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high energy and high power density lithium primary
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Sikan Peng, Shaojiu Yan,* Nan Wang, Wenzheng Nan, Jixian Wang, Xiang Chen,
Chen Wang, Xin Qi and Shenglong Dai

It is a great challenge to obtain high performance carbon fluoride (CFx) cathodes with high specific capacity

and good rate performance due to the electronic conductivity of CFx being known to decrease with an

increase in the specific capacity. Herein, we propose a novel fluorinated graphene (FG)/sulfur hybrid

cathode to enhance both the energy density and power density of lithium/carbon fluoride (Li/CFx)

batteries. Impressive enhancements of the specific capacity, discharge voltage, and rate capability are

demonstrated with the novel FG/sulfur hybrid cathode. In comparison with the pristine FG cathode, the

hybrid cathode exhibits higher electrochemical activity, lower overpotential, and faster ion transfer over

the main discharge range. Furthermore, when the melt-diffusion method is used to prepare the hybrid

cathode, the uncommon monoclinic sulfur is presented under ambient temperature. A significant

synergistic effect which reduces the reaction resistance effectively is demonstrated with the presence of

monoclinic sulfur, leading to the highest energy density of 2341 W h kg�1 and a power density up to

13 621 W kg�1 at 8.0 A g�1. Our results are expected to introduce a new generation of high energy and

high power density lithium primary cells, based on a simple and effective strategy employing FG/S hybrid

cathodes.
Introduction

Lithium/carbon uoride (Li/CFx) batteries are known to have
the highest theoretical specic energy density (about
2180 W h kg�1) among all commercially available solid cathode
primary lithium batteries.1–3 The carbon uoride (CFx; 0 < x <
1.3) cathode has many unique advantages, such as a high
theoretical potential, a wide operational temperature range, and
a at discharge potential.4,5 The CFx (x¼ 1) cathode has an open
circuit potential of 3.0–3.5 V vs. Li+/Li in most non-aqueous
liquid electrolytes.6 However, the operating discharge poten-
tial is about 2.5 V vs. Li+/Li, showing signicant polarization due
to the low electronic conductivity of CFx materials and high
activation energy of the cathodic reaction. Moreover, the
specic capacity of CFx is dependent on the uorine content,
while the electronic conductivity of CFx is known to decrease
with increasing uorine content.7,8 These intrinsic drawbacks of
CFx also lead to a poor high-rate performance, together with an
initial voltage delay at the beginning of discharge when used as
a cathode in Li/CFx batteries. Although the commercialization
of Li/CFx batteries began earlier than other solid series
(BIAM), Beijing, 100095, P. R. China.

tion (ESI) available. See DOI:

hemistry 2018
batteries, the current applications are mainly limited to the low-
to-medium power devices, such as electronic backups and
medical implants.4

In order to enhance the discharge performance of Li/CFx
batteries, several approaches have been attempted, all focusing
on improving the rate capability. For example, sub-uori-
nated9,10 or conductive material-coated11–13 CFx were shown to
facilitate electron transport. In addition, composite cathodes
were prepared with a second material that has good rate capa-
bility or a slightly higher discharge voltage than CFx, such as
MnO2,4,14 LiV3O8,15 and Ag2V4O11.16–18 Since the second cathode
material discharged rst, the initial voltage delay region of the
CFx could be eliminated and the rate performance improved to
some extent. However, these improvements occurred at the
expense of energy density due to a decrease in the mass specic
capacity of the active cathode material. As opposed to sacri-
cing the battery capacity while enhancing the rate perfor-
mance, a simple strategy is proposed here in consideration that
the increase in specic capacity of active material can also
improve the cell performance under high discharge current
density based on the unit mass of active material. The sulfur
which has high theoretical specic capacity would be a suitable
candidate for preparing high performance hybrid cathode.

Although Li/S batteries are usually considered as secondary
batteries, the great potential for using sulfur as cathodic
material in primary batteries has been recently realized.2 In the
RSC Adv., 2018, 8, 12701–12707 | 12701
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Fig. 1 (a) XRD patterns of sublimed sulfur, FG, FG/S-1, and FG/S-2. (b)
TEM image of the FG/S-2 and representative HRTEM images taken
from the marked sulfur particles in red circles.
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present work, the combination of CFx and sulfur is proposed to
form a hybrid cathode in order to take advantage of the
extremely high specic energy density of sulfur (2600 W h kg�1).
In this way, the specic capacity of the hybrid cathode material
is expected to exceed the limitation caused by the uorine
content in CFx, allowing the energy and power density to
increase. Moreover, as sulfur has a lower discharge plateau
(about 2.1–2.3 V vs. Li+/Li)19,20 than that of CFx, the reaction
products from CFx would provide a good conductive network to
effectively use the benecial properties of sulfur. Thus, uori-
nated graphene (FG) with a unique morphology and properties
was chosen to fabricate a novel hybrid cathode with sublimed
sulfur.

In this study, FG/S hybrid cathodes for Li/CFx batteries are
explored for the rst time to the best of our knowledge. The
sulfur has been successfully incorporated with FG through
a facile process. The unique electrochemical behavior of the FG/
S hybrid cathodes and their impact on the discharge perfor-
mance of Li/CFx batteries are systematically evaluated and dis-
cussed. The capacity and rate performance of FG/S hybrid
cathode are much better compared with that of pristine FG
cathode. Especially, with the presence of monoclinic sulfur,
a synergistic effect and effective charge transfer in the novel
hybrid system have been demonstrated. These results may open
a new avenue to improve the energy and power performance of
Li/CFx batteries.

Experimental

Fluorinated graphene (F/C ¼ 0.90) obtained from Zhongshan
Photoelectric Material Co., Ltd. was used as received. Sublimed
sulfur was ground manually for half an hour in an agate mortar.
Two types of FG/S hybrid materials were prepared for compar-
ison. In the rst type of hybrid cathode (FG/S-1), a mixture of FG
and sublimed sulfur was prepared mechanically using a vortex
oscillator (DragonLab MX-S, China). For the second type (FG/S-
2), the melt-diffusion method was used to incorporate the
sublimed sulfur into the FG at 155 �C for 12 h in an argon-lled
vessel. For both samples, the sulfur content was 30 wt%.

Fourier transform infrared (FTIR) spectroscopy (Spectrum
400, USA) was used to identify the chemical structure of the
cathode materials. Powder X-ray diffraction (XRD) patterns were
recorded using a diffractometer (Bruker D8 Advance, Germany)
using copper Ka radiation (40 kV, 40 mA, l ¼ 1.5406�A) over a 2
theta range of 10� to 80�. The microstructure of the samples was
characterized using a high resolution eld-emission trans-
mission electron microscope (TEM, FEI Tecnai G2 F30, USA)
and an scanning electron microscopy (SEM, FEI Nova NanoSEM
450, USA), where the latter was equipped with an energy
dispersive X-ray spectroscopy (EDS) system used for producing
elemental maps. The chemical structure and the chemical
environment of S at the surface of FG/S-2 were studied by X-ray
photoelectron spectroscopy (XPS, Thermo escalab 250Xi, USA).
A Shirley-type background was removed from the spectra before
de-convolution.

The cathodes were prepared by casting a uniform slurry of
the active material (FG, FG/S-1, or FG/S-2), polyvinylidene
12702 | RSC Adv., 2018, 8, 12701–12707
diuoride, and HS-100 (Denka, Japan) in a weight ratio of
80 : 10 : 10 in N-methyl-2-pyrrolidinone solvent onto the
aluminum foil via the doctor blade casting method. The elec-
trode was then punched into round discs with a diameter of
14 mm aer drying thoroughly at 60 �C for 24 h in a vacuum
oven. The prepared discs were then transferred into an argon-
lled glove box to undertake cell assembly. 2016-type button
cells were assembled with lithium foil as the anode, Celgard®
2325 membrane as the separator, and 1.0 mol L�1 LiTFSI in
DME/DOL (1 : 1 v/v, with 1.0 wt% LiNO3) as the electrolyte.

The button cells were discharged under different current
densities from 0.05 to 8.0 A g�1 (calculated using themass of the
active material in the cathode) applying a Land CT2001A battery
test station (LANHE, China) with a terminal voltage of 1.5 V.
Cyclic voltammetry (CV) measurements were conducted using
a CHI1000C instrument (Chenhua, China) from 3.0 V to 1.5 V vs.
Li+/Li at a scanning rate of 0.05 mV s�1. The galvanostatic
intermittent titration technique (GITT) was employed at
0.05 A g�1 for 20 min with an interruption of 4 h between each
pulse. Electrochemical impedance spectroscopy (EIS)
measurements were performed using an electrochemical
workstation (Zahner-Zennium, Germany) under the open
circuit voltage over a frequency range between 1 MHz and 10
mHz. The amplitude of the AC voltage was 5 mV. Impedance
responses for testing hybrid cathodes were tted by using Zview
program.
Results and discussion

The chemical structures of the FG and the as-prepared hybrid
materials were examined by analyzing their FTIR spectra
(Fig. S1†). Both samples showed a peak at 1203 cm�1, which was
ascribed to the stretching vibration of covalent C–F bonds. In
addition, the shoulder at 1328 cm�1 was assigned to the cova-
lent C–F2 bonds. Moreover, no peaks were present around
1143 cm�1 or 1112 cm�1 indicating that there were no semi-
ionic C–F bonds.5,21,22 Compared with the pristine FG, the
hybrid materials (FG/S-1 and FG/S-2) showed no new peaks,
which conrmed that the structure of FG did not change aer
the incorporation of sulfur. The XRD patterns (Fig. 1a) showed
that the hybrid materials had main reections which could be
indexed to the structure of pristine FG, conrming again that
sulfur incorporation did not change the structure of the FG. The
peaks around 12.5� and 41� were indexed to the (001) and (100)
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 High-resolution XPS spectra of (a and c) C 1s, (b and d) F 1s and
(e) S 2p of (a and b) FG and (c–e) FG/S-2.

Fig. 3 Typical discharge profiles of FG and hybrid cathodes. The
discharge current density in this graph was kept at 0.05 A g�1.
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reections of FG, respectively. The (001) reection is charac-
teristic of compounds with very high uorine levels.5,23 The peak
at 41� is associated with the C–C in-plane length.5,22 However,
the (002) reection at around 26.5� almost disappeared prob-
ably due to the high level of uorination and the crinkled
structure with poor regularity along the stacking direction.22,23

In addition, the typical pattern of an orthorhombic type of
sulfur (PDS N08-0247) was present in the sublimed S and FG/S-
1. However, FG/S-2 showed a pattern from an unexpected
monoclinic type of sulfur (PDS N34-0941), suggesting a phase
transition during the melt-diffusion process. Monoclinic type of
sulfur is unusual because it is normally stable above 95 �C,24

below this orthorhombic type of sulfur is the more stable allo-
trope. Monoclinic sulfur will turn slowly into the more stable
orthorhombic form on standing below 95 �C. Nevertheless, in
FG/S-2, the monoclinic sulfur kept stable at ambient tempera-
ture rather than the typical orthorhombic phase, similar to the
result previously reported by Moon et al.25 It supposed that
during the heat treatment of FG/S-2 the orthorhombic sulfur
rstly became monoclinic sulfur above 95 �C, then became
liquid sulfur above 119 �C which then well diffused into the
porous structure of FG. When it allowed to cool, the liquid
sulfur crystallized slowly as monoclinic sulfur, where the carbon
wall of FG may play a role in the formation of the monoclinic
phase.25 As a result, the crystallized monoclinic sulfur was
conned in the porous structure of FG (Fig. 1b) and retained its
stability even at room temperature, aer a heat treatment
within a conned environment in nanometer dimensions. In
another hand, Jung et al.26 recently predicted that if carbon
atoms penetrate the sulfur at elevated temperatures, the
monoclinic phase could become more stable than the ortho-
rhombic one. More importantly, it is believed that the mono-
clinic phase can promote a faster ion transport compared to the
orthorhombic phase,26 which is crucial for better cell perfor-
mance during discharging.

To analyze the nature of chemical bonds in FG and investi-
gate the interaction between S and FG, XPS spectra of C 1s, F 1s,
and S 2p for pristine FG and hybrid FG/S-2 materials were
measured and are illustrated in Fig. 2. As shown in Fig. 2a and c,
the C 1s spectra are deconvoluted to several symmetrical peaks.
Two peaks at 284.8 eV and 285.9 eV are ascribed to sp2 C]C
bonds and sp3 C–C bonds.1,5,22 Besides, there are two peaks at
290.1 eV and 291.7 eV assigned to C–F and C–F2 bonds,
respectively.1,5,22 Interestingly, FG/S-2 displays a new peak at
about 287.4 eV which is associated with C]S bonds.27,28 Though
there are some uctuations due to the low content of sulfur, the
interaction between FG and S can also depicted by the S 2p
spectrum of FG/S-2, as shown in Fig. 2e. The spectrum of sulfur
were carefully deconvoluted into four component peaks. The
peak at 165.2 eV corresponds to 2p1/2 spin-orbital coupling of 2p
electrons and other three components (2p3/2-I, 2p3/2-II and 2p3/
2-III) values at 164.5, 164.0, and 163.5 eV correspond to the
presence of C]S, 2p3/2 spin-orbital coupling and C–S bond,
respectively.29–32 From the F 1s XPS spectra in Fig. 2b and d, the
characteristic peaks are found at 688.8 eV corresponding to the
covalent C–F bonds. There is no signicant difference in the F
1s spectra between FG and FG/S-2, which conrmed that there
This journal is © The Royal Society of Chemistry 2018
were no semi-ionic C–F bonds5,21,22 presented aer the melt-
diffusion treatment. Hence, the XPS results together with the
XRD results above, support the observation that some of the
sulfur atoms are chemically bonded to the FG aer heat treat-
ment in FG/S-2. These chemical interactions and carbon pene-
tration into sulfur could help the monoclinic phase retaining its
stability under room temperature. It would also benet the
charge transfer between FG and sulfur during cell discharging.
RSC Adv., 2018, 8, 12701–12707 | 12703
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Fig. 4 (a) The cyclic voltammetry profiles of pristine FG, FG/S-1, and
FG/S-2 cathodes at a scanning rate of 0.05mV s�1. The current density
was normalized by the mass of active material in the cathode. (b) The
calculated DLi from the GITT data as a function of the discharge
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The discharge proles of different cathodes are presented in
Fig. 3. The pristine FG had a discharge plateau located at about
2.5 V, and it delivered 913 mA h g�1 at 0.05 A g�1 which was
above the theoretical value (829 mA h g�1, F/C¼ 0.90). The extra
capacity could be attributed to the decomposition of LiNO3 and
side reactions of diverse intermediates with electrolyte compo-
nents.33 These side reactions were taking place below about
1.85 V which was observed for all three samples. The FG/S-1
sample showed an open circuit voltage of 2.79 V, higher than
that of pristine FG (2.63 V). Meanwhile, this sample showed
interesting discharge behavior that demonstrated the feasibility
of a FG/S hybrid cathode. At rst, there was a plateau around
2.5 V, attributed to the reduction of FG, and an initial voltage
delay was observed. Then the reduction of sulfur from Li2S8 to
Li2Sn (n¼ 4–8) shows a clear discharge region between 2.4 V and
2.1 V. Aer that, a plateau at 2.1 V was presented, which cor-
responded to the further reduction reaction to Li2S/Li2S2. This
discharge prole for FG/S-1 seemed like a combination of the
two typical discharge curves of Li/CFx and Li/S batteries
(Fig. S2†). Both FG and S could exhibit their discharge charac-
teristics perfectly. In addition, the order of discharge was rst
the FG, then both FG and S, and nally the S. In this case, the
transitional discharge region could be around 2.5 V to 2.4 V for
the simultaneous discharge of FG and S. Moreover, a specic
capacity of 1024 mA h g�1 associated with an energy density of
2319 W h kg�1 was achieved by the FG/S-1 sample. This result
veried that incorporating sulfur into FG increased the specic
capacity and energy density of the cathode compared with the
pristine FG cathode, as expected.

In contrast, FG/S-2 exhibited a similar but distinctive
discharge prole compared with FG/S-1. The one main differ-
ence was that the transitional discharge region of the FG/S-2
between 2.5 V to 2.4 V was extended. As a result, the rst
sulfur reduction region shied along the x-axis to a higher
specic capacity and the plateau width at 2.1 V shortened.
Nevertheless, FG/S-2 delivered a comparable specic capacity of
1011 mA h g�1 along with over 70% specic capacity output
above 2.3 V, resulting in a higher energy density of
2341 W h kg�1 than that of FG/S-1. Therefore, the hybrid
cathode with monoclinic sulfur is preferable for the application
considering the energy output. It has been demonstrated the
existence of lithium ions migration from Ag2V4O11, LiV3O8 or
MnO2 to CFx in the CFx/Ag2V4O11, CFx/LiV3O8 or CFx/MnO2

hybrid cathodes.4,15,34 Hence, a similar charge transfer process
would be possible in the case of FG/S-2 hybrid cathode. During
the discharge of FG/S-2, lithium ions initially inserted into the
FG phase may transfer to the sulfur phase to form Li2Sn (n# 8),
and it was conrmed by the longer plateau width around 2.5 V
than that of FG and FG/S-1. In another hand, the melt-diffusion
process benetted sulfur diffusing into the porous structure of
FG during manufacture of FG/S-2, resulting effective physical
contact and chemical interaction between monoclinic sulfur
and FG for the charge transfer. Therefore, lithium ions transfer
successively from FG to sulfur during the discharge process,
and hence improving the discharge voltage and energy output
of FG/S-2.
12704 | RSC Adv., 2018, 8, 12701–12707
To explore the reaction mechanism of hybrid cathodes, CV
was performed; the discharge branches of the CV curves for FG,
FG/S-1, and FG/S-2 cathodes are presented in the cut-off
potential range of 3.0 to 1.5 V in Fig. 4a. It can be seen that
FG had a large reduction peak at 2.26 V with an onset potential
of 2.54 V, which is attributed to the reaction between FG and
lithium ions. In addition, a reduction peak below 1.9 V was
observed for all three materials, resulting from the decompo-
sition of LiNO3 and other side reactions with the electrolyte.33

We also observed peaks at 2.03 V and 2.33 V for sample FG/S-1,
where that at 2.03 V corresponded to the transformation from
Li2S4 to short-chain polysuldes (Li2S/Li2S2).19 However, the
other peak with an onset at 2.73 V was attributed to the
reduction of either FG or sulfur, while the reduction peaks
overlapped fully. Interestingly, in the case of FG/S-2, a very small
peak at 2.15 V was observed between those at 2.05 V and 2.32 V.
The area of the peak at 2.05 V decreased signicantly compared
to that of the FG/S-1 sample, while the area of the peak with an
onset at 2.80 V increased. This change in the peak area is
consistent with the difference in plateau width shown in Fig. 3,
conrming the existence of charge transfer between FG and
sulfur. In addition, the presence of the very small peak at 2.15 V
suggests a probably different reduction route for monoclinic
sulfur in the case of FG/S-2. As a result, the FG/S-2 could deliver
a long output plateau under high voltage and higher energy
density. Moreover, the remarkable increase in onset potential
from 2.54 V for the FG to above 2.73 V for the hybrid cathodes
indicated improved electrochemical activity and a lower over-
potential aer hybridization. The dissolved sulfur in electrolyte
might play a key role in the promotion of onset potential for
hybrid cathodes, since it was known that the discharge voltage
of Li/CFx cell is related to the solvation process between Li+ ion
and solvent molecules.6

The GITT technique was used to determine the diffusion
coefficient of lithium ions (DLi) in the different cathodes.35 As
presented in Fig. 4b, the DLi value of FG in this study mainly
ranged from�10�13 to �10�11 cm2 s�1, which is about an order
of magnitude higher than previously reported,4 probably due to
the different electrolyte used. The DLi values of the hybrid
cathodes were comparable to that of FG at the beginning of the
discharge process as the reaction of FG occurred rst. In the
potential range from 2.36 V to 2.15 V (the sulfur reduction
potential during the process.

This journal is © The Royal Society of Chemistry 2018
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region) the DLi values of the hybrid cathodes were an order of
magnitude higher than that of FG. It should be noted that this
potential range is one of the main discharge plateaus for hybrid
cathodes. In addition, excellent Li+ transport properties are
crucial for optimized electrochemical performance of a battery.
In the range between 2.1 V and 1.8 V, the DLi values of the hybrid
cathodes were lower than that of pristine FG. This may have
resulted from the discharge reaction of the active materials
gradually nishing and insoluble Li2S2/Li2S with poor conduc-
tivity being deposited. Therefore, incorporating sulfur into the
FG could enhance lithium ion diffusion in the main discharge
region, and a better rate performance would be possible with
the hybrid cathode.

The galvanostatic discharge curves of pristine FG and the
hybrid cathodes at different current rates are presented in
Fig. 5. Remarkable increases in the discharge voltages and rate
performances were achieved in batteries using the hybrid
cathodes. However, due to the sluggish kinetics of FG a voltage
delay can be seen at the very beginning of the discharge for all
cases. The FG cathode showed relatively poor rate capability and
specic capacity of 545 mA h g�1 at 5.0 A g�1. In contrast, the
FG/S-1 delivered 710 mA h g�1 at 5.0 A g�1, and 570 mA h g�1 at
6.0 A g�1. The FG/S-2 sample exhibited the best rate capability
with a specic capacity of 776 mA h g�1 at 5.0 A g�1, an increase
of 42% compared to the FG. It could even work steadily at a fast
discharge rate of 8.0 A g�1 delivering a specic capacity of
496 mA h g�1. The median voltages measured at half capacity
were plotted (Fig. 5d) for comparing the discharge voltages of
different cathodes. It was found that the median voltages of FG/
S-1 were slightly higher than that of FG when the current rate
was above 1.0 A g�1. However, FG/S-2 showed a signicant
enhancement in the median voltage, especially under high
current rates, in which an increase of 0.28 � 0.035 V was
observed above 1.0 A g�1. Interestingly, it was found that in the
present novel lithium primary battery system the additive LiNO3

could play a signicant role in reducing the initial voltage delay
Fig. 5 The galvanostatic discharge curves of (a) FG, (b) FG/S-1, and (c)
FG/S-2 at different current rates. (d) The median voltages measured at
half capacity.

This journal is © The Royal Society of Chemistry 2018
especially at high current rates (as shown in Fig. S4†). The
reason can be that the decomposition reaction of LiNO3 would
take place below 1.9 V (vs. Li/Li+), and it had potential anchoring
effect in some extent.

The higher rate capability and discharge voltage of FG/S-2
may have been due to the presence of monoclinic sulfur and
the effective charge transfer between FG and sulfur. Firstly,
monoclinic sulfur has faster ion transport than the ortho-
rhombic phase.26 Then it could have better output performance
under high discharge current rates. Secondly, the monoclinic
sulfur embedded into the porous structure of FG could provide
some synergistic effects; for example, efficient Li+ diffusion into
FG would become possible based on better electrolyte access
due to the good distribution of sulfur in the electrode (Fig. S3†).
Thirdly, there would have a different reaction route that allowed
releasing more capacity over the high output plateau due to the
effective charge transfer between FG and sulfur as veried by
the typical discharge proles and CV results. These features are
important for fullling both high energy and high power
density cell performances.

The Ragone plot shown in Fig. 6 demonstrates the excellent
performance of FG/S-2 in energy and power output compared to
pristine FG and FG/S-1, especially at high current rates. Even at
low current rates (<1.0 A g�1), the delivered energy densities of
hybrid cathodes were higher than that of pristine FG, since the
incorporated sulfur which has higher specic capacity than that
of FG, could offer more output effectively in this hybrid system.
The maximum power density of FG/S-2 achieved up to 13 621 W
kg�1 at 8.0 A g�1. To the best of our knowledge, this is the
highest power density reported in the literature, except for the
ultra-high output at 24 A g�1,1 as shown in Table 1. However, we
consider that the method developed in the present study is
convenient and favorable for commercialization.

The mechanism of rate performance enhancement of FG/S-2
can be further explained by impedance analysis. Fig. 7a shows
impedance spectra of FG, FG/S-1, and FG/S-2, which were
recorded at 10% depth of discharge (DOD) state. A suppressed
semicircle followed by a sloped straight line at the low
frequency end was observed for all samples. FG/S-2 showed the
Fig. 6 The Ragone plot of different cathodes.
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Table 1 The comparison of energy and power densities of Li-CFx
batteries

No.
Active
materials

Power density
(W kg�1)

Energy density
(W h kg�1) References

1 CFx@C 3526 764 11
2 CFx@PPY 7091 13
3 CFx/MnO2 6599 1814 4
4 CFx/SiO2 9689 �2250 5
5 CFx 44 800 1
6 CFx/S 13 621 2341 This study

Fig. 7 The electrochemical impedance spectra of (a) FG, FG/S-1, and
FG/S-2 cathodes measured at 10% DOD. (b) Equivalent circuit for
analysis of cells with a hybrid cathode.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 1
:3

3:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
highest onset frequency between the semicircle and sloped line,
indicating faster kinetics. This feature revealed that the FG/S-2
cathode had a higher reaction kinetic with the presence of
monoclinic sulfur.

An equivalent circuit was developed to analyze the electrode
process of hybrid cathodes (Fig. 7b). As there were two kinds of
active materials (FG and S) in the cathode, a series circuit was
applied including an ohmic resistance (Rb), two charge-transfer
processes (Rcr,1/Cd,1 and Rcr,2/Cd,2) for the cell reactions, and the
Warburg impedance (Zw). Since the FG reacted rst in the
cathode, we assigned Rcr,1 as the reaction resistance of FG. This
reects the contact resistance combined with conductive
particles, product shell resistance, and charge-transfer resis-
tance. In this way, Rcr,2 is the reaction resistance of sulfur in this
model. The impedance responses were tted well with this
equivalent circuit using the Zview program. We found that the
reaction resistance of FG (Rcr,1) was dominant and much higher
than that of Rcr,2 for both FG/S-1 and FG/S-2. In addition, FG/S-2
showed a lower resistance for both reactions of FG and sulfur
(Rcr,1 ¼ 26.1 � 1.70 U cm�2, Rcr,2 ¼ 8.6 � 1.96 U cm�2) than FG/
S-1 (Rcr,1 ¼ 36.5 � 3.74 U cm�2, Rcr,2 ¼ 15.2 � 4.13 U cm�2).
These results conrm the impressive synergistic effects for FG/
S-2 with the presence of monoclinic sulfur aer the melt-
diffusion treatment. Furthermore, due to the charge transfer
between FG and sulfur, a different sulfur reduction reaction
route would occur with faster kinetics, resulting in higher
discharge voltage and better rate capability. Although the
formation of stable monoclinic sulfur and its specic mecha-
nism behind improving the discharge performance of the cell is
not quite clear, the present study has successfully demonstrated
the remarkable performance enhancement of batteries using
12706 | RSC Adv., 2018, 8, 12701–12707
FG/S hybrid cathodes. Optimization of the cathode components
and further advances in the method of sulfur incorporating
would contribute to the development of practical high energy
and high power density lithium primary cells.
Conclusion

A simple and effective strategy was proposed and evaluated for
developing high-performance Li/CFx batteries. A novel hybrid
cathode of uorinated graphene incorporating sulfur was
successfully prepared for the rst time and extraordinary
discharge behavior was observed. Electrochemical tests showed
that the hybrid cathodes result in enhanced discharge perfor-
mance, including increased specic capacity, higher discharge
voltage, and better rate capability. In particular, the FG/S-2
cathode with monoclinic sulfur show the highest energy
density of 2341 W h kg�1 and a maximum power density of
13 621 W kg�1 at a current rate of 8.0 A g�1. These impressive
results benetted from the high specic capacity of sulfur, while
the hybridized cathode had faster ion transport, especially over
the main discharge range. Furthermore, a synergistic effect and
effective charge transfer in this novel hybrid system have been
demonstrated with the use of melt-diffusion method, suggest-
ing that the presence of monoclinic sulfur could impart
signicant improvements in the energy and power density
output.
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