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ABSTRACT: We report the synthesis of two-dimensional (2D) Co3S4
in a nanothickness sheetlike morphology via simple hydrothermal
process and its application to electrochemical energy-storage devices.
The presence of unique mesopores with a combination of core/shell
nanoparticles in the nanosheets showed superior electrochemical per-
formances as a negative electrode for a Li-ion battery (LIB) and an
electrocatalyst in Li−O2 battery applications. A high discharge capacity
of ∼968 mAh g−1 is noted after 60 cycles with excellent cycling stability
when evaluated as an anode for a LIB. On the other hand, the first
discharge capacity of ∼5917 mAh g−1 is observed with a high revers-
ibility of 95.72% for the Li−O2 battery point of view. This exceptional
electrochemical performance in both applications is mainly attributed
to the presence of mesoporous with core/shell 2D nanostructure,
which translates more catalytic bifunctional (oxygen reduction
reaction/oxygen evolution reaction) active sites for Li−O2 and sustains the volume variations that occur in a three-dimensional
manner upon the charge−discharge process for LIB applications. Ex situ studies, such as transmission electron microscopy, X-ray
photoelectron spectroscopy, and impedance spectroscopy studies, are also conducted to validate the reaction mechanisms.

■ INTRODUCTION

Recently, perovskite-based solar cells and a lithium-air battery
(Li−O2) have been considered as the potential next-generation
devices for energy conversion and storage because of their
acceptable efficiencies, simple fabrication procedure with low-
cost materials, etc.1−3 A significant improvement in research
and development toward energy conversion is noted, for
example, Si-based cells, DSSC, and perovskite-based solar cells.
On the other hand, apart from a conventional Li-ion battery
(LIB), various secondary power systems such as Na ion,
Mg ion, Li−S, Li−Se, Li−Te, and Li−O2 are also explored.1,2,4

Among them, the Li−O2 system is found to be appealing in
terms of an extremely high energy density (which is comparable
to that of gasoline), and oxygen can be obtained from air
instead of being provided internally.4−7 Still, the challenge of
complete conversion of its discharge product (Li2O2) with
minimal overpotential on charge remains. Therefore, catalysts
are used for this purpose.8−10 The performance of the Li−O2

battery mainly depends on such a catalyst apart from its design
(aprotic, aqueous, or solid state).11 One of the great challenges

is to design and synthesize large-surface area bifunctional
catalysts on a nanoscale level. In this respect, well-known highly
stable catalysts such as Pt, Pd, and RuO2 are expensive and
scarce. Therefore, the noble metal-free catalysts that are com-
posed of earth-abundant elements are important for industrial
applications.6,9 Recently, several low-cost materials, including
metal oxides, sulfides, and different carbonaceous materials, are
used as catalysts for Li−O2 battery applications.12,13 The
unique transition metal sulfides (MxSy) (x and y = 1, 2, 3, ...)
[transition metals (M) were Co, Ni, Mn, Zn, etc.] have been
introduced as catalysts for various applications, such as a dye-
sensitized solar cell,14−16 hydro-cracking of vacuum residues,
photocatalytic hydrogen evolution, and hydrodesulfuriza-
tion.6,17,18 Among them, the cobalt sulfide is worth mentioning
as a catalyst and present in various phases such as CoS, CoS2,
Co3S4, Co9S8, etc., with excellent electrical, magnetic, and
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optical properties.19 The Co3S4 phase exhibits prominent
catalytic activity in the aqueous medium oxygen reduction
reaction (ORR) and oxygen evolution reaction (OER) com-
pared with those of other reported phases.19−22 In this vein, we
made an attempt to exploit the possibility of using such large-
surface area cubic Co3S4 as a possible catalyst for Li−O2 battery
applications for the first time.
In addition, Co3S4 is also evaluated as an anode for LIB

application in half-cell assembly. Because the commercially
available graphitic anode endures the problem of Li plating, a
lower capacity and a poor high-rate performance are necessary
for applications such as hybrid electric vehicles (HEVs) and
electric vehicles (EVs).23−25 Therefore, research activities
aimed at developing an alternate anode with high capacity
and rate capability have accelerated. Since the discovery of
Poizot et al.,26 for sustained Li storage via conversion reactions
other than the conventional intercalation mechanism, numer-
ous metal oxides, sulfides, chlorides, fluorides, etc., have been
investigated for negative electrode applications. Generally, cubic
phase Co3S4 stores the Li via the conversion pathway with a
maximal theoretical capacity of ∼702 mAh g−1. However, Co3S4
certainly has a few inherent limitations such as large volume
changes upon conversion reaction, poor reversibility, and cycle
ability. Therefore, very few reports about the battery perform-
ance of such an attractive material with respect to the LIB point
of view are available.21 Apart from the fascinating applications
of Co3S4 in electrochemical energy-storage devices, synthesis of
pure cubic phase Co3S4 is quite challenging, that too on a nano-
scopic level. Hence, for the first time, we report the synthesis of
a free mesoporous two-dimensional (2D)-like nanostructure of
the Co3S4 phase via simple two-step phase transformation from
Co3O4 nanosheets (Co3O4−NS) with a minimal amount of
impurities. Eventually, Co3S4 nanosheets are studied as negative
electrodes for the LIB, and a bifunctional catalyst for the Li−O2
battery has been systematically evaluated and is described in
detail.

■ EXPERIMENTAL SECTION
Synthesis. The Co3O4−NS were used as a sacrificial template for

the synthesis of mesoporous Co3S4−NS via a facile hydrothermal
process.27−29 In a typical process, 0.2 g of Co3O4−NS (see the
Supporting Information) was dispersed in 30 mL of deionized water,
and 0.3 g of Thioacetamide (Sigma-Aldrich) was also added and the
mixture continuously stirred. Then this mixture was transferred into a
Teflon-lined stainless-steel autoclave and maintained at 160 °C for 3 h.
Subsequently, the reaction temperature was decreased naturally to
room temperature, and the products were harvested. The obtained
black-brown product was washed with water and ethanol and then
dried at 60 °C for 12 h under vacuum. Finally, the black-brown pro-
duct was calcined at 300 °C (CS-3 NS) and 400 °C (CS-4 NS) in a
tube furnace under a N2 atmosphere.
Characterization. Power X-ray diffraction (XRD) patterns of the

Co3S4−NS were collected using an X-ray diffractometer (Rint 1000,
Rigaku) with Cu Kα radiation. The phase transformation was deter-
mined by thermogravimetric analysis (TGA) from ambient temper-
ature to 1000 °C under a N2 atmosphere by using a thermal analyzer
system (STA 1640, Stanton Redcroft Inc.). The Brunauer−Emmett−
Teller (BET) specific surface area of the samples was calculated using
an ASAP 2010 surface analyzer (Micromeritics). The morphological
features of the powders were examined via scanning electron
microscopy (SEM) (S-4700 microscope, Hitachi, Tokyo, Japan) and
transmission electron microscopy (TEM) (TecnaiF20, Philips). X-ray
photoelectron spectroscopy (XPS) was also performed using a Multi-
lab 2000 with monochromated Al Kα radiation (hν = 1486.6 eV).
Electrochemical impedance spectroscopy (EIS) measurements were

taken using an electrochemical analyzer (SP-150, Bio-Logic).
Galvanostatic charge−discharge studies were performed using
CR2032 coin type cells in a BTS 2004 (JAPAN) battery tester at
room temperature.

Preparation of Electrodes. Li-Ion Battery. Composite electrodes
were formulated with active material (72%) and Ketjen black (14%,
KB, EC600JD) and Teflonized acetylene black (TAB-2, 14%) using
ethanol. The composites were pressed on a 200 mm2 area nickel mesh
and dried at 160 °C for 4 h in an oven before cell assembly was
conducted. The half-cell was fabricated in an argon-filled glovebox with
metallic lithium as the counter and reference electrode. Celgard 3401
was used to separate the metallic Li and composite electrode and filled
with a 1 M LiPF6 [1:1 (v/v) EC:DMC, Soulbrain Co., Ltd.] electrolyte
solution.

Rotating Ring Disk Electrodes (RRDEs) for ORR and OER. For
ORR and OER studies, the synthesized Co3S4−NS was mixed with
carbon powder (Cabot Vulcan XC-72) in 3:7 ratios to ensure sufficient
electronic conductivity. Ten milligrams of the mixture described above
was dispersed ultrasonically in 150 μL of a diluted Nafion alcohol
solution (5 wt %) dissolved in isopropyl alcohol (IPA) to prepare
catalyst ink. Approximately 13.5 μL of the catalyst ink (containing
20 μg of catalyst) was loaded onto a glassy carbon electrode and
air-dried. The Pt wire and Hg/HgO were used as the counter and
reference electrodes, respectively. For the purpose of comparison,
Co3O4−NS and 30 wt % Pt/C (Premetek Co.) were also studied.
Prior to the linear sweep voltammogram (LSV) measurement, O2 was
bubbled directly into the cell for at least 1 h.

Li−O2 Battery. The synthesized Co3S4−NS were used as a catalyst
for an air cathode in the Li−O2 system. The Co3S4−NS catalyst and
Ketjen black (KB) were mixed in a 1:2 ratio with TAB-2 binder in IPA
and made into a pellet type electrode. The pellet was pressed on a Ni
mesh current collector, dried overnight at 100 °C, and employed as a
cathode. The performance of a Co3S4−NS catalyst for ORR and OER
in a Li−O2 air cathode was evaluated in a Swagelok type cell with 1 M
LiTFSI in a TEGDME solution and a metallic Li anode. The Li−O2
cell performance was tested galvanostatically in a potential window of
2−4.3 V vs Li at different current densities (0.1−0.3 mA cm−2) at
room temperature with 1 atm of O2 pressure.

■ RESULTS AND DISCUSSION

Structural and Morphological Properties. The phase
compositions and crystallinity of the prepared samples were
examined by powder XRD analysis. In Figure 1a, the presence
of observed diffraction peaks is indexed according to the cubic
phase of Co3S4. The observed reflections are in good agree-
ment with standard XRD patterns (ICSD Card No. 98-002-
4212).28−30 We should note that the peak intensities increased
with an increase in post-treatment temperature from 300 to
400 °C. Increasing post-treatment also leads to the formation of
inevitable secondary phases such as CoS and Co9S8, which is
clearly evident from the appearance of reflections at 2θ values
of 36°, 48°, and 53°. Thus, like most of the characterizations
such as XPS, morphological studies were performed only for
CS-4 NS. TGA was also performed under a nitrogen atmo-
sphere to understand the decomposition process and associated
phase transition of Co3S4 (Figure S1). The observed con-
versions of CoS2 (I) to Co3S4 (II), CoS (IV), and finally Co9S8
(V) at 1000 °C are consistent with the theoretical predictions
of weight loss measurement.31

The N2 adsorption−desorption studies were conducted for
Co3S4−NS prepared under two different conditions and are
given in Figure 1b. The N2 adsorption isotherms of both
samples exhibit a type IV H3 hysteresis loop appearing at a high
P/P0 range from 0.8 to 1.0. In the observed isotherms, the
hysteresis loop exhibits the saturated adsorption platform that
indicates uniform pore formation. CS-3 NS shows a calculated
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BET specific surface area of 12.26 m2 g−1 and a total pore
volume of 0.04738 cm3 g−1, whereas a BET specific surface area
of 23.21 m2 g−1 and a total pore volume of 0.1413 cm3 g−1 are
noted for CS-4 NS. From the pore size distribution analysis,
both CS-3 NS and CS-4 NS exhibit average narrow pore size
distributions, mainly around 15−24 nm. Obviously, the specific
surface areas of CS-4 NS increases with an increase in tem-
perature from 300 to 400 °C. This is mainly attributed to the
removal of organic and sulfur moieties. The large specific
surface area possibly provides more active sites in the nano-
sheets, which could be favorable low-resistance pathways for
charge transport upon electrochemical reactions during the
charge and discharge process. Also, this feature certainly
enhances the electrocatalytic activity irrespective of organic or
aqueous media.
The morphological features of Co3S4−NS were selectively

examined by FE-SEM and HR-TEM studies and are given in
Figure 2a−f (Figure S2). A large number of regular rectangular-
shaped sheets with dimensions of ∼5−8 mm on each side
and ∼50−80 nm in uniform thickness are evident in Figure 2b.
The TEM image confirms the presence of a great number of
nanoparticles with the internal carbon-linked structure of the
nanosheets, a lateral size much larger than their thickness
with conventional mesopores would effectively maintain the
long-standing existence of the architectures after phase trans-
formation. The elemental mapping reveals the existence and
uniform distribution of cobalt and sulfur elements in the
selected nanosheets (Figure 2e). In addition, the crystalline
nature of CS-4 NS was realized by HR-TEM and the selected
area electron diffraction (SAED) pattern given in Figure 2f. The
measured lattice spacings of 0.24 and 0.56 nm correspond to
the interlayer spacing of the (004) and (111) crystal planes of
Co3S4, respectively.

29,32 These also confirm the formation of
single-crystal particulates. However, the SAED pattern indicates
the presence of polycrystalline-like features, which is mainly

caused by the overlap of single-crystalline Co3S4 particulates
upon TEM analysis.
In addition, detailed information about the chemical

composition of the product (CS-4 NS) was validated by XPS
measurements and is shown in Figure 3a. The survey spectrum
shows the appearance of distinct peaks due to Co 2p, S 2p,
C 1s, and O 1s. The Co 2p core level spectra contain two main
peaks associated with Co 2p3/2 and Co 2p1/2 levels, and the
spin−orbit splitting is found to be 15.4 eV, which clearly sug-
gests the formation of Co3S4; further deconvolution into four
sublevels is shown in Figure 3b. The first doublet peaks at 778.7
and 794.1 eV and second pair at 781.13 and 796.6 eV were
assigned to Co3+ and Co2+ ions, respectively.19,33 The relative
intensity and area of the main 2p3/2 line indicate the majority of
Co3+ (approximately 2 for Co3+/Co2+). In addition, the S 2p and
C 1s peaks are depicted in Figure S3. The binding energies for S
2p3/2 and S 2p1/2 are 161.2 and 162.8 eV, respectively, which
correspond to the binding energies of Co−S bonds.33−35 The
peaks at 168.5 and 169.5 eV indicate that an inconsequential
amount of CxSOy compounds was also formed during the
hydrothermal process and surface absorption of oxygen with
sulfur. The binding energy of the C 1s main peak at 284.3 eV is
due to the graphite-like sp2 carbon,30,35 which indicates that the
carbon atoms present in a conjugated honeycomb lattice
structure. In addition to the main peak, other small peaks are
also present at 285.7 and 287.5 eV, which are due to the
C−O and C−S bonds arising from the substitution of O and S
atoms, respectively. Also, the carbons with sulfur-containing
groups have the best donor−acceptor properties with the highest
charge mobility in the matrix for enhancing catalytic activity in
electron-transfer reactions.

Lithium-Ion Battery. Via preliminary electrochemical
studies, CS-4 NS were evaluated as anodes in a half-cell assembly
with metallic Li. The half-cell was explored for cyclic voltammetry
(CV) studies to understand the Li-storage mechanism, and
corresponding traces are given in Figure 3c. In the first cathodic
sweep, three reduction peaks were observed at ∼1.25, ∼0.99, and
∼0.64 V vs Li. Similarly, three prominent oxidation peaks
appeared at ∼1.0, ∼1.31, and ∼2.04 V vs Li. From the second
cycle onward, the reduction peaks were shifted toward higher
voltage ranges, for example, shifting from ∼1.24 to ∼1.7 V vs
Li and from ∼1.06 to ∼1.32 V vs Li, which are noted upon
a cathodic sweep. Similarly, a marginal deviation from the
peak positions is noted during the anodic scan. However, the area
underneath the curves between the first and subsequent cycles is
entirely different, which is mainly because of the decomposition
of electrolyte solutions in the first discharge along with structural
destruction of Co3S4. Decomposition of the electrolyte solution
certainly leads to the formation of a solid electrolyte interface
(SEI), which consumes more Li and results in the huge area
under the curve. In the subsequent cycles, only a negligible
amount of SEI formation takes place. The overall Li-storage
mechanism can be described as follows

+ + →+ −x xCo S Li e Li Co Sx3 4 3 4

+ − + − → ++ −x xLi Co S (8 )Li (8 )e 3Co 4Li Sx 3 4
0

2

+ ↔Co Li S Co S0
2 9 8

Galvanostatic charge−discharge studies were performed for
CS-4 NS at a current density of 0.05A g−1 between 0.05 and
3.0 V vs Li and presented in Figure 4a. The Li-storage
performance of CS-3 NS was also studied for comparison.

Figure 1. (a) XRD patterns of the pristine Co3S4−NS prepared at 300
and 400 °C. (b) N2 adsorption−desorption isotherms for pristine
CS-3 NS and CS-4 NS. The inset shows the characteristic BJH pore
size distributions.
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We should note that there is no difference between the shape of
charge−discharge curves between CS-4 NS and CS-3 NS.
Furthermore, the observed slopes and/or plateaus during the
charge−discharge process are consistent with the peak
positions observed from the CV measurements. The half-cell
delivered capacities of ∼1654 and ∼984 mAh g−1 for CS-4 NS
and ∼1583 and ∼906 mAh g−1 for CS-3 NS for the first
discharge and charge, respectively. Although less reversible
capacity is noted for CS-3 NS, they experience greater
irreversible capacity loss (ICL) (∼677 mAh g−1) than CS-4
NS (∼660 mAh g−1). The observed ICL is mainly caused by
electrolyte decomposition and subsequent SEI formation in
each case. Also, the inevitable side reaction with an electrolyte
solution for CS-3 NS cannot be ruled out. Besides, the CS-4 NS
exhibit excellent cycling stability and improved Coulombic
efficiency compared to those of CS-3 NS for approximately 60
cycles (Figure 4b). The presence of free-standing 2D-like
nanosheets with mesoporosity is one of the main reasons for
better electrochemical activity, which is certainly beneficial for
the permeation of more electrolytes and, thus, provides more
active sites for Li storage. Furthermore, the appearance of

secondary phases like CoS and Co9S8 is also involved in the
Li-storage process along with Co3S4, which cannot be ignored
for the enhanced electrochemical activity of CS-4 NS. However,
the capacity fading of CS-3 NS during the course of probably
complicated side reactions may result in structural transfor-
mations and the irreversibility of sulfur ions. Hence, a reversible
capacity of ∼642 mAh g−1 (∼71%) was retained after only 60
cycles compared to ∼954 mAh g−1 for CS-4 NS (retention of
∼96%). Compared with previous reports on the Co3S4/graphene
composite, the pristine Co3S4−NS delivered excellent battery
performance.17,21,36−38 In addition, it is worth mentioning that
the shape of the discharge curves of CS-4 NS remains the same
after 60 cycles, whereas dramatic changes in the nature of the
curves are noted for CS-3 NS. We strongly believe that it is
mainly because of the excellent robustness and highly crystalline
nature of the Co3S4 nanostructures sintered at 400 °C compared
to 300 °C. To confirm the results described above and validate
the reaction mechanism, we have conducted ex situ studies for
the CS-4 NS electrode that will be discussed here.
Figure 5a shows the long-term cyclability of CS-4 NS at

two different current densities such as 0.5 and 0.7 A g−1 with

Figure 2. (a) FE-SEM images and EDAX spectrum of pristine CS-4 NS. (b) FE-SEM image showing the sheet thickness. (c) Elemental composition
of Co3S4-NS. (d) TEM image showing the existence of mesopores. (e) Elemental mapping of CS-4 NS. (f) HR-TEM image and SAED pattern of
the CS-4 NS.
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Coulombic efficiency. Apart from the anticipated ICL, the cell
delivered discharge capacities (second cycle) of ∼853 and
∼835 mAh g−1 at current densities of 0.5 and 0.7 A g−1,
respectively. The discharge capacity remains ∼600 mAh g−1

after 200 cycles at a current density of 0.5 A g−1. On the other
hand, a capacity of ∼416 mAh g−1 is noted after 400 cycles at a
current density of 0.7 A g−1. In both cases, the discharge
capacity is much higher than the theoretical capacity of a
conventional graphitic anode (372 mAh g−1). In addition, it is
worth mentioning that, except in the few initial cycles,
Coulombic efficiency is found to be >99% irrespective of the
current rates. This clearly parallels the Li-storage properties
achieved in this work that are superior to those of previous
reports.19,21 Rate capability studies are also conducted for CS-4
NS and shown in Figure 5b. Discharge capacities of ∼1024, ∼917,
∼721, ∼536, ∼299, and ∼126 mAh g−1 are observed at current
densities of 0.05, 0.15, 0.5, 1, 2, and 4 A g−1, respectively.
Remarkably, when the applied current density was switched back
after 30 cycles from 4 to 1, 0.15, and 0.05 A g−1 imposed on the
electrode, the capacity could recover to values of ∼486, ∼816, and
∼940 mAh g−1, respectively. The results revealed the electrode
exhibits good structural integrity and is free from particle agglom-
eration because of the presence of mesopores and carbon between

the nanoparticle, which acts as a buffer matrix to uphold the
volume variation that occurred upon redox reactions.
Li-ion transport kinetics in LIB was studied using electro-

chemical impedance spectroscopy (EIS) in the two-electrode
coin cell geometry and is presented in Figure 6a. An impedance
spectrum was recorded before and after cycling (500 cycles),
which is generally composed of three main regions. The depressed

Figure 3. XPS spectra of CS-4 NS: (a) survey and (b) Co 2p.
(c) Cyclic voltammogram of CS-4 NS collected at a slow scan rate of
0.1 mV s−1 between 0.01 and 3 V vs Li at room temperature.

Figure 4. (a) Discharge and charge profile and (b) cycling
performance of the pristine CS-3 NS and CS-4 NS vs the Li electrode
at a current density of 0.05 A g−1 with Coulombic efficiency.

Figure 5. (a) Cycling performance at current rates of 0.5 and 0.7 A g−1.
(b) Rate capability of the CS-4 NS vs Li performed at various current
rates of 0.05, 0.15, 0.5, 1, 2, and 4A g−1.
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semicircles in the high-frequency region are associated with the
electrolyte resistance (Rs), and the high- to middle-frequency
region is assigned to the contact and charge-transfer resis-
tance across the electrode/electrolyte interface (Rct). Finally,
the vertical tail inclined at the 45° low-frequency region, as one
would expect for capacitance behavior (Warburg element). The
Rs and Rct values are found to be 5.38 and 34.5 Ω, respectively,
before cycling. After cycling, the Rct values are decreased
dramatically from 34.5 to 26.72 Ω, which may be related to the
stabilization of the SEI layer. The mesopores and core−shell
carbon in a sheet structure can accommodate more electrolytes,
which may facilitate interfacial charge transfer at the electrode/
electrolyte interface on a nanoscale level. The level of electro-
lyte wetting through mesopores is gradually increased and
eventually translates to a beneficial effect on the stabilization
of the SEI layer. Furthermore, to substantiate the structural
integrity of anodes after cycling, the half-cell was carefully dis-
mantled (in a charged state, i.e., 3 V vs Li) and examined via
SEM and TEM. The CS-4NS electrode retained same sheetlike
morphology after 500 prolonged galvanostatic cycles (Figure 6b,c
and Figure S3c,d). This confirms the robustness and structural
integrity of the Co3S4 prepared at 400 °C. Further, the SAED
pattern,15,39,40 cobalt and sulfur results from the XPS spectrum,
recorded in the charged state clearly confirms the formation of
Co9S8 rather than Co3S4 during the charge process. Overall,
we strongly believe that the presence of mesoporosity with a
two-dimensional sheetlike morphology is responsible for the
excellent high rate, high capacity, and stability of this fascinating
conversion type anode. Even further, this mesoporous Co3S4
nanosheet exhibits electrochemical performance better than

that of nanotube and nanosheet morphology reported else-
where by others.19,21Although ICL is observed for such Co3S4
nanosheets, it is certainly overcome by the prelithiation process
during the construction of a full cell assembly with conventional
cathodes. Therefore, Co3S4 could be used as a promising con-
tender high-power anode in LIB applications.

Electrocatalytic Properties. To study the catalytic activity
of synthesized Co3S4 phases at different calcination temper-
atures, only CS-4 NS has been subjected to investigation. A
well-known catalyst, Pt/C, was also evaluated under the same
testing condition for comparison. The catalytic activity of CS-4
NS is qualitatively estimated from the oxygen reduction reac-
tion, and the reduction peak potentials measured in CV traces
are illustrated in Figure 7a. The CV curves of CS-4 NS and
sacrificial Co3O4 NS with respect to Pt/C electrodes in a 0.1 M
KOH solution show saturation with O2 at a sweep rate of 5 mV
s−1. All the electrodes exhibited a well-defined cathodic peak,
while the CS-4 NS (−0.205 V) peak position is more positive
than that of Co3O4 NS (−0.221 V) and comparable to that of
Pt/C (−0.095 V).41 A catalyst with higher electrochemical
activity toward the ORR will demonstrate a positively shifted
reduction peak potential. Hence, we compared it with a Pt/C
electrode to investigate the electron transfers upon the ORR
response with our catalyst, CS-4 NS. Though CS-4 NS exhibits
higher negative potential (∼110 mV), it is still comparable and
less expensive than the Pt/C catalyst. In addition, CS-4 NS dis-
played a current drop with a positively shifted onset potential
and a steady state current higher than that of Co3O4 NS.
Therefore, this significant response of our new catalyst, CS-4

Figure 6. (a) Comparison of Nyquist plots before and after 500 cycles for the CS-4 NS electrode. (b) FE-SEM picture of the CS-4 NS electrode
after 500 cycles. (c) TEM image of the CS-4 NS electrode after 500 cycles. (d) High-resolution TEM image and SAED pattern of the CS-4 NS
electrode recorded after 500 cycles.
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NS, will certainly be useful for metal air battery applications,
preferably the Li−O2 system.
To employ CS-4 NS as an efficient catalyst for Li−O2

systems, ORR and OER activities were studied using LSV.
This LSV has been recorded via RRDE with a rotation speed of
1600 rpm in O2-saturated 0.1 M KOH as an electrolyte solution
at a scan rate of 5 mV s−1. Figure 7b represents the comparative
ORR activities of CS-4 NS with commercial RuO2 and Pt/C
recorded between 0.3 and −0.8 V vs Hg/HgO. The onset
potential of CS-4 NS (−0.066 V) is slightly lower than that of
Pt/C (0.05 V) but still comparable to that of Pt/C, which
makes it a good ORR catalyst. Further, OER properties from
LSV polarization curves were recorded during an anodic scan
(5 mV s−1) between 0.3 and 1.0 V vs Hg/HgO (Figure 7c)
compared to commercial RuO2. It is clearly observed that using
the onset potential, CS-4 NS (0.559 V) is a better OER catalyst
than the commercial RuO2 (0.59 V). This explains the
bifunctional electrocatalytic property of the synthesized Co3S4
material.19−21,42,43 To improve our understanding, quantita-

tive bifunctional activities of CS-4 NS are listed in Table 1.
The cobalt can exchange sulfur atoms with the electrolyte and
relevant changes in oxidation states from +2 to +3 to +4 at
near-equilibrium potentials, which could potentially facilitate
ORR and OER chemistry. Further, the intrinsic tunnels of the
cubic phase Co3S4 crystalline lattice and its mesoporous core/
shell carbon also act as bifunctional activity in aqueous
electrolytes. This result clearly suggests the superior electro-
catalytic properties of CS-4 NS are suitable for a precise air
cathode catalyst in a Li−O2 battery. Because it is not easy to
analyze the ORR and OER performance in nonaqueous electro-
lytes, we directly applied our synthesized catalyst (CS-4 NS) as
a cathode material in a Li−air battery and systematically examined
the electrocatalytic properties.

Li−O2 Battery. The electrochemical performance of the
CS-4 NS catalyst in the air cathode was evaluated in Swagelok
type Li−O2 cells. The electrochemical reaction of the Li−O2
cell can be expressed as 2(Li+ + e−) + O2 ⇄ Li2O2, during
which ORR and OER take place upon the discharge (forward)
and charge (reverse) process, respectively.6,10,44,45 The charge−
discharge studies for Li−O2 cells were conducted between 2
and 4.3 V vs Li at a current density of 0.1 mA cm−2 (0.1 A g−1),
in which CS-4 NS-catalyzed KB was used as an air cathode
(Figure 8a). Pure KB was also used (without CS-4 NS) as an air
cathode under the same conditions for comparison. The first
discharge capacity of CS-4 NS is found to be ∼5917 mAh g−1

with a very flat discharge plateau at 2.7 V vs Li. This
obtained discharge capacity is almost twice that of the only KB
air cathode (∼3143 mAh g−1). It is obvious that addition of
CS-4 NS certainly improved the ORR performance in the air
battery. Upon charging, a 95.72% discharge capacity is retained
(∼5664 mAh g−1) for the CS-4 NS-catalyzed air cathode, which
clearly shows excellent reversibility. The ORR and OER per-
formance in a nonaqueous electrolyte is also consistent with the
catalyst performance in aqueous media, which further confirms
the excellent bifunctional activity of CS-4 NS. The over-
potential (ΔV) is reduced to ∼0.921 V for the CS-4 NS
catalyst, which is low and quite favorable for the reversibility of
the Li−O2 battery. The reversibility of the synthesized CS-4 NS
electrocatalyst was also tested at different current densities and
is given in Figure 8b. It is interesting to note that the maximal
discharge capacity of ∼6990 mAh g−1 is noted at a current
density of 0.2 mA cm−2 (0.2 A g−1). In addition, at this current
density, maximal reversibility is noted, i.e., ∼99.11% retention
upon charging. The battery performance at a current density of
0.2 mA cm−2 is much better than the lower current density
(0.1 mA cm−2) in terms of capacity and overpotential. At a
higher current density of 0.3 mA cm−2 (0.3 A g−1), the cell
delivered a discharge capacity of ∼5346 mAh g−1 with 84.71%
retention; however, the observed capacity and reversibility are
far better than those of the KB air cathode. Generally, at a low
current density, the Li−O2 system delivers a higher discharge
capacity. In contrast, comparatively, a higher capacity with a

Figure 7. Characteristic comparison of (a) cyclic voltammograms,
(b) ORR, and (c) OER of the pristine CS-4 NS (blue line) with
commercial Pt/C (black line) and RuO2 (pink line) as catalysts in an
O2-saturated 0.1 M KOH solution at a scan rate of 5 mV s−1.

Table 1. Comparative CV, ORR, and OER Data for As-Prepared CS-4 NS with Commercial Pt/C and RuO2 as Catalysts

CV ORR OER

sample
peak potential

(V)
peak current

(mA)
onset potential

(V)
half-wave potential

(V)
onset potential

(V)
half-wave potential

(V)
limiting current

(mA)

Pt/C −0.095 0.2588 0.05 −0.061 0.681 0.883 −2.27
RuO2 − − −0.11 −0.203 0.593 0.828 −1.84
CS-4 NS −0.205 0.2428 −0.066 −0.194 0.559 0.7795 −4.087
Co3O4 NS −0.221 0.219 − − − − −
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low overpotential is obtained for a higher current density
(0.2 and 0.3 mA cm−2). However, we also previously observed
a similar kind of results while employing α-MnO2 and N-GNF
as catalysts for the Li−O2 system.45 This finding clearly
suggests the CS-4 NS is a promising catalyst to be used in the
Li−O2 system.
To achieve complete stable cycling without any decrease in

capacity, we also investigated the cells with a limited depth of
discharge.46,47 Accordingly, the capacity of Li−O2 cells was
limited to 500 mAh g−1 at a current density of 0.1 mA cm−2 (or
0.1 A g−1), and the corresponding cyclability is given in Figure 9.
Stable cycling profiles with no capacity degradation or changes in
the nature of the discharge−charge curves for 25 cycles with
100% efficiency can be observed. Figure 9b shows the cycling
performance of the Li−O2 cell with a CS-4 NS-catalyzed
electrode at 0.1 mA g−1. From all the observed results, it is
inferred that synthesized Co3S4 nanosheets calcined at 400 °C
can be used as an efficient bifunctional catalyst in both aqueous
and nonaqueous media, especially to improve the battery per-
formance in the Li−O2 cell.
The better electrochemical performances of ordered meso-

porous materials as a cathode catalyst for rechargeable Li−O2
batteries have been well-established.48 It can be inferred from
the BET surface analysis that the synthesized CS-4 NS structure
possesses a highly mesoporous surface with a significantly
large pore volume compared to that of CS-3 NS. The two-
dimensional surface with mesopores helps in the formation and
accommodation of Li2O2 and thus in turn promotes the decom-
position or OER as well in the active sites of the air cathode.49

This might be the main reason for the superior performance of
the air cathode.50,51In addition, the CS-4 NS structure seems to
be highly conductive and stable, which leads to rapid ion
mobility. Apart from the characteristics of the catalyst, the
electrolyte also plays an important part in the performance of
the battery. In this case, the TEGDME electrolyte has been
utilized, which is considered to be one of the best so far and

favors better battery performance, as well. Thus, the CS-4 NS
electrocatalyst actively promotes the ORR and OER in the Li−air
battery and appears to be a suitable air cathode catalyst.

■ CONCLUSION
Unique mesoporous architecture takes full advantage of volume
changes and air diffusion pathways in Li−ion and Li−O2
systems, respectively. Also, the design of two-dimensional
sheetlike core/shell nanostructures presented here ensures
superior cycling performance and rate capability in both systems.
The pristine Co3S4 NS (CS-4 NS) was evaluated as a conversion
type anode and maintains a capacity of 600 mAh g−1 after 200
extremely stable cycles at a current density of 0.5 A g−1. Inter-
estingly, the phase transition from Co3S4 to Co9S8 upon
electrochemical cycling has been clearly validated by the ex situ
studies. More inspiringly, the bifunctional electrocatalytic activity
was clearly seen in aqueous media and comparable with those of
the established catalysts like Pt/C and RuO2. As a result, with a
bifunctional catalyst in the Li−O2 system, the cell delivered a
capacity as high as 6990 mAh g−1 at a current density of 0.2 mA
cm−2. In addition, excellent stability for capacity-limited cycling
with a low potential gap and rate performance were added
advantages for this unique material, Co3S4 NS. To the best our
knowledge, this is the first time mesoporous two-dimensional
cobalt sulfides have been introduced as a bifunctional electro-
catalyst into Li−O2 systems, which further opens new avenues
for the development of this novel material and its suitability for
electrochemical energy-storage applications.
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