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Mesoporous MnCo2S4 nanosheet arrays as an
efficient catalyst for Li–O2 batteries†

Zoya Sadighi, a Jiapeng Liu, a Francesco Ciucci a,b and Jang-Kyo Kim *a

Ternary metal sulfides and ternary metal oxides have received much attention as potential electrodes for

high performance rechargeable batteries. Herein, MnCo2S4 nanosheets are grown on carbon paper

(MCS/CP) via facile electrodeposition followed by low temperature vulcanization for application in Li–O2

batteries for the first time. The electrochemical performance of freestanding, binder-free MCS/CP oxygen

electrodes is compared with those prepared from MnCo2O4 nanosheets on CP (MCO/CP). The MCS/CP

electrode delivers an extremely high initial specific capacity of 10 760 mA h g−1, twice that of MCO/CP.

The former electrode sustains 96 cycles at an upper limit capacity of 500 mA h g−1 at 200 mA g−1,

whereas the latter counterpart survives only a few cycles with a poor round trip efficiency. The superior

performance of MCS/CP is in part proven by the four times higher electrical conductivity and 250%

higher lithium diffusion coefficient than MCO/CP. In addition, the 3D interconnected web of 2D MCS

nanosheets offers a few micrometer open voids to accommodate discharge products and a large surface

area with internal mesopores providing abundant active sites. The density functional theory calculations

reveal a lower adsorption energy for LiO2 on the surface of MCS than on MCO, which is responsible for

the lower OER overpotential and the higher catalytic ability of MCS/CP. The predicted density of states

signifies metallic properties of MCS in agreement with the high electrical conductivity of MCS/CP.

Introduction

Non-aqueous lithium–oxygen batteries (LOBs) can potentially
offer a high energy density of 3505 W h kg−1, which is about
ten times as high as that of the commercial lithium-ion bat-
teries (LIBs).1 Their promising specific capacity has attracted
considerable interest for use in next-generation electric
vehicles (EV).2 However, the commercialization of LOBs has
been severely impeded by many functional shortcomings,3

such as their poor cycling stability, low rate capabilities, low
coulombic efficiencies and high overpotentials. A major

reason behind these limitations is the sluggish kinetics of
oxygen reduction and evolution reactions (ORR/OER) in the
oxygen electrode.4 In other words, developing a high perform-
ance oxygen catalyst is essential to enhance electrochemical
activities during cycles.4

Ternary transition metal oxides, XY2O4 (where X = Ni, Zn
and Y = Co, Fe, Mn), have superior electrochemical activities to
binary metal oxides.5 For instance, the electrical conductivity
of NiCo2O4 is at least twice higher than that of nickel oxides or
cobalt oxides.6 These ternary metal oxides have been exten-
sively studied for energy storage devices, especially LIBs7 and
supercapacitors.6,8–10 Apart from ternary metal oxides, ternary
metal sulfides, such as CuCo2S4,

11 ZnCo2S4
12 and

NiCo2S4,
12–14 have also received much attention as oxygen elec-

trodes in LOBs due to their unique two-dimensional (2D)
nanosheet (NS) structure as well as their high electrical con-
ductivity and high electrochemical stability.15 Ni–Co sulfides
possess a higher electrical conductivity than their oxide
counterparts because of much lower optical bandgaps in the
sulfides than the oxides have.16 The substitution of oxygen
with sulfur leads to an increase in lattice parameters and a
reduction in bandgap.17 Furthermore, transition metal sulfides
are a more attractive choice than metal oxides or Si in practical
battery design because the former electrodes endure signifi-
cantly lower volume expansion during cycles18 than Si electro-
des that have to tolerate over 300% volume expansion.19 In
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terms of oxygen electrochemistry, it has been proven that
metal sulfides offer a high ORR activity in fuel cells with
aqueous solutions.20 The 2D layer-structured metal sulfides
consisting of loosely-stacked NSs can accommodate the
volume expansion upon the storage of lithium peroxide (Li2O2)
during ORR and mitigate the induced surface strains, leading
to enhanced cycling stability.18 There are a few successful
examples of oxygen electrodes made from binary metal
sulfides,21–23 and their performances in LOBs are discussed in
the next section. Notwithstanding a few studies on the syn-
thesis of MnCo2S4 (MCS)15,24 or CoMn2S4

25 and their appli-
cations in supercapacitors,12,15,24,25 the current work is the
first paper reporting on MCS as the electrode for lithium bat-
teries, particularly LOBs. None of the previous studies were
supported by simulations or theoretical calculations of under-
lying catalytic activities of the electrodes. Electrodeposition is
a simple and versatile method to grow thin layers of transition
metal sulfides or oxides on a substrate. In cathodic electrode-
position, the dissolved ions are driven towards the substrate to
deposit on its surface with a desired morphology in a very
short time.26 The facile, low-cost electrodeposition strategy is
an environmentally friendly way to produce a large amount of
metal sulfides or oxides.27 In this study, MCS NSs were

nucleated and grown on a carbon paper (CP) as the main
support and gas diffusion layer (GDL) via cathodic electrodepo-
sition, followed by vulcanization to stabilize the sulfide phase.
The experimental conditions and characterization details are
presented in the ESI.† The electrochemical performance of the
MCS/CP cathode in a custom-built LOB cell (Fig. S1†)28–30 was
measured and compared with that of the cathode prepared
from MnCo2O4 NSs grown on CP (MCO/CP). The density func-
tional theory (DFT) calculations based on first principles were
employed to verify the more rigorous catalytic activities and
thus much higher discharge capacities of the MCS/CP elec-
trode than those of MCO/CP.

Results and discussion
Characterization of materials and structure

Fig. 1a illustrates the procedure used for the growth of MCS
NSs on CP (MCS/CP). Mn–Co-sulfate NSs were cathodically
grown on CP through the electrochemical redox reaction, in
which anion exchanges simultaneously occurred between Mn,
Co precursors and S2− anions.25 The Mn–Co-sulfate NSs
(Fig. S2†) were vulcanized to form mesoporous MCS NS arrays

Fig. 1 (a) Illustration of the synthesis procedure and (b) the first two cycles of CV curves in the electrodeposition process of MCS nanosheets on
CP. Comparison of (c) XRD spectra, (d) Raman spectra, (e) N2 adsorption/desorption isotherm curves and (inset in e) pore size distributions of MCS/
CP and MCO/CP.
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on the CP support at 180 °C, see the ESI.† The cyclic voltam-
metry (CV) curves of the first two cycles of electrodeposition
are shown in Fig. 1b. Various steps of NS growth are explained
as follows. (i) In the first cathodic sweep, the peak at ∼−1.1 V
(Arrow 1) is related to the functionalization of CP to generate
oxygenated functional groups, such as COOH, CO and OH.31

(ii) In the second cycle and onwards, there were one reduction
peak in the cathodic sweep at ∼−0.6 V (Arrow 2), and two dis-
tinct oxidation peaks in the anodic sweep, at ∼−0.4 (Arrow 3)
and −0.2 V (Arrow 4). The reduction peak at ∼−0.6 V is
ascribed to the electroreduction of thiourea and the formation
of MCS NSs.32 The anodic peaks at ∼−0.4 and −0.2 V are
related to the oxidation and deposition of Co and Mn precur-
sors, respectively.26,27 Fig. S3† shows the corresponding CV
curves in the following cycles. It is of interest to note that the
Co oxidation peaks shifted toward the Mn oxidation peaks
with increasing cycles, signifying the preferential deposition of
Co against Mn and the removal of electrodeposited Mn during
the first cycle when the Co concentration increased.26 The pre-
ferential deposition of Co was attributed to the hydroxide sup-
pression mechanism (HSM) in which the pH value of the as-
deposited CP surface increased due to the hydrogen evolution.
The elevated pH resulted in the formation of Co hydroxide on
the surface which acted as a selective membrane to decrease
Mn deposition upon further cycles.32–34 The Co/Mn and S/(Mn
+ Co) atomic ratios, ∼1.9 and ∼1.3, respectively, measured by
energy dispersive X-ray spectroscopy (EDX, Fig. S4†), reflect the
stoichiometric MnCo2S4 composition in the bulk MCS. The
Co/Mn atomic ratio on the surface was almost the same as in
the bulk, ∼1.8, according to X-ray photoelectron spectroscopy
(XPS, Fig. S5†). The lower S/(Mn + Co) ratio, ∼0.2, of the
surface probably arose from the surface oxidation.

The X-ray diffraction (XRD) pattern of MCS/CP (Fig. 1c) pre-
sents prominent peaks at ∼27°, 43°, 55° and 78° which are
also shared with MCO NSs. Two sulphospinel peaks located at
27° and 55° are the superposition of the CP dominant peaks.
The peak at 22.5° is related to the (020) reflection of metal
sulfate, representing the surface oxidation of MCS which is
also reflected by the oxygen peaks in the XPS spectra
(Fig. S5†).14,24,25 Broad peaks with low intensities also
appeared at 2θ = 31.5° and 38.3°, which arose from the (311)
and (400) planes corresponding to the sulphospinel struc-
ture.12,24 The formation of MnCo2S4 composition in the bulk
of MCS/CP was assured with the appearance of the sulphospi-
nel peaks. The XRD spectrum of MCO/CP revealed peaks at
∼36°, 43.7°, 58°, and 63.5° corresponding to the (311), (400),
(511), and (440) planes of MnCo2O4, JCPDS no. of 23-1237. The
Raman spectrum of MCS NSs (Fig. 1d) presents four peaks
centered at ∼187, 475, 517 and 675 cm−1 which correspond to
the Co–S bonds, the Eg stretching mode of Co–S vibration,25,35

the Mn–S bonds25 and the A1g symmetry of Co–S, respect-
ively.25,35 In the Raman spectrum of MCO NSs, the peaks
related to the metal sulfur bonds disappeared, while two dis-
tinct peaks at ∼312 and 362 cm−1 appeared indicating the
Mn–O bonds. The sharp peaks at ∼175 and 650 cm−1 are
ascribed to the Co–O bonds and vibrational mode of oxygen

atoms in the octahedral sites,29 respectively. These peaks were
down-shifted from ∼187 and 675 cm−1 for MCS NSs, reflecting
the substitution of sulfur in the spinel structure with
oxygen.17,24

The N2 adsorption/desorption isotherm and pore size distri-
bution curves (Fig. 1e) indicate a highly mesoporous structure
of MCS NSs. The isotherm curve had a hysteresis loop of Type
IV with mainly a mesoporous structure. However, the MCO
NSs showed a Type I isotherm with saturation at a low relative
pressure (P/P0) of 0.4 holding a majority of micropores and a
small percentage of mesopores.36 The MCS NSs possessed a
much larger specific surface area and a larger pore volume of
65.4 m2 g−1 and 0.41 cm3 g−1, respectively, than 27.4 m2 g−1

and 0.083 cm3 g−1 for MCO NSs (Table S1†). These mesopores
with sizes ranging from 2–30 nm (Fig. 1e inset) are particularly
useful as pathways for fast ion-transport,37 effectively contri-
buting to the enhancement in discharge capacity.38 In con-
trast, most pores of the MCO NSs were smaller than 5 nm
having a relatively low impact on catalytic activity or mass
transportation.38 In particular, the micropores are easily
blocked by Li2O2 so that the surface area of these pores would
not be available for electrochemical reactions.39

The field emission scanning electron microscopy (FESEM)
images (Fig. 2a and d) of pristine CP present a smooth surface
of carbon fibers with diameters ranging from 6–7 μm. The
macroscale empty space between the individual fibers facili-
tated the movement of O2 while the electrons were transported
along the carbon fibers.38 Fig. 2b and e present the corres-
ponding images of MCS NSs which were grown nearly perpen-
dicular to the surface of carbon fibers (Fig. S6a†). They formed
a continuous coating along the whole fiber length with a mod-
erately uniform thickness. The average thickness of the indi-
vidual MCS NSs was about 4 µm (Fig. S6b†), much larger than
that of MCO NSs (Fig. 2c and f), leading to a larger surface
area of the former electrode (Table S1†). The larger open voids
among MCS NSs (Fig. 2e and S6a†) than MCO NSs (Fig. 2f)
may offer enough space to accommodate the accumulation of
discharge products (Li2O2) during ORR.18,38 The large open
voids also enhanced the wettability of 3D MCS NSs and carbon
fibers by the electrolyte. It follows then that the mesopores
along the NSs provide the required active sites for ORR.38

Furthermore, the binder-free cathode can avoid its negative
effects: for example, binders may block the pores smaller than
30 nm in width, effectively reducing the surface area and pore
volume causing lower ORR activities.40 The EDX elemental
maps of MCS (Fig. 2g) and MCO (Fig. S7†) NSs confirmed the
homogeneous distribution of Mn, Co, and S, or O, along the
fiber surface. The elemental maps exhibit a higher Co content
than Mn in agreement with the observations from Fig. 1b
and S3.†

The transmission electron microscopy (TEM) images of
MCS NSs depict high contrast between the background and
overlapped dark walls reflecting the size of open voids ranging
from several hundred to few thousand nanometers in width
(Fig. 2h and i inset), consistent with the SEM images (Fig. 2e
and S6a†). The high resolution TEM (HRTEM) images (Fig. 2i
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and j) show internal mesopores in MCS NSs, as indicated by
arrows, which stemmed from the replacement of O2− by S2−

during vulcanization.24 In contrast, the same magnification
HRTEM images of MCO (Fig. S8b†) showed plain NSs without
a mesoporous structure. The MCS NSs were composed of
nanocrystals with very fine crystal sizes of less than 10 nm, see
white dotted circles in Fig. 2j. The fringe lattices and distinct
diffraction rings shown by the fast Fourier transform (FFT)
pattern (in inset) indicate their polycrystalline nature. The
inter-planar distances of 0.34, 0.28 and 0.14 nm are ascribed
to the (220), (311) and (533) crystallographic planes related to
the sulphospinel structure, in agreement with JCPDS no. 43-
1477 for a nickel–cobalt sulphospinel.24,41 The d-spacing of
0.34 nm was chosen for the calculation of adsorption energies
using the DFT analysis. The HRTEM image for MCO NSs
(Fig. S8c†) revealed the (311) and (440) planes with inter-

planar distances of 0.25 and 0.15 nm, respectively, reflecting
the formation of MnCo2O4 (JCPDS no. 23-1237).

The general XPS spectra (Fig. S5†) reveal a higher Co con-
centration than Mn in both MCS/CP and MCO/CP. The C 1s
peak in the general scan belongs to CP. A comparison between
the spectra of the two composite electrodes clearly indicates a
prominent peak of S 2p (Fig. S5†) in the former electrode and
the O 1s peak with a much higher intensity in the latter. The O
1s peak in MCS/CP is ascribed to the surface oxidation due to
the exposure to air.14,24,32 However, neither the MnCo2O4 peak
nor metal–oxide bonds were detected in the XRD spectrum of
MCS/CP (Fig. 1c) and the corresponding Raman (Fig. 1d) spec-
trum. Therefore, in view of the very shallow probe depth
(≤5 nm) of XPS analysis, it is affirmed that the very top surface
layer on MCS contained oxide, while its bulk was made of
sulfide MnCo2S4, as shown by the XRD spectrum (Fig. 1c). The

Fig. 2 FESEM images of (a, d) pristine CP, (b, e) MCS/CP and (c, f ) MCO/CP taken at low and high magnifications; (g) EDX elemental maps of MCS/
CP. (h–j) TEM and HRTEM images of electrodeposited MCS NSs on CP. Red arrows show internal mesopores in (i) and ( j). The FFT pattern is shown
as inset of ( j).
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high resolution spectra with deconvoluted peaks of Mn 2p, Mn
3s, Co 2p and S 2p for MCS/CP are given in Fig. 3. Two spin
orbit doublets of Mn 2p3/2 and Mn 2p1/2 are located at 642.3
and 653.9 eV with an energy separation of 11.6 eV (Fig. 3a),
reflecting the dominance of Mn2+ ions.24 A satellite at 645.6 eV
is another piece of evidence of Mn2+ valence.42 The deconvo-
luted Mn 2p is fitted with four peaks corresponding to Mn2+ at
642.1 and 653.7 eV; and Mn3+ at 643.4 and 654.9 eV. The Mn
valence is better reflected by the Mn 3s exchange splitting
energy, ΔE = ∼5.9 eV, indicative of the 2+ ionic state of Mn
(Fig. 3b).43 The energy separation between Co 2p3/2 (at 780.6
eV) and Co 2p1/2 (at 796.8 eV) in the Co 2p spectrum (Fig. 3c)
was 16.2 eV, verifying the co-existence of Co2+ and Co3+.14,24

After deconvolution, Co 2p presents four major peaks at 780.6,
796.2 eV and 782.0, 797.5 eV which are attributed to Co3+ and
Co2+ ions, respectively, along with 3+ (787.7 and 804.5 eV) and
2+ (785.0 and 802.3 eV) shakeup satellite peaks. The less domi-
nant satellites reflect the presence of mixed Co2+ and Co3+ oxi-
dation states.25 For S 2p (Fig. 3d), two peaks were observed at
160.7 and 163.0 eV, corresponding to the S 2p3/2 and S 2p1/2,
respectively.35,44 These two peaks are typical of metal–sulfur
bonds in the ternary metal sulfides, in agreement with the
cobalt sulfide and manganese sulfide binding
energies.14,25,35,44,45

Electrochemical performance

The electrochemical performances of different electrodes are
shown in Fig. 4. The MCS/CP electrode delivered a first dis-
charge capacity of 10 760 mA h g−1 (Fig. 4a), more than twice
4970 mA h g−1 for MCO/CP and much higher than 1200 mA h
g−1 for the pristine CP. The discharge plateau of the former

electrode was higher by over 100 mV than those of the other
two electrodes, whereas its charge plateau was much lower by
500 and 950 mV, respectively, than those of the latter two elec-
trodes (Fig. 4a). The MCS NS catalyst decreased the overpoten-
tial of CP throughout the potential range which was taken at
250 mA h g−1, which is half the upper-limit capacity given in
Fig. 4b. The ORR overpotential was reduced from 1.1 to 0.51 V,
while the OER overpotential was reduced from 0.42 to 0.31 V.
However, marginally lower charge and discharge overpotentials
were recorded for MCO/CP relative to CP. These observations
reflect the enhanced capability of MCS NSs to reduce O2

during ORR and to decompose the discharge products during
OER with a markedly higher energy efficiency than MCO NSs
and pristine CP. The round-trip energy efficiency of the MCS/
CP cathode at an upper limit capacity of 500 mA h g−1 was
76.5%, which compares well with 77% for the expensive PtAu/
C cathode.46 The round-trip efficiencies of the MCO/CP and CP
cathodes under the same conditions were 65.5% and 62.7%,
respectively.

The long-term cycling stabilities of these electrodes examined
at 200 mA g−1 with an upper-limit capacity of 500 mA h g−1

are shown in Fig. 4c–h. The MCS/CP electrode survived 96
cycles at the upper-limit capacity (Fig. 4c and d). The sharp
increase in charge potential of MCS/CP during the first 10 cycles
might be related to the passivation of bare sides of CP due to
the formation of Li2CO3 requiring a higher voltage to decompose
compared to Li2O2.

47 On the other side, the MCO/CP survived
only 11 cycles with a poor coulombic efficiency of 92%.
Although this electrode could be charged to 500 mA h g−1 for
40 cycles, it was unable to complete the ensuing discharge
process for most cycles (Fig. 4e and f). The charge voltage of

Fig. 3 XPS spectra with deconvoluted peaks of (a) Mn 2p, (b) Mn 3s, (c) Co 2p and (d) S 2p for MCS/CP.
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the electrode increased beyond 4.3 V only after 10 cycles
(Fig. 4e), leading to the decomposition of the electrolyte,
accumulation of insulating RCOOLi and Li2CO3 on the
cathode surface and reduced concentration of Li+ ions in the
electrolyte.29 The presence of these reaction products will be
further discussed with the ex situ XPS analysis (Fig. S9†). The
pristine CP electrode was only stable for a few cycles because it
failed to recover the discharge capacity when charged to 4.5 V
(Fig. 4g and h), also evidenced by the poor coulombic
efficiency (Fig. 4h). The superior cycling performance of the
MCS/CP electrode is partly attributed to its higher electrical
conductivity. Fig. S10† shows the current–voltage (I–V) graphs
of MCS/CP and MCO/CP obtained by the Hall/resistivity

measurements, confirming a much higher electrical conduc-
tivity of MCS/CP than MCO/CP (Table S1†).

Fig. 5 shows the comparison of electrochemical performance
of the MCS/CP and MCO/CP cathodes with those of transition
metal sulfide- and oxide-based electrodes reported in the
literature.21–23,48,49 The oxygen electrode made of a Co3S4 NS
catalyst and Ketjenblack (KB) (1 : 2) delivered 5917 mA h g−1 at
100 mA g−1 and survived 25 cycles at 500 mA h g−1 with ∼0.9 V
overpotential and a 72% round-trip efficiency.21 The electrode
prepared from a flower-like NiS (f-NiS) catalyst, super P and
polyvinylidene fluoride (PVDF) at a weight ratio of 3 : 6 : 1
showed 9064 mA h gcat.

−1 (cat. refers to catalyst) at 400 mA gcat.
−1.

The electrode was discharged for 30 cycles until the capacity

Fig. 4 Comparison of discharge/charge curves of LOBs with MCS/CP, MCO/CP and pristine CP cathodes at a current density of 200 mA g−1 (a) for
the full capacity and (b) with an upper-limit capacity of 500 mA h g−1. Discharge/charge curves at different cycles, cycling performance with an
upper limit capacity of 500 mA h g−1 and coulombic efficiency of (c, d) MCS/CP, (e, f ) MCO/CP and (g, h) CP.
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reached 1800 mA h gcat.
−1 at 400 mA gcat.

−1 with an overpoten-
tial of ∼1.8 V and a round-trip efficiency of 59%.22 About
78 wt% CoS2 nanoparticles distributed on reduced graphene
oxide (CoS2/RGO) sheets were used as active catalysts in a total
weight of 0.8–1 mg cm−2 for the oxygen electrode which
showed a first discharge capacity of ∼2500 mA h gcat.

−1 at
100 mA gcat.

−1 and survived 20 cycles at 200 mA gcat.
−1 with an

overpotential and a round-trip efficiency of 1 V and ∼73%,
respectively.23 The MnCo2O4–graphene catalyst with a 0.5 mg cm−2

loading had a discharge capacity of ∼3000 mA h gcat.
−1 at

400 mA gcat.
−1 and survived 40 cycles at a cut-off capacity of

1000 mA h gcat.
−1.48 The 2–3 mg (Co, Mn)3O4 nanowire elec-

trode grown on a Ni foam of 12 mm in diameter showed a first
discharge capacity of 3605 mA h gcat.

−1 at 100 mA gcat.
−1 with a

round-trip efficiency of 72% and an overpotential of 1.1 V. It
survived 50 cycles at a cut-off capacity of 500 mA h gcat.

−1.49

The summary radar chart (Fig. 5) reveals that the MCS/CP elec-
trode outperformed other electrodes in terms of all categories
shown, including cycling stability, specific capacity, specific
surface area, overpotentials and round-trip efficiency.

To support the outperformance of the MCS/CP electrode
compared to the MCO/CP counterpart, we studied the elec-
tronic density of states (DOS) of the two electrodes using DFT.
The primitive- and super-cells of MCS are illustrated in
Fig. S11a and b,† respectively, where the Mn atoms occupy the
tetrahedral sites and the Co atoms occupy the octahedral sites.
A lattice constant of 9.641 Å was obtained for the MCS super-
cell (Fig. S11b†), whereas the substitution of S with O to form
the MCO cell reduced the lattice constant to 8.205 Å.17 The
total and partial electronic densities of states for MCS and
MCO were calculated, as shown in Fig. 6a. MCS exhibited a
metallic behavior due to the lack of bandgap in both spin-up
and spin-down channels, whereas MCO presented a semicon-
ducting behavior with discontinuous energy bands near the

Fermi level in the spin-down state. A bandgap of 0.65 eV for
MCO suggests a poorer electron transport ability in oxides
than in sulfides, consistent with the electrical conductivity
measurements (Fig. S7 and Table S1†) and the electrochemical
impedance spectroscopy (EIS) results (Fig. 8a and b).28,30,50

To evaluate the binding energies between the species,
Li2O2, LiO2 and O2, and the catalyst, the surface energies of
three low-index surfaces of MCS were studied based on the
DFT calculations.51,52 Table S2† shows that the lowest energy
belongs to the (110) plane, in agreement with the HRTEM
observations. Therefore, a focused study was done of the (110)
plane to evaluate the adsorption energies in the LOB system.
Before calculating the adsorption energies, the (110) plane
slab (Fig. 6c) was optimized and relaxed, resulting in recon-
struction of the atoms, especially the Mn atoms, on the
surface shown in Fig. 6d. When the Li atoms were added, they
preferably adsorbed onto the Co sites.53 Then by addition of
the oxygen molecules, the strong affinity of Li2O2 to the (110)
surface of MCS with a binding energy of −5.35 eV was respon-
sible for the enhanced discharge capacity of the MCS/CP elec-
trode. When the Li2O2 or LiO2 clusters were adsorbed onto the
surface, the Mn atoms nearest them moved to the Li atoms
(Fig. 6e and g). In the charge difference plot (Fig. 6f and h),
the electrons were redistributed at the Li–O bond and the Mn
atoms were located on the top surface. While the electrons
moved from Li to O atoms, the Mn atoms also shared some
electrons with O atoms, i.e. the orange region between the Mn
and O atoms, indicating that the Li–O bond was ionic and the
Mn–O bond was covalent.

One possible path for decomposition of deposited Li2O2

during OER is (–Li+ → –Li+ → –O2) in which the first Li+ and
the second Li+ and one O2 molecule escape in sequence from
Li2O2.

54,55 The reaction free energies of different steps accord-
ing to the OER path from MCS and MCO (see eqn (S3)†) are
shown in Fig. 6b. The generally lower energy barriers for the
MCS surface than the MCO surface in Steps (1) and (2) strongly
correlated with the significantly lower OER overpotential and
the higher catalytic activity of the former electrode.56

Furthermore, the desorption of O2 in Step (3) is the rate-deter-
mining step in the OER path.54 The corresponding energy bar-
riers were much lower for MCS (1.52 eV) than MCO (3.25 eV),
again reflecting a better OER activity of the former electrode.
Moreover, it is reported that if the adsorption energy of LiO2

decreased, the OER overpotential of the metal surface reduced
and the catalytic activity increased.56 The predicted adsorption
energies of LiO2 on the MCS and MCO surfaces were −3.53
and −5.74 eV, respectively, signifying a higher catalytic activity
of the former electrode due to the reduced OER overpotential.
These computational findings were conclusive as supported by
experimental results that showed lower overpotentials and
longer cycling stability for the MCS-based cathode than the
MCO counterpart (Fig. 4a–f ).

Ex situ characterization after cycles

Fig. 7 presents the changes in morphology of the two cathodes
after 40 cycles. The MCS/CP electrode after the 40th discharge

Fig. 5 Comparison of electrochemical performance of MCS/CP and
MCO/CP cathodes with similar electrodes reported in the literature. The
highest specific capacities are calculated based on the weight of the
catalyst.
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(Fig. 7a) showed NSs covered with a thick layer and large par-
ticles of discharge products consisting of Li2O2, Li2CO3 and
RCOOLi (see Fig. S9a†). The formation of these products was
also confirmed by ex situ XRD analysis. After the 40th discharge
(Fig. S12†), the peaks at 35, 40.5 and 58.6° reflect the (101),
(102) and (110) planes of Li2O2 (JCPDS no. 09-0335)29 and the
ones at 23.5, 29.4 and 31.7° are related to the (200), (111) and
(002) planes of Li2CO3 (JCPDS no. 87-0729). After the 40th

charge (Fig. S12†), the Li2O2 and Li2CO3 peaks vanished, indi-
cating complete decomposition of discharge products with
highly reversible cycling stability, consistent with the dis-
appearance of large particles from the cathode surface
(Fig. 7a). The 3D reticulated structure consisting of 2D MCS
NSs in the MCS/CP cathode was fully recovered after charge.
For MCO/CP (Fig. 7b), in contrast, the open voids within the

NSs were filled with a thick layer of insulating discharge pro-
ducts after discharge, resulting in diminution of electrical con-
ductivity, Li+ diffusivity and O2 reduction. The thick insulating
layer failed to decompose during the charge cycle (see
Fig. S9b†).

The nature of discharge products and their formation/
decomposition were probed by ex situ XPS analysis of the cath-
odes, as shown in Fig. S9.† The deconvoluted Li 1s spectra
after the 40th discharge presented the formation of reaction
products, Li2O2 (54.8 eV), Li2CO3 (55.4 eV) and RCOOLi
(56.0 eV), on both electrodes. After the 40th recharge, Li2O2 on
the MCS/CP electrode (Fig. S9a†) decomposed with its peak
completely disappearing, while the same peak for MCO/CP
(Fig. S9b†) remained with a reduced intensity. The insulating
lithium carbonate phase, RCOOLi and Li2CO3 were generated

Fig. 6 (a) Total and partial electronic DOSs calculated for MCS and MCO. (b) Reaction free energies for decomposition of Li2O2 from the MCS and
MCO surfaces according to the (–Li+ → –Li+ → –O2) path: asterisks refer to the surface-adsorbed species. The MCS-(110) surface slab model (c)
before and (d) after optimization and relaxation. Adsorption of (e) LiO2 and (g) Li2O2; and charge difference plots of (f ) LiO2 and (h) Li2O2 on the (110)
surface of MCS. In the charge difference plots, orange and green regions indicate positive (charge accumulation) and negative (charge depletion)
domains, respectively.
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from the decomposition of a TEGDME electrolyte solvent and
the oxidation of CP surface,57,58 clogging the MCO/CP open
voids (Fig. 7b), which in turn blocked the ionic diffusion path-
ways and significantly decreased the electrical conductivity.

In light of the above experimental findings, the mecha-
nisms of oxygen electrochemistry can be summarized as
follows. Previous studies reported1,59–62 that at a high over-
potential, O2 was reduced to grow a discharge product film,
Li2O2, in agreement with our observations for the MCO/CP
electrode (Fig. 4a, b and 7b). At a low overpotential, however,
both the film- and particle-shaped Li2O2 products were
formed, consistent with the MCS/CP electrode (Fig. 4a, b and
7a).59,61 The particle-shaped Li2O2 grew via a solution mecha-
nism due to the high solubility of the LiO2 intermediate
phase. In contrast, the film-shaped Li2O2 was formed through
a surface-dominant mechanism of low soluble LiO2.

61,62 In
other words, whether Li2O2 forms particles or a film was con-
trolled by the solubility of LiO2, depending on many factors,
e.g. donor ability of the solvent, effective current density and
overpotential.1,60,61 Therefore, it can be concluded that at a
low overpotential, the increased solubility of LiO2 tends to
form more particulate Li2O2.

1,59–62 In this study, MCS/CP with
a significantly lower overpotential than MCO/CP showed a
higher tendency to grow particle-shaped discharge products
(Fig. 7b). In addition, the lower LiO2 adsorption energies of
MCS than MCO also served as evidence for the enhanced sol-
vation of LiO2 in the electrolyte, promoting the growth of par-
ticle-shaped Li2O2.

56 Eqn (1)–(3) summarize the mechanisms
of forming Li2O2. At a low overpotential, LiO2 is formed after
O2 is reduced by one electron (eqn (1)), an equilibrium being
displaced between the surface-adsorbed LiO2* and LiO2 dis-
solved in the electrolyte. Then, LiO2 disproportionates to Li2O2

and O2 (eqn (2)) or undergoes a second reduction (eqn (3)) to
form either Li2O2 particles or a Li2O2 film.1,60,63

Liþ þ e� þ O2ðsolÞ ! LiþðsolÞ þ O2
�ðsolÞ ð1Þ

2ðLiþðsolÞ þ O2
�ðsolÞÞ ! Li2O2 þ O2 ð2Þ

2LiþðsolÞ þ O2
�ðsolÞ þ e� ! Li2O2 ð3Þ

The EIS spectra for both the MCS/CP and MCO/CP electro-
des were examined after cycles (Fig. 8a and b) and the impe-
dance parameters were analyzed using the Zview software to fit
equivalent circuits (Table S3†).64 The ionic resistance of the
electrolyte, Rs, for the MCO/CP cathode increased consistently
with cycles due to increasingly lower Li+ concentrations in the
electrolyte resulting from the surface-adsorbed LiO2 during
discharge and the electrolyte instability.1 This finding corro-
borates the increase in OER overpotential (Fig. 4e) leading to
the reduction in energy efficiency. Although the initial Rs value
of MCS/CP was only marginally higher than that of MCO/CP, it
did not noticeably increase after 40 cycles, reflecting a higher
stability of the electrolyte in contact with the metal sulfide
catalyst than with the metal oxide. The fresh MCS/CP electrode
presented a considerably lower charge transfer resistance, Rct,
than MCO/CP (Table S3†) because of the higher electrical con-
ductivity of MCS NSs than MCO NSs (Table S1†) which was
also proven by the DOS showing a metallic characteristic of
MCS (Fig. 6a). The formation of insulating discharge products
on the cathode surface increased the Rct for both electrodes
after the 1st discharge. It is worth noting that the Rct value of
MCS/CP almost halved upon recharge after the 40th cycle
because of enhanced redox kinetics, as discussed below. The
corresponding Rct value of the MCO/CP electrode, however, sig-

Fig. 7 Ex situ SEM images of (a) MCS/CP and (b) MCO/CP electrodes taken before and after the 40th discharge and charge tested at 200 mA g−1 at
an upper-limit capacity of 500 mA h g−1.
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nificantly increased after 40 cycles, by more than five times the
initial value, signifying typically poor cycling performance of
the cell (Fig. 4e and f). The CPEdl values of the MCS/CP elec-
trode were generally much higher than those of the MCO/CP
counterpart, representing higher capability of the metal
sulfide to store capacitance than the metal oxide. The continu-
ous rise in capacitance of the MCS/CP electrode stemmed
from the charges stored during the reversible redox reactions
that overlapped with the charge stored from double layer
capacitance of carbon fibers in CP (Fig. 2a and d). The gener-
ally much lower Zw for MCS/CP than for MCO/CP reflects the
dominant mass transport of the former electrode, resulting in
fast Li+ ion diffusion across the interface between the MCS
catalyst and Li2O2. The better Li+ ion diffusivity through the
metal sulfide NSs than the metal oxide NSs is discussed in the
following.

Kinetics of the oxygen electrochemical process

The kinetics of the oxygen electrochemical process in the LOB
cell was studied using the CV curves. The oxygen electrode
often undergoes an electro-activation process in the first cycle
due to non-uniform distribution of oxygen throughout the
bulk electrode.62 Thus, the CV curves in the third and follow-
ing cycles were measured at different rates (Fig. 8c and S13a†).
The oxidation peak currents, Ip, indicated by the arrows are
plotted versus the square root of the scan rate, ν1/2, in Fig. 8d.
The linear relationship between Ip and ν1/2 suggests a

diffusion-controlled reaction, where the Randles–Sevick
relationship given by eqn (4) is applicable:62

Ip ¼ 0:4463nFACðnFvD=RTÞ1=2 ¼ ½269 000n3=2AD1=2C�v1=2 ð4Þ
where 269 000n3/2AD1/2C = B, which can be directly taken from
the slope of the linear relationship between Ip and ν1/2

(Fig. 8d). The lithium diffusion coefficients, DLi, thereby deter-
mined were 6.05 × 10−13 and 1.54 × 10−12 cm2 s−1 for MCO/CP
and MCS/CP, respectively (Table S1†). It is worth noting that
the DLi for MCS NSs was about 2.5 times that of the MCO NSs,
consistent with the electrochemical performance of the elec-
trodes (Fig. 4). The lithium diffusion coefficient of pristine CP
(Fig. S13b and c†), 2.15 × 10−12 cm2 s−1, was slightly higher
than that of MCS/CP, but its very poor electrochemical per-
formance signifies a poor bifunctional catalytic activity of CP
in the LOB system.

Conclusion

2D MnCo2S4 nanosheets were grown on carbon paper (MCS/
CP) via facile, low-cost and environmentally friendly electrode-
position and subsequent vulcanization. The structure, mor-
phology and electrochemical performance of MCS/CP as the
oxygen electrode in LOBs were studied and compared with
those of the MnCo2O4 nanosheets on CP (MCO/CP). The fol-
lowing are highlighted from this study:

Fig. 8 EIS spectra of (a) MCS/CP and (b) MCO/CP electrodes obtained before and after one and 40 full cycles (with the equivalent circuit shown as
inset in (a)); (c) CV curves of the MCS/CP electrode obtained in the third cycle at different scan rates of 0.1, 0.15, 0.2, 0.3 mV s−1; and (d) anodic peak
current, IP, versus square root of scan rate, ν1/2.
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(i) The MCS/CP electrode delivered an initial capacity of
10 760 mA h g−1, twice higher than that of the MCO/CP elec-
trode and 9 times greater than that of CP, 1200 mA h g−1. With
an upper limit capacity of 500 mA h g−1, the MCS/CP electrode
survived 96 cycles at 200 mA g−1, whereas both the MCO/CP
and CP electrodes were stable only for a few cycles.

(ii) The metal sulfide NS catalyst diminished both the ORR
and OER overpotentials of CP by 700 mV, while the metal
oxide counterpart reduced the overpotential only by 140 mV in
total. All in all, the MCS/CP electrode delivered a much higher
initial capacity, longer cycling stability, lower overpotentials
and a noticeably higher energy efficiency than the MCO/CP
electrode, which arose from the efficient bifunctional catalytic
activities with ameliorated ORR and OER kinetics.

(iii) The improved electrochemical performances of MCS/
CP than MCO/CP are ascribed to a few ameliorating functional
features of the former electrode, including the higher elec-
tronic conductivity, enhanced ionic diffusivity, mesoporous
structure, larger surface area and larger open voids among NSs
to accommodate discharge products.

(iv) The electrical conductivity and lithium diffusion coeffi-
cient were 400% and 250% higher for the mesoporous MCS/
CP than MCO/CP, respectively. The ex situ EIS and FESEM ana-
lyses performed after 40 cycles revealed better redox kinetics of
the MCS/CP electrode because of effective transfer of Li+ ions
and electrons across the interface with the electrolyte.

(v) The DOS simulated by the DFT calculations verified a
higher electrical conductivity of MCS/CP than MCO/CP due to
the metallic characteristic of MCS. The effect of mesoporous
metal sulfides on enhanced OER activities was explained by
the LiO2 adsorption energy using DFT calculations. The metal
sulfide decreased the LiO2 adsorption strength, which in turn
improved the cycling stability of MCS/CP.
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