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Abstract Cobalt oxyhydroxide combination with graphene
oxide (CoOOH@GO) as a novel conductive matrix is devel-
oped for high performance lithium/sulfur batteries.
Enhancement retention of polysulfide species into matrix of
cobalt oxyhydroxide anchored on graphene oxide flakes by
strong chemical binding of carbon-sulfur is demonstrated.
Sulfur incorporated in the sheet-like morphology of
CoOOH @GO delivers high initial discharge specific capacity
of 1190.85 mAh/g, which raises 260 mAh/g with respect to
graphene oxide/sulfur (GO/S) as a cathode material.
Furthermore, CoOOOH @GO/S maintains the average coulom-
bic efficiency of 96 % after 300 cycles at 1 C rate with capac-
ity retention of about 61 %. Good current rate capability of
CoOOH®@GO/S cathode reveals that the resulting composite
is open platform for electrolyte diffusion and fast ion transpor-
tation leading to the improved electrochemical performance of
lithium/sulfur batteries.

Keywords Lithium/sulfur battery - Sheet like structures -
Metal oxyhydroxide - Sulfur cathode
Introduction

The necessity of energy resources producing high energy den-
sity and inflicting least damages to environment and climate
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changes has significantly increased. Although lithium ion bat-
teries meet many advantages in generating and storing energy,
and have proven successful in the portable electronics market,
due to their low energy density, they cannot still provide cur-
rent requirements of electrical and hybrid machines and large-
scale energy storage [1-4].

In recent years, lithium/sulfur batteries have attracted much
attention because of their high potentiality in creating 2—3
times more energy density (2600 Wh/kg) and about 5 times
more theoretical capacity (1672 mAh/g) in comparison with
common traditional lithium ion batteries. Lithium/sulfur bat-
teries have been introduced as a new generation of recharge-
able lithium batteries [5, 6]. These batteries bear some advan-
tages including low cost, abundant, non-toxic, and environ-
ment-friendly. Furthermore, lithium/sulfur batteries are able to
provide requirements of energy storage systems for renewable
energy resources and produce high energy density for auto-
mobile industry [7]. Despite these advantages, there are some
problems which shorten the practical lifespan of these batte-
ries. Low electrical conductivity of active material and high
volume expansion are among the deficiencies of these types of
batteries [8—10]. In addition, high solubility of polysulfide into
the electrolyte, which cause the precipitation on the anode
surface in discharging process, and then on the cathode sur-
face during the charging process (shuttle effect), limit their
efficiency. It results in reduction of the active substance of
sulfur, declining of coulombic efficiency and capacity fading
during first cycles [11]. These problems have prohibited the
commercialization of lithium/sulfur batteries.

Graphene, an allotrope of carbon, is also an appropriate
choice to achieve the required electrical conductance and
diminishing the polysulfide diffusion into the electrolyte
[12]. It has high surface area (over 2600 m?/g), good chemical
and mechanical stability, suitability, and flexibility [13].
Various modified graphene such as graphene oxide [14-16],
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coating graphene/sulfur composite [17, 18], doping with ni-
trogen [19] and hybrid structures [20, 21] have been studied
for providing stronger chemical bond C-S to trap polysulfides
into the matrix. Recently, the superior interactions of metal
oxides-polysulfides have been proved [22, 23]. Metal oxides,
such as TiO, [24], Ti,O5 [25], ALO5 [26], La,O5 [27], and Co
(OH), [28] have demonstrated high affinity for polysulfide
maintenance to hinder the diffusion of the soluble
intermediates.

In this paper, we report a simple method to prepare sulfur
confined into the layers of graphene oxide (GO) anchored
with cobalt oxyhydroxide (CoOOH) sheets as a cathode.
Because of the strong chemical bonding of carbon-sulfur
CoOOH@GO/S in comparison with graphene oxide/sulfur
nanocomposite, the electrochemical performance of the con-
ductive matrix of lithium/sulfur cells is highly improved. It
was assumed that CoOOOH @GO sheets have effective specific
surface area to incorporate sulfur homogeneously with strong
chemical and physical interactions. To the best of our knowl-
edge, this report is the first work on the application of metal
oxyhydroxide@GO composites for modification of cathodes
in lithium/sulfur batteries.

Experimental
Chemicals

Natural graphite (Aldrich), hydrogene peroxide (30 wt%), po-
tassium permanganate, hexahydrated cobalt nitrate, potassium
hydroxide, sulfur, sulfuric acid, hydrochloride acid (Merck),
cetyltributylammonium bromide (CTAB), dimethyl sulfoxide
(DMSO), polyvinyldifluoride (PVdF), N-methyl-2-pyrrol-
idone (NMP), lithium bis(trifluoromethanesulfone)imide
(LiTFSI), 1,3-dioxolane (DOL), poly(ethylene glycol) di-
methyl ether (PEGDME), polyethylene (Celgard 2400)
(Sigma-Aldrich), and carbon black (Akzo Nobel) were used.
Ultrapure water was used in all experiments.

Apparatus

The morphologies of materials were analyzed by field emis-
sion scanning electron microscopy (Tescan, Mira3) operating
at 20 kV coupled to an energy dispersive X-ray spectrometer
(EDS). The powder X-ray diffraction (Bruker AXS, D8 ad-
vance diffractometer) and X-ray photoelectron spectroscopy
(XPS, VG Microtech, Twin anode, XR3E2 X-ray source,
using Al K = 1486.6 ¢V) measurements were performed to
characterize materials structure. Elemental analysis (Analytica
Jena, multi EA-3100) was performed for measurement of sul-
fur in the synthesized CoOOH @ GO/S and GO/S. The amount
of sulfur was determined to be ~52 % and ~54 % in the
CoOOH@GO/S and GO/S composites, respectively. The
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electrochemical properties of the CoOOOH@GO/S composite
cathode was tested by galvanostatic discharge and charge
(Kimiapardaz Iran, Kimiastat 126) in a potential range of
1.5-3.0 V (vs. Li/Li+). Cyclic voltammetry (CV) measure-
ments were performed in the potential range 1.5-3.2 V (vs.
Li/Li+) at a scan rate of 0.1 mVS-1 by using an electrochem-
ical workstation (Biologic, VSP 300). Electrochemical imped-
ance spectrum (EIS) measurements was determined using a
frequency response analyzer (Biologic, VSP 300) in the fre-
quency range 0.01 Hz to 100 kHz at potentiostatic signal
amplitude of 5 mV.

Preparation of CoOOOH@GO/S
Preparation of graphene oxide sheets

Modified Hummer’s method was used to prepare GO sheets
[29]. Graphite powder (2 g) was stirred with 46 mL concen-
trated sulfuric acid for 8 h. Then, potassium permanganate
(6 g) was added gradually and the mixture was stirred me-
chanically while the reaction vessel was put in an ice bath.
The mixture was stirred at 35-40 °C for 30 min, and then for
further 45 min at 70-75 °C. A portion of 92 mL of ultrapure
water was slowly added into this mixture, and it was heated at
100-105 °C for 30 min. After an addition of 280 mL of ultra-
pure water and 20 mL hydrogen peroxide (30 %), the resulted
suspension was washed repeatedly with 15 mL diluted solu-
tion of hydrochloric acid (5 %), until the barium ion test con-
firmed the elimination of the sulfate ion. Finally, the product
(GO sheets) was dried in vacuum at 60 °C overnight.

Preparation of CoOOOH@ GO nanocomposite

The CoOOH @GO nanocomposite was synthesized through a
sonochemical assisted precipitation followed by thermal treat-
ment. The typical route is as follows. In the first step, 2.416 g
of cobalt nitrate hexahydrate was dissolved in ultrapure water
(50 mL) with vigorous stirring at room temperature. Then
10 mg of dispersed GO sheets in 10 mL of ultrapure water
was dropped into the solution of cobalt nitrate under ultrasonic
irrradiation for 1 h. A volume of 50 mL of potassium hydrox-
ide solution (1 mol L) was added dropwise to the mixture.
Subsequently, it was ultrasonicated for further 1 h. This mix-
ture was heated at 80 °C for 30 min. The obtained black
product was washed with ultrapure water several times and
was dried at 60 °C overnight.

Preparation of CoOOOH@GO/S

As reported by [30, 31], process of dissolving sulfur in DMSO
at 90 °C is an appropriated method for producing sulfur nano-
particles. A modified procedure was used for a better deposi-
tion of sulfur. Sulfur nanoparticles can penetrate inter layers of



J Solid State Electrochem (2017) 21:649-656

651

Fig. 1 Low and high
magnification SEM images of the
CoOOH@GO nanosheets (a, b)
and CoOOOH@GO/S
nanocomposite (¢, d)

CoOOH @GO matrix. The presence of water as anti-solvent
helps to infiltrate sulfur insides of the host material. The ap-
plication of CTAB surfactant allowed a suitable mingling of
the phases. In order to, a total of 1.5 g CoOOOH @GO was well
dispersed in 100 mL of water. An amount of 1.8 g of sulfur
was dissolved in the solution of dispersed CoOOH@GO. The
temperature of resulted suspension was kept at 90 °C. To this
mixture was added 0.01 g CTAB and 40 mL of DMSO. After
about 20 min, the mixture was moved to autoclave under
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Fig. 2 Elemental mapping of
carbon, oxygen, cobalt, and sulfur
in CoOOH@GO/S
nanocomposite
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argon atmosphere at 90 °C. After 5 h, the obtained product
(CoOOH@GO/S) was collected by centrifugation and then
washed with ultrapure water.

Cathode preparation
The cathode consisted of 80 wt% as-prepared CoOOH@ GO/

S nanocomposite, 10 wt% polyvinylidene fluoride (PVDF)
binder, and 10 wt% carbon black. The mixture was mixed
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and dipersed in N-methyl-2-pyrrolidone (NMP) to form a slur-
ry which was then speared to an aluminum foil substrate with
an average sulfur loading of 2 mg/cm?® and dried at 70 °C for
2 h. A 2032- type coin cell was assembled in an argon filled
glove box using CoOOOH@GO/S based cathode, lithium foil
as the anode, and porous polyethylene (Celgard 2400) film as
separator. The electrolyte was 1 mol L' lithium
bis(trifluoromethanesulfone)imide (LiTFSI) in a mixed sol-
vent of 1,3-dioxolane (DOL) and poly(ethylene glycol) di-
methyl ether (PEGDME) (1:1 volume ratio).

Results and discussion

Scanning electron microscopy (SEM) was used to exam-
ine the morphology and surface structure of the adsorbent
at the required magnification at room temperature. The
morphology of the synthesized CoOOH@GO and
CoOOH@GO/S nanocomposites was characterized by
SEM images (Fig. 1). It is found that the surfaces of GO
flakes are uniformally decorated by cobalt oxyhydroxide
nanosheets, forming the CoOOH®@GO nanocomposite
without any agglomeration. It is estimated that the thick-
ness of cobalt oxyhydroxide sheets is about 15-20 nm.
After absorption of sulfur nanoparticles into the nano-
sheets, no apparent bulk sulfur can be observed on the
CoOOH@GO/S surface. As expected, the surface mor-
phology has been changed by applying hydrothermal con-
dition during sulfur infiltration [32].

Elemental mapping of carbon, oxygen, cobalt, and sulfur in
the structure of CoOOOH@GO/S are acquired with the energy-
dispersive X-ray (EDX) microanalysis. As displayed in Fig. 2,
these elements are homogenously dispersed in the
CoOOH@GOY/S structure. Clearly it is seen that S nanoparti-
cles are uniformly distributed in the synthesized conductive
matrix. As it is shown in Fig. 2, carbon mapping is not uni-
formly distributed. This can be attributed to the application of
carbon glue, for a better stabilization of the sample, during the
preparation of sample for SEM analysis. The contribution of
this extra carbon, makes an ununiformly distribution of the
carbon map.

Figure 3 contains the XRD patterns of CoOOOH @GO and
CoOOH@GO/S nanocomposites. The pattern of cobalt
oxyhydroxide graphene oxide shows the refraction peaks that
can be indexed to a rhombohedral structure. The diffraction
peaks are in good agreement with uniformly decorating of
graphene oxide flakes by CoOOH sheets (JCPDS No.07—
0169). The XRD pattern of CoOOH@GO/S nanocomposite
has peaks similar to those of CoOOOH@GO, including the
obvious incorporation of sulfur into COOOH@GO host ma-
trix. (XRD pattern of pure sulfur (JCPDS No. 01-077-0145)
is presented in Fig. 3).
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It is well-known that the GO nanocomposite has their
planes decorated frequently with epoxy, hydroxyl, carbonyl,
and carboxyl groups [18]. In appearance of CoOOOH as Lewis
acid, breaking C-O bonds (especially epoxy groups) have in-
creased and form much C-S bonds afford the confinement of
nanosulfur attaching into the CoOOOH @GO sheets [33]. After
sulfur immobilization, thin layer of CoOOH with a thickness
of tens of nanometers is distributed uniformly on the GO
sheets with no significant particles of bulk sulfur depicted on
the external surface of the COOOH@GO/S. The sheets seem
form a two-dimensional network nanostructure, which in-
creases surface area and the efficient liquid-solid interfacial
area that can significantly absorb sulfur particles, thereby af-
fects the performance of lithium/sulfur batteries.

Figure 4 displays discharge profile at 0.1 current rate of the
lithium/sulfur batteries with the GO/S and CoOOH@GO/S
cathodes. Both discharge curves have two-voltage plateaus.
It is seen that significant differences exist between the two
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Fig. 3 XRD patterns of CoOOH@GO and CoOOH@GO/S
nanocomposites and pure sulfur pattern
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discharge plateaus. The GO/S discharge plateau is relatively
shorter while discharge capacity of CoOOOH@GO/S cathode
is extended about 260 mAh/g longer. This confirms strong
interactions between matrix with polysulfide intermediates
through epoxides ring opening of cobalt oxyhydroxide.

The CoOOH may contribute in improved specific capacity
of CoOOH@GO/S composite. Thus, the evaluating electro-
chemical performance of species is important. Figure 5 shows
cyclic voltammetry (CV) curves of a lithium/sulfur cell with
the pure CoOOH, GO/S, and CoOOH@GO/S cathodes, ob-
tained at a scan rate of 0.1 mV S™" and potential range of 1.5—
3.2 V vs. Li/Li". The cyclic voltammetry of pure CoOOOH has
shown that there is not any significant current in applied volt-
age range of Li/S cell. This allowed conclusion that the con-
tribution of CoOOH in improved specific discharge capacity
is negligible. As shown in second cycle of GO/S nanocom-
posite and second and third cycles of COOOH@GO/S com-
posite, two well-defined cathodic peaks are observed. These
peaks correspond to the multistep reaction mechanism of ele-
mental sulfur with lithium ions [34, 35]. The cathodic peak
centered about 2.40 V is assigned to the reduction of the Sg
ring to higher polysulfide (Li,S,, 2 < n < 8). The reduction
peak at 1.96 V is a subsequent reduction to Li,S, and eventu-
ally to Li,S. In the anodic sweep, an oxidation peak at 2.4 V
with a shoulder at about 2.55 V, attributes to reversely trans-
formation of Li,S,/Li,S and high order polysulfides to sulfur
during the charging process [35]. In comparison with GO/S,
the cathodic peaks of CoOOOH@GO/S have shifted to higher
potentials, and the anodic peak has shifted to lower potentials,
which suggest good reversible transitions that can be taken
place from higher order polysulfides to Li,S during the
discharge/charge processes.

Figure 6a displays the corresponding discharge/charge
curves of the CoOOOH@GO/S composite material at differ-
ent current rates (current rate was on the theoretical specif-
ic capacity of sulfur, where a 1 C has current density of
~1675 mA/g) in the potential range of 1.5-3.0 V vs. Li/Li".
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Fig. 4 Discharge profiles at 0.1 C-rate of lithium/sulfur cells with GO/S
and CoOOH-GO/S cathodes
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0.1 C (a) Cycling performance of COOOH@GO/S composite at 1 C (b)

The discharge profiles of all current densities were obtain-
ed by a two-plateau behavior as reported for the S cathode

1

[36], which are coordinated to the formation of higher or-
der polysulfides (Li,S,, 4 < n < 8) at the first plateau and
lower orders Li,S,/Li,S at the second plateau. It has shown
that both the discharge voltage plateau and the discharge
capacity decline significantly with growing current rate.
This can be attributed to the increasing overvoltages of
kinetic and ohmic at higher current rate. For comparison,
voltage-discharge capacity curves of GO/S nanocomposite
are presented in Fig. 6b. The discharge profiles of all cur-
rent densities were obtained by two plateaus as expected.
The GO/S nanocomposite exhibits good rate performance,
and specific capacities of 925.90, 784.74, 563.49, 498.17,
and 261.18 mAh g{l have obtained at 0.1, 0.2, 0.5, 1 and 2
C, respectively. The rate of capacity fading in the presence
of cobalt species is lower than GO/S nanocomposite as the
cathode. It corresponds to addition of cobalt oxyhydroxide
in the electrode structure and increasing probability of C-S
bond formation by breaking C-O bond with Lewis acid
function of CoOOH.

Galvanostatic charge/discharge cycling is performed for
studying the cycling performance of the CoOOH@GO/S
and GO/S cathode materials. As depicted in Fig. 7, the cycling
performance of the lithium/sulfur cells with active sulfur
immobilized in COOOH@GO and GO conductive matrixes
are obtained at current rate of 0.1 C. The high initial discharge
capacity of 1191.15 mAh g ' in 0.1 C is obtained in the pres-
ence of cobalt species. The discharge capacity reduces to
about 1096.14 mAh g ' after 50 cycles, showing a capacity
loss of 7.98 %. While, discharge capacity of GO/S is about
495.01 mAh g 'after 50 cycle that shows capacity loss of

Fig. 8 XPS measurement of x 10
CoOOH®@GO/S composite
electrode. XP spectra of the S 2p |
core-level of the cathode 25|

20]

15

Intensity (a.u.)

10

H’Jm\\f\ f}'ﬂ]’ﬁ' ’merlyﬁh'

|

’Li {'!'\l {

Sulfate

Sulfite P /w
A S2,2p12
» //,,Sl 2psn2
//

, P/ \ | . ‘II| 1#“'
| J'M U"!ﬁk'u )”[ iy W W

[

@ Springer

LI T
166 156

Binding Energy (eV)

151



J Solid State Electrochem (2017) 21:649-656

655

100

90 —=—GO/S

80

] —»>— CoOOH@GO/S

70 /
60

50 /

40—- J

30

204 r
| >P
10 I L Saaae I

o+—r 77
10 20 30 40 50 60 70 80 90

Z' (ohm)

-Z" (ohm)

Fig. 9 Electrochemical impedance spectroscopy of the lithium/sulfur
cells with CoOOOH@GO/S and GO/S nanocomposites as cathode

46.4 %. Also, the Li/CoOOH@GO/S cell retained a good
coulombic efficiency, with the average of about 96.5 % after
50 cycles. The results indicate positive presence of cobalt
oxyhydroxide for the formation of much C-S chemical bond
in comparison with interaction of pure graphene oxide flakes
with sulfur during cycling. It makes significant improvement
in cycle performance of Li/S cell at low rate. With the increase
of current density rate to 1 C, CoOOOH@GO/S cathode ex-
hibits an initial discharge capacity of about 673.1 mAh g .
After 150 cycles, this capacity declined to about 505 mAh g !
with a capacity loss of 25 %. After 300 cycles, the cell still
maintain a reversible discharge capacity of 405.1 mAh g ',
representing a capacity retention of 61 %. The average
Coulombic efficiency of the cell at 1 C was still above
96 %. It is proven that because of Lewis acid acting of
CoOOH, strong chemical bonds of C-S are increased in the
conductive matrix of COOOH@GO/S. Also, effective surface
area for wrapping nanosulfur to trap polysulfide species phys-
ically into the conductive matrix can help electrolyte access
whole of'the structure, and provide buffering space for volume
expansion of sulfur during discharge/charge at higher rates.
It is important to know the reduced graphene oxide could
exhibit higher electronic/ionic conductivities with superior
flexibility and porosity, but because of special properties of
CoOOH, and GO are selected for this work. The CoOOH
species can be considered as Lewis acid for accelerating C-S
bond formation by breaking C-O bond of epoxy groups of
graphene oxide. So, the number C-S chemical bond is in-
creased in CoOOH@GO/S nanocomposite with respect to
GO/S composite. In order to understand the function of
CoOOH during charging and discharging reactions of Li-S
battery, XPS measurement was performed after the fifty cycles
(charge state). As shown in Fig. 8, the deconvolution of the S
2p core level XPS of CoOOH @ GO/S nanocomposite leads to

six peaks, resulting from different electronic states. The elec-
trode of the cell exhibited three components in the S 2p XP
spectrum, associated to a Li,S,, Li,S, and neutral sulfur. The
peaks corresponding to sulfide species (Li,S, and Li,S) with a
substantial loss in intensity proves presence of unreacted Li,S
and Li,S; even after complete charge could be responsible for
irreversible capacity loss during charge and discharge. It is
important to note the Li,S, peak is growing at the same bind-
ing energy attributed to carbon-sulfur interaction [37]. From
the XPS results, it has postulated that the chemical bond for-
mation of C-S assists in the nucleation and formation of Li,S,
and Li,S, and address higher polysulfides intermediate diffu-
sion into the electrolyte. Further, in the presence of CoOOH
species, because of increasing formation of C-S interaction,
improved electrochemical performance is possible.

A further evidence for the high electrical conductivity of
the cell with prepared CoOOH@ GO/S cathode in comparison
with that contains GO/S cathode, electrochemical impedance
spectroscopy (EIS) is attained (Fig. 9). It is obvious that the
charge transfer resistance of the cell with CoOOH@GO/S
electrode is lower than preparing and constructing with GO/
S. This can be attributed to the modification of functional
groups on the graphene oxide (GO), and the presence of
nanosized CoOOH sheets in the layers of graphene oxide
flakes to prevent from stacking [38], that certify a fast electron
transfer, which considerably helps to the rate performance of
the lithium/sulfur cell with CoOOOH®@GO/S as a cathode.

Conclusion

In summary, we have designed graphene oxide coated with
cobalt oxyhydroxide (CoOOH@GO) for wrapping of sulfur
nanoparticles in conductive matrix. Homogenous coated of
sheet-like morphology CoOOH in layers of graphene oxide
flakes and epoxides opening ring property of cobalt species
provide an effective surface area to decrease polysulfides shut-
tling that causes improvement of specific discharge capacity
in comparison with GO/S cathode. Indeed, the strong chemi-
cal binding between C-S in CoOOOH@GO/S and open envi-
ronment of this nanocomposite have provided the perfect op-
portunity to absorb intermediate polysulfides generated in dis-
charge reaction, and accommodate volume expansion during
charge/discharge fast ion transportation. We have showed that
Li/S cell with this cathode delivers 61 % of initial reversible
discharge capacity after 300 charge/discharge cycles at 1 C
rate, with an average coulombic efficiency of 96.15 %. We
hope this architecture of graphene oxide and cobalt
oxyhydroxide can open a new insight to design novel concept
of carbonaceous material and transition metal oxides/
hydroxides for improving performance of high energy density
lithium/sulfur batteries.
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