g after 3600 cycles of continuous
charge-discharge. The CoMnNiS/NiCuO asymmetric super-
capacitor device showed a specific capacity of 20.8 mA h at
0.5 A ¢! with an energy density of 8.4 W h kg™" at a power
density of 958 W kg™ '. Similarly, the CoMnNiS/CNT device
showed specific capacity of 50.8 mA h at 0.63 A g~ with an
energy density of 6.3 W h kg™ at a power density of 211 W kg™,
These results show the influence of the surface charge storage
mechanism along with mixed pseudocapacitance/battery type
behavior of the CoMnNiS electrode.
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