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ARTICLE INFO ABSTRACT

Keywords: Metastable y-MnS and stable a-MnS were synthesized via a one-step facile hydrothermal method and investigated
MnS as anode materials in Li-ion batteries and capacitors for revealing the essence of their electrochemical difference.
Metastable structure Comparing with octahedrally coordinated [MnSe] in stable a-MnS, the Mn in y-MnS has a tetrahedral coordi-
]é;;(:;ilt)jrttery nation with smaller crystal field splitting and the Mn-S bond with a stronger covalent character, resulting in a
lower discharge potential that enables assembled devices with a higher energy density. Density functional theory
(DFT) calculation corroborates that the metastable y-MnS possesses high charge density overlapping in the
chemical bonds and decreased energy barriers for the reactive electrons deviating from 3d orbitals. Metastable
y-MnS delivers a larger storage capacity of 705mAh g~! at a current density of 100mA g%, and also demon-
strates superior rate capability (362 mAh g1 at 2 A g!) and cycling stability (550 mAh g~! remaining after 200
cycles at 0.5 A g~!) in Li-ion half cells. Moreover, the y-MnS//AC hybrid capacitor with a wide voltage window of
0.1-4 V demonstrates a maximum energy and power density of 220 W h kg ™! and 10133 Wkg ! respectively,

and cycles at 5A g~ without detectable capacity fading over 5000 cycles.

1. Introduction

With the fast growing demand for high energy and power densities of
energy-storage devices for applications such as electric vehicles, and the
increased concerns on environmental protection, it is imperative to
explore electrode materials capable of a high capacity with high rate
capability [1-3]. High-performance electrode materials should have
highly reversible storage capacity with rapid redox reactions and fast ion
and electron transport capability [4]. Electrodes in lithium-ion batteries
(LIBs) convert chemical to electrical energy through one of three redox
reactions: intercalation, conversion and alloying [5,6]. The most widely
used LIBs electrodes are intercalation materials that reversibly inser-
t/extract lithium ions in/from the active sites in their crystal lattices [7,
8]. The capacity of intercalation electrodes is relatively low, as it is
limited by the number of crystallographic sites available for reversible
insertion/extraction of lithium-ions. The conversion electrodes do not
have such limitations and can deliver an order of magnitude higher
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capacity in comparison with intercalation materials [9]. Though alloy-
ing materials such as Sn and Si offer high capacities exceeding
1500 mA h/g, the unavoidable enormous volume expansion during the
electrochemical process has hindered their practical usage in commer-
cial LIBs [10-12]. Conversion electrodes offer moderate charge/di-
scharge voltage and large storage capacity, demonstrated to be
promising candidates for LiBs and capacitors [13-16].

Fast surface adsorption in capacitors permits a high power density
(2-5kWkg™), but suffers from relatively low energy density (3-6 W
h-kg 1) [17,18]. The accessible strategies to enhance the energy density
mainly focus on increasing the operating voltage and charge-storage
capacity [9]. Traditional aqueous capacitors have a narrow voltage
window because water easily decomposes if the voltage exceeds the
limited window of 1.23V [19,20]. Current research trending in hybrid
capacitors is to develop non-aqueous electrolytes with high voltage that
effectively solve the problem. [21-23] So much attention is being paid
toward increasing the operating voltage of capacitors or developing
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advanced electrode materials with high capacity.

Taking those factors into consideration, transition metal sulfides
(MSy) based on conversion reactions with large theoretical Li-ion storage
capacity have emerged as desirable electrode materials for both LiBs and
capacitors. MSy possess better mechanical and thermal stability and
larger electrical conductivity than those of their corresponding metal
oxides (MOy) [24,25]. The weaker chemical bonding of M-S than that of
M-O corresponds to a lower energy barrier for electron transfer in the
electrochemical reactions [26]. In addition, the rich redox chemistry
that contributes to their large Li-ion storage capacity, even higher than
those of carbon/graphite-based materials, make them stand out from
other electrode materials [27]. Among available transition metal sul-
fides, manganese sulfide (MnS) is a promising anode material because of
its theoretical specific capacity as high as 616 mA h g~* according to the
Gibbs free energy change (AG=—202.5kJ/mol) and electromotive
force (emf, E=1.049V) [28,29].

MnS is a wide band gap (Eg=3.7 eV) p-type semiconductor and
possesses three types of phases. The a-phase is thermodynamically sta-
ble with cubic rock-salt type, while the p and y-phase are metastable
with zinc blende and wurtzite crystal structures, respectively [30]. It is
well known that the electrochemical properties of electrode materials
are highly dependent on their morphologies and crystal structures.
Therefore, MnS micro/nano-structures with various morphologies have
been successfully prepared to improve their power density for LIBs or
energy density for capacitors [31-34]. For example, MnS microboxes
and hollow structured MnS have been synthesized for high-performance
electrode materials [35,36].Moreover, much effort such as component
modulation and surface modifications with carbonaceous materials have
been devoted [37-39]. Zhou et al. prepared branched MnS@C nano-
chains for LiBs, which showed enhanced electrochemical performance
[40]. Recently, the heteroatom doping, especially N, S-doped MnS@C
has drawn appealing increasing interests because it can effectively
overcome some drawbacks of MnS anode materials such as poor electron
transfer rate, low intrinsic electrical conductivity as well as large volume
expansion [41]. Although a lot of research has been done with the
electrodes for Li-ion batteries, there is a strong and imperative demand
for Li-ion batteries with higher energy and power density. For the
further advancement of Li-ion batteries, better fundamental under-
standing of thermodynamics, transport kinetics and electrochemical
reactions are obviously needed. Our research intends to achieve a better
understanding of the impacts of metastable phase and crystal structure
on the electrochemical reactions and transport properties. MnS is rich in
different crystal structure and different thermodynamic stability, which
were the primary research for us to carry out the basic research pre-
sented in this paper.

Herein, both stable a-MnS and metastable y-MnS were synthesized
through a facile hydrothermal method and characterized as conversion
electrodes for lithium ion storage in LiBs and capacitors. Metastable
y-MnS displayed a lower discharge potential and exhibited superior rate
performance and cycling stability in Li-ion half cells compared with the
stable a-phase. DFT calculation corroborate with the experimental data
found that y-MnS possesses high charge density overlapping in chemical
bonds and low energy barriers for the reactive electrons deviating from
3d orbitals. Furthermore, the y-MnS//AC hybrid capacitor using organic
electrolyte (LiPFg) with a high voltage of 4V demonstrates excellent
electrochemical performance with a maximum energy and power den-
sity of 220 W h kg™! and 10133 Wkg ™, respectively, and cycled at
5Ag~! without detectable capacity fading over 5000 cycles. The
excellent properties of metastable structure materials provide an insight
for designing desirable electrode materials for high-performance
devices.

2. Results and discussion

Fig. 1a shows the XRD patterns of two MnS samples. All reflections
can be indexed to standard patterns of MnS. The characteristic
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diffraction peaks in green correspond to the (111), (200), (220), (311)
and (222) planes, which can be indexed to the cubic phase of a-MnS
(JCPDS No. 06-0518) with an Fm-3m(225) space group, and lattice
parameter a = 5.22 A. The diffraction peaks in blue can be indexed with
a P63mc (186) space group, with lattice parameters a=3.98 A,
c=6.45 A, corresponding to the hexagonal structure of y-MnS (JCPDS
No.40-1289). No impurities or other phases of MnS are detected, indi-
cating high purity of the as-prepared samples. The sharp diffraction
peaks of obtained samples indicate high crystallinity of the a-MnS and
y-MnS. According to Scherrer formula:

L = K2/pcosO (€3]
from strongest peaks (200) and (002), the average size of a-MnS and
y-MnS crystallites is estimated to be 46 nm and 41 nm, respectively. SEM
images (Fig. S1) disclose that a-MnS has cubic-like nanoparticles with
non-uniform size, and y-MnS exhibits primarily irregular nanoparticles
with similar size ranging in 100-200 nm. From the HRTEM images, it
can be clearly identified that a-MnS (Fig. 1c) with lattice spacing of
2.61 A related to (200) planes, and y-MnS (Fig. 1d) with lattice spacing
of 3.04A and 3.22 A corresponding to (101) and (002) planes, respec-
tively. X-ray energy dispersive spectroscopy (EDS) shows the atomic
ratio between Mn and S of the two samples is close to 1:1 (Fig. S2),
which is in good agreement with the results of XRD. The N, adsorption-
desorption isotherms show both a-MnS (Fig. S3) and y-MnS (Fig. 1b)
possess a type Il isotherm with similar nonporous structure. No obvious
hysteresis loops are observed and the less adsorbed amount implying a
weak interaction between Ny and samples. The surface areas of a-MnS
and y-MnS calculated to be 10.36 and 19.58 m? g~?, respectively.

Furthermore, the valence state of Mn ions in resulting samples was
analyzed by X-ray photoelectron spectroscopy (XPS) in Fig. 1e-f. The Mn
2ps3,2 and 2p; 2 main peaks of both samples have the satellite peaks on
the higher binding-energy sides, which indicate a strong Coulombic
interaction between Mn 3d electrons and hybridization between Mn 3d
and other valence orbitals. Notably, the simulated peaks of Mn 2ps/2
located at 640.8eV and 641.8eV are both assigned to Mn?*, which is
consistent with the chemical valences in both MnS phases as verified
through XRD. The separation of binding energy in Mn?* implies that the
chemical surroundings around center metal ions and electron distribu-
tion in 3d orbitals are different. In «-MnS, Mn>" coordinates with six $%~
to build a [MnSg] octahedron, but [MnS4] tetrahedron is formed in
y-MnS. Under this situation, the electron distribution and the character
of chemical bonds are different in both materials, inducing a slight
difference in binding energy. More details will be discussed in the
following section.

The electrochemical properties of a-MnS and y-MnS as anode mate-
rials for LIBs were investigated. Cyclic voltammograms (CV) were tested
for 3 cycles at a scan rate of 0.1 mVs™! in the potential window of
0.01-3.0V vs. Li/Li*. Fig. 2a shows the CV curves of a-MnS with two
obvious peaks during the first cycle. The sharply reduced current and
eventual disappearance of the current peak at 0.29 V in the subsequent
cycles suggests that this might be an overlapped curve from the con-
version reaction of MnS and the decomposition of organic electrolyte.
The solvents of electrolyte will obtain electrons and reduced to form a
solid electrolyte interphase (SEI) film because the lowest unoccupied
molecular orbital (LUMO) of organic solvents lies below the Femi level
of metallic Li [26]. The peak centering at 1.32 V corresponds to oxida-
tion of Mn and decomposition of Li,S. Similarly, the y-MnS also showed
two peaks at 0.24V and 1.32V during cathodic and anodic scanning
(Fig. 2b) in the first cycle. During the second cycle, the reduction plateau
of a-MnS located at 1.6 V could be ascribed to the insertion of Li" ions
into the MnS crystal lattice to form intermediate Li,MnS phase. The
lower plateau at 0.71V could be assigned to the conversion process
which involves the decomposition of LiyMnS into Mn nanoparticle
distributed into a Li>S matrix. Meanwhile, the corresponding oxidation
peaks at 1.32V and 1.89 V may be due to the conversion reaction of Mn
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Fig. 1. (a) XRD patterns of two samples, the below
green pattern is a-MnS and the upper blue one is
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y-MnS. The standard patterns for pure -MnS (JCPDS
No. 06-0518) and pure y- MnS (JCPDS No.40-1289)
are provided at the bottom for comparison. (b) Ni-
trogen adsorption-desorption curves and pore size
distribution of y-MnS. HRTEM images of (c) a-MnS
and (d) y- MnS. XPS spectra of Mn 2p peaks of (e)
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to Mn?* and Li™ ions extraction from the MnS lattice process. Thus two
pairs of redox process were detected for both a-MnS and y-MnS from the
second cycle, indicating that during charge/discharge the electro-
chemical reduction and oxidation of MnS may occur in two stages,
which is in agreement with previous reports [13,40,42]. Additionally,
the minor oxidation peak observed at 2.35V for both samples is asso-
ciated with the formation of LisS, (n > 2), which emerges until lithium
polysulfide is completely consumed during the first few cycles [36,43,
44]. The third cycle almost overlapped with the second one, implying
the highly reversible electrochemical reactions and excellent cyclability
of a-MnS and y-MnS. As verified in literature [40], the electrochemical
reactions involving MnS phases can be described as follows based on the
insertion and conversion mechanism with intermediate LiMnS phase
[45,46].

@

Insertion reaction: MnS +x Li* +x e~ < Li,MnS

Conversion reaction:Li,_ . MnS + xLi* +xe~ < Mn + Li,S

3

The charge/discharge profiles shown in Fig. 2¢-d also support the
above explanation, two pairs of redox plateaus can be observed for both
samples during the first three cycles. The discharge and charge plateaus
of the a-MnS electrode are ~0.7 V/0.3V and ~1.3V/1.9V, which is in
accordance with the CV results. Notably, the oxidation plateau at 2.35 V
attributed to LizS, disappeared gradually from the second cycle, which is
in good agreement with the phenomenon in the CV curves. Fig. 2e

77

665 660 655 650 645 640 635
Binding energy (eV)

compares the CVs of y-MnS at various sweep rates from 0.2 to
1.0mV s~ L. The deviations in redox peaks with increased sweep rates
indicate the polarization as reported widely in electrode materials [47,
48]. The Li-ion diffusion coefficients in MnS can be calculated from the
peak current densities in cathodic and anodic curves at various scanning
rates based on the Randles-Sevchik equation.

3 1/2
4,::04463<E?) n*AD'2Cov'? @

where I, is the peak current (A), R is the gas constant
(8.314J mol ! K’l), T (K) is the absolute temperature, F is the Faraday
constant (96500 Cmol™1), n is the number of electrons transferred per
molecule (2), A is the active surface area of the electrode (0.785 cmz), Co
is the concentration of Li ions in the electrolyte (1.0 x 10~ mol ecm™~3), D
is the apparent ion diffusion coefficient (cm? s™1), and v is the scanning
rate (V s’l). From the slopes of the fitting lines shown in Fig. 2f, the
obtained Li ions diffusion coefficients (D) of y-MnS are 6.2 x 1071 and
9.0 x 102 em?s ™! for anodic and cathodic process, which are larger
than 5.2 x 1071% and 5.0 x 10~ em?s~! in a-MnS (Fig. S4). The higher
diffusion coefficient in y-MnS indicates that the metastable layer struc-
ture facilitates Li* diffusion and further accelerates redox reactions.
Fig. 2g presents the rate capability of MnS with current density increased
stepwise from 0.1 to 2A g™ L. It is obvious that the overall specific ca-
pacity of a-MnS is lower than that of y-phase. In the initial cycle, a-MnS
and y-MnS delivered a discharge capacity of 1033 and 939 mAhg ' ata



Y. Pei et al.

Journal of Power Sources 431 (2019) 75-83

Fig. 2. CV curves of (a) a-MnS and (b) y-MnS at a
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current density of 0.1 A g~ 1. The corresponding Coulombic efficiency is
64% and 73%, respectively. The low initial Coulombic efficiency can be
attributed to the formation of the SEI layer and the by-products known
as poly-sulfides, causing shuttled and dissolved effects [27,49]. The
higher Coulombic efficiency from y-MnS means that less and weaker
side reactions happened during the discharging process. In the second
cycle, the Coulombic efficiency almost increased to 100%, implying the
formed SEI inhibits the following possible side reaction at the interface
between electrode materials and electrolyte. The reversible charge ca-
pacity of y-MnS decreased only slightly during the first 5 cycles while the
capacity of a-MnS drops severely from 705 to 560 mAh g~!. Even being
tested at 2.0 A g™}, the capacity of y-MnS can still reach 362 mAh g~
and recovers to 638 mAh g~! when the current density returns to
0.1 Ag™!. Moreover, the cycling performances of two samples at a cur-
rent density of 0.5 A g 7! still carried out after rate tests. As it is shown in
Fig. 2g, the capacity of y-MnS increased slightly after 50 cycles and then
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stabilized at 550 mAh g~! thereafter. The increase in capacity might be
from electrolyte decomposition that leads to a gel-like polymeric layer
which enables additional lithium storage in a capacitive way, as re-
ported by many other conversion materials [50,51]. The capacity of
a-MnS also exhibits unperceivable degradation and maintains at
395mAh g ! till 200 cycles. Overall the metastable y-MnS displayed
much better rate performance and cycling stability than those of a-phase
and other transition metal sulfide, such as CoS; [52] and MoS, [13]
under the same current densities. In addition, cycling performances of
a-MnS and y-MnS at a current density of 0.1 Ag~" and electrochemical
impedance spectra (EIS) of the cells were collected before and after 50
cycles (Fig. S5) for better understanding of electrochemical perfor-
mances. The metastable y-MnS exhibits better cycling stability and
lower charge transfer resistance compared with a-phase. The charge
transfer resistance decreased after 50 cycles, indicating a faster elec-
tronic transfer during cycling [43,53,54]. Fig. S6 also exhibits TEM
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images of a-MnS and y-MnS electrodes after cycling, the overall crystal
size remained almost the same with the initial morphology, indicating
that the metastable structure has well accommodated the volume
expansion and corresponding stress during cycling.

Compared with the stable a-MnS, it is worth noting that the meta-
stable y-MnS exhibits a lower discharge voltage profile during the con-
version process as verified in CV and galvanostatic voltage-capacity
curves. According to Nernst equation, the Gibbs free energy change can
give an electrochemical potential of redox reaction that is the open
circuit voltage of a cell. Considering that the nature of the conversion
reaction is the breaking and recombination of chemical bond, and the
chemical bond dissociation energy (BDE) belongs to chemical enthalpy
change, the Gibbs free energy change in the conversion reaction could
be defined as:

AGyus = AHppr + PAV — TAS 5)

Normally, the values of PAV and TAS in the conversion reaction are
negligible compared with that of AHgpg [26,55]. Thus the change of
chemical bond dissociation energy approximates to Gibbs free energy
change, and can be used roughly to estimate the discharge voltage by the
following equation:

AGyus = —nFEys = (AHy-mn + 2AH i) — (AHy—s + 2AH ;1) (6)

The bond dissociation energies of Mn-S, Li-Li, Mn—-Mn and Li-S are
301, 106, 42 and 269 kJ/mol [56], respectively. The calculated AGyys is
88.6 kJ/mol indicating MnS has a discharge potential of 0.46 V. This
calculated result approaches to the experimental results but with a slight
difference owing to the chemical surroundings, the electron state and
character of chemical bonds are not considered. Fig. 3a-b shows the
chemical coordination of Mn?' in both phases. [MnSg] octahedrons
form in the stable a-MnS, but Mn?* coordinates into [MnS4] tetrahe-
drons in the metastable y-MnS. The difference in the coordination sur-
roundings will influence the crystal field strength and the degeneration
state in the 3d orbitals of center metal ion. Due to the octahedron
symmetry in thermodynamically stable a-MnS (Fig. 3c), the repulsion
between the electrons in 3d orbitals of Mn?" and ligand $?~ causes a loss
of degeneracy. Then there appears two sets of orbitals, one is tog that is
the lower-energy orbital and includes dyy, dy, and dy,. The other is eg, it
belongs to the higher-energy orbital that includes d? and d,2(_2¥. S$2 isa
weak-field ligand, it coordinates with the center metal ion Mn®" to form
a high spin occupation state, so the five electrons occupy five different
orbitals. In tetrahedron symmetry, 3d orbitals split into the similar two
sets, but e, is the lower-energy orbitals and ty; converses to
higher-energy orbitals (Fig. 3d). More importantly, the tetrahedral
crystal field splitting energy is roughly equal to 4/9 of that in the
octahedral crystal field. The energy position of ey in the tetrahedron
(metastable y-MnS) is higher than the t;; in the octahedron (stable
a-MnS). In the discharging process of the metastable y-MnS, Mn?* is
reduced to metallic Mn, the two incoming electrons will enter into the
lower-energy orbitals in both 3d orbitals to decrease the system energy.
Obviously, the relatively higher-energy orbitals in the tetrahedron of
metastable y-MnS will induce a smaller energy change in the whole
system. The smaller energy change means a lower discharging voltage
that strongly supports the argument from the CV curves and galvano-
static discharging voltages. When the Mn?* is conversed to Mn, the 3d
and 4s orbitals have the same situation in both phases. In the charging
process, metallic Mn will lose the two 4s electrons first, so the energy
change at this step is same in both phases. This is the reason why both
phase displayed the same oxidizing voltages in the CV curves. Charge
density difference maps from DFT calculation of a-MnS and y-MnS
(Fig. 3e-f) show the electron distribution in the chemical bonds. The 3d
electrons in Mn2* is separated with the electrons in S?~ in the stable
a-MnS, however, a remarkable overlapping can be observed between
Mn?* and S?~ in the chemical bond of the metastable y-MnS. Those
indicate the stable a-MnS has a strong ionic character in chemical bonds
but metastable y-MnS exhibits a remarkable covalent character. Thus,
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Fig. 3. Chemical coordination of Mn?" in both phases (a) [MnSe] octahedron in
a-MnS and (b) [MnS,] tetrahedron in y-MnS. The 3d orbitals split into two sets
in crystal field, one is tyg that includes dyy, dy, and dy,, the other is e, that
consists of d2 and d,z(,zy. (c) Crystal field splitting of 3d orbitals of Mn ions in
octahedral symmetry of a-MnS, e; belongs to the higher-energy orbital and tag is
the lower-energy orbitals. (d) The 3d orbitals of Mn ions in tetrahedral sym-
metry of y-MnS have an opposite situation, the energy difference between two
sets of orbitals is roughly equal to 4/9 of that in octahedral symmetry. Charge
density difference maps from DFT calculation of (e) a-MnS and (f) y-MnS. The
electrons in metal ion and ligand has an overlapping in y-MnS, but are totally
separated in a-MnS, demonstrating a strong covalent character in y-MnS and
ionic character in o-MnS.

electrons in 3d orbitals possess higher energy in the metastable y-MnS
than that in the stable a-MnS. It strongly supports the arguments from
crystal filed theory discussed above and verifies the four-coordinated
metastable y-MnS has a lower discharging voltage. In addition, the
character of chemical bonds influences the actual dissociation energy in
different crystal structures, while the bond energies used in the calcu-
lation from the handbook are the average values. Therefore, the results
demonstrate the voltage calculation from chemical bond dissociation
energy should consider the impacts from electron configuration in or-
bitals or chemical bonds.

Apart from the difference in the displayed discharge voltages,
metastable y-MnS also presents superior rate capability and cycling
performance owing to the lower energy barrier for faster ion diffusion
and highly reversible phase transition for electrochemical reactions.
From the energetics point, y-MnS possesses a higher Gibbs free energy
(G*) and larger unit cell volume as it is less stable than a-MnS (Table S1).
According to literature [57], the larger unit cell volume corresponds to
smaller lattice energy, condensation energy or internal energy, which
facilitates Li ions to intercalate into the metastable layered structure of
y-phase. Beside those, the higher Gibbs free energy in y-MnS may also
provide a driving force for highly reversible phase transition during
conversion reaction. The ex situ XRD patterns in Fig. 4 showed that both
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a-MnS and y-MnS retained their original crystalline structure during
cycling. It can be observed that the characteristic peaks (100), (002),
(101) of y-MnS decreased obviously but still left a little “trace” at the end
of the discharge process. When the charge proceeded, the peaks of MnS
are recovered with strong intensities comparable to that of the pristine
MnS phase. The reasonable explanation is the partial transformation of
crystalline to amorphous structure due to incomplete lith-
iation/delithiation. It is possible that the polarization at the late stage
prevents the complete phase transition. The “trace” crystallinity served
as a crystal seed, inducing the crystalline-phase formation in the charge
process. Such “memory effect” of MnS during conversion reaction is of
great benefit, which endows the y-phase to retain all the advantages of
metastable structure and highly reversibility in electrochemical re-
actions. The absence of any characteristic peaks of Mn and Li>S may well
be attributed to the possible amorphous nature of Mn and Li,S. Namely,
the resulting products may either have very small crystallites or are
amorphous so that it was reflected as the broad peak in the XRD pat-
terns. Latest work [38,45] also reported this phenomenon and some
possible phase transformation mechanisms are being proposed, further
investigations using in-situ XRD/TEM or other convincing evidence
needs to be provided to study the phase transformation mechanisms
comprehensively. More detailed work will be done in the future.

Apart from the electrochemical properties in Li-ion half cells,
metastable MnS was further employed as an anode in Li-ion hybrid ca-
pacitors with an activated carbon (AC) cathode. The AC possesses a
specific surface area of ~1800 m? g ! and was used in our previous work
[58]. The active mass ratio was set at 1:6 between anode and cathode to
ensure the charge balance in both electrodes. The galvanostatic char-
ge/discharge (GCD) curves at various current densities in the potential
window of 0.1-4 V are depicted in Fig. 5a-b. Evidently, all GCD curves
are nonlinear and the shapes exhibit typical pseudocapacitive charac-
teristics, and no obvious voltage drop at the initial discharge curves,
indicating that metastable MnS have low internal ohmic resistance and
good electrochemical capacitive behavior. It is worth noting that the
charging voltage of this hybrid capacitor can reach up to 4.0V,
demonstrating the potential window can be easily extended using a
non-aqueous asymmetric system and a lower discharging potential
anode. Compared with o-MnS, the longer discharge time (7156 s at
0.2A g™ 1) of y-MnS suggests the better storage feature with excellent
Coulombic efficiency (above 95%), which is important for the practical
application in energy storage. As shown in Fig. 5c, the discharge

(a)

(b)
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capacity of y-MnS//AC was ranged from 441 to 132mAh g}, higher
than a-MnS//AC ranging from 384 to 82mAh g~! at different current
densities (0.1-12.8 A g’l). It also could return to the initial values when
the current density was set back to 0.1 Ag~?, indicating the better
reversibility of redox reactions. The y-MnS//AC hybrid capacitor also
demonstrate remarkable competitive advantages in comparison with
Ni; 77C01.23S4//AC [59] or MnO//AC [60] Li-ion capacitors. Further-
more, the long-term cyclic stability of y-MnS//AC is much better than
that of a-MnS//AC (Fig. 5e), and the higher specific capacity means
better reversibility of metastable structure. The specific capacitance of
y-MnS//AC decreased slightly first then increased with a stable reten-
tion thereafter, no detectable capacity decay over 5000 cycles. Kinetics
changes at the interface and structure degradation could contribute to
the fading capacitance. The increased capacitance can be ascribed to the
materials activation of the internal material of particles and the reduced
particle size increased the interfacial surface area, which could favor
Lit/electron transport and interfacial charge storage, similar to the
verified results reported in NiS electrode [34]. The Ragone plots are
displayed in Fig. 5d, the achieved maximum energy and power density
in y-MnS//AC capacitor can reach up to 220W h kg™! and
10133 W kg ™}, respectively, higher than those of a-MnS//AC capacitor
(172 W h kg™, 7680 Wkg ™). These values are competitive to those of
MnS (52W h kg%, 1233 Wkg™!) [381, ZnS (51 W h kg~?, 822 Wkg™})
[61], Cu;S4 (35W h kg1, 602Wkg™1) [62], MoS, (17 Wh kg },
128 Wkg™!) [63] and carbon/graphene based symmetrical super-
capacitors [64,65], and even comparable to those of some asymmetric
systems such as MnO,/Ti3Cy//AC (8.3 Wh kg’l, 2376Wkg’1) [14],
TiO2-1GO//AC (42W h kg™!, 8000Wkg™!) [66], mNbyOs-C//AC
(48 Whkg™!, 14164 W kg™ 1) [67] with a voltage window of 1.0-3.0 V.
Compared with both symmetrical capacitors and asymmetrical capaci-
tors, this y-MnS//AC hybrid capacitor undoubtedly displayed both high
energy and power densities due to its wider voltage window and unique
metastable structure.

3. Conclusions

Both stable a-MnS and metastable y-MnS were investigated as anode
materials for Li-ion batteries and capacitors. DFT results corroborate
with the experimental data that the metastable y-MnS possesses a
weaker covalent bond and smaller crystal field splitting, resulting in a
lower discharge potential and exhibited superior rate performance and
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Fig. 4. ex situ XRD patterns of (a) a-MnS and (b) y-MnS electrodes at various charge/discharge states in initial three cycles. At the discharging process, the main peaks
become weak and almost disappeared because the conversion reaction leads to the phase transition of MnS, but the crystal structure recovers after the full charging.
The residue pristine phase works as the crystallite core that keeps the regeneration of the phases in the electrochemical processes.
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cycling stability in Li-ion half cells in comparison with the stable
a-phase. Metastable y-MnS delivers a larger storage capacity of 705 mAh
g ! at a current density of 100 mA g}, and also demonstrates superior
rate capability (362 mAh g~ ! at 2 A g™!) and cycling stability (550 mAh
g~ ! remaining after 200 cycles at 0.5 A g~1). Moreover, the metastable
y-MnS//AC hybrid capacitor with a wide voltage window of 0.1-4V
demonstrates a maximum energy and power density of 220 W h kg*1
and 10133 Wkg ™}, respectively, and cycles at 5 A g-1 without detectable
retention over 5000 cycles. The fundamental consideration with the
supported results are helpful for exploiting high-performance electrode
materials, and the promising metastable materials present a competitive
capability for practical applications in the future.
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