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H I G H L I G H T S

• Hybrid capacitor is fabricated with porous carbon-sulfur as cathode materials.

• The hybrid device displays high energy density of 125.3Wh kg−1 at 17350W kg−1.

• The application of sulfur is extended to a new field.
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A B S T R A C T

The full realization of the high energy density concept in current hybrid capacitors is still a challenge due to the
huge difference in specific capacity and reaction kinetics of the commonly used cathode and anode materials.
Herein, for the first time, the carbon-sulfur composite is proposed as the high-capacity cathode for hybrid ca-
pacitors to achieve a high energy density. The as-prepared carbon-sulfur composite delivers a high specific
capacity of 212.2mAh g−1 (424.4 F g−1) at 4 A g−1, which is much higher than that of the pure carbon cathode.
Additionally, the kinetics gap between cathode and anode is narrowed by using carbon-sulfur composite as the
cathode. As a result, the carbon-sulfur composite based hybrid capacitor delivers a high energy density of
258.4Wh kg−1 at 995W kg−1. Even at high power density of 17350W kg−1, the energy density can still remain
125.3Wh kg−1. This study provides an alternative approach for designing hybrid capacitors with both high
energy and power density by using carbon-sulfur composite as the cathode, and also paves a way to extend the
application of sulfur to a new field for taking its advantages of high-capacity, environmental friendliness, low-
cost.

1. Introduction

The ever-increasing demand for energy storage systems with high
energy and power density applied in the field of portable electronic
devices and electric vehicles has sparked the intensive research in hy-
brid capacitors due to its combination of the merits of both high-energy
lithium-ion batteries (LIBs) and high-power supercapacitors (SCs) to
bridge the gap between them [1–5]. Up to now, activated carbon (AC)
is still unbeatable cathode material for hybrid capacitors because it
allows hybrid capacitors to be operated at a high voltage [6–8].
Nevertheless, the 100–300 F g−1 specific capacity of ACs cathode based
on the physical adsorption/desorption of solvated ions at the electro-
lyte-electrode interface is much lower than that of anode via faradaic
process, such a huge capacity difference between cathode and anode
impedes the full realization of the high energy density concept [9,10].
Additionally, the energy densities of hybrid capacitors often degrade

noticeably at high rates due to the differences in the charge storage
kinetics between anode and cathode, because of the reaction kinetics of
anode based on the faradaic reaction is far slower than that of the
cathode [11,12].

The surface functional groups modification on ACs can be regarded
as an alternative solution to improve the capacitance with the aid of
pseudocapacitive effect. For instance, Leon L. Shaw functionalized AC
powders with C=O groups, leading to the specific capacitance in-
creasing 3 times, which lies in that Li+ react with C=O groups re-
versibly to impart pseudocapacitance [13,14]. Unfortunately, the cycle
stability of functionalized ACs cathode is always a concern due to the
irreversible reactions between oxygen and electrolyte ions, giving rise
to the decomposition of the electrolyte [15]. Moreover, the oxygen-
modification can distinctly diminish the electrical conductivity of the
electrode materials and consequently worsen their electrochemical
performance. Recent studies have revealed that addition of lithiated
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intercalation materials into the ACs cathode of lithium-ion hybrid ca-
pacitors is another possible strategy to enhance energy density [16–18].
The energy density of hybrid capacitors by using LiCoO2 combined with
5%–20% ACs as cathode and nanostructured Li4Ti5O12 as anode can be
up to 40Wh kg−1, which is higher than that of hybrid capacitors with
ACs as cathode [19]. Due to the low theoretical specific capacity
(150–250mA h g-1) of lithiated intercalation materials, a large amount
of materials are needed to add into the ACs cathode to achieve high
energy density, while, this will result in an unsatisfied power capability
[20,21]. The above unsolved problems have motivated the investiga-
tions of alternative cathodes to improve the energy density of hybrid
capacitors without compromising their cyclability and power cap-
ability. On the other hand, for anode, attempts mainly focus on en-
hancing rate performance by shortening the ion diffusion length or
using pseudocapacitive anode that can reduce the gap of kinetic im-
balances during electrochemical reactions in anode and cathode elec-
trodes to realize a high rate performance for hybrid capacitors.

Sulfur(S), a light-weight element, possesses a high theoretical ca-
pacity of 1675mAh g−1 based on a two-electron transfer reaction,
which is an order of magnitude higher than that of the lithiated inter-
calation material [22–24]. In combination with the natural abundance
and environmental friendliness, sulfur is considered as the next-gen-
eration cathode materials for lithium-sulfur (Li-S) battery. Nevertheless,
its practical application is hindered currently by the insulating nature of
sulfur and high solubility of the long-chain lithium polysulfides gen-
erated during the discharge/charge process [25,26]. To settle these
shortcomings, sulfur is always incorporated into carbon materials that
are capable of delivering electrons efficiently to the sulfur as well as
trapping the soluble polysulfides [27,28]. In theory, the lower sulfur
content in the carbon host, the higher the sulfur utilization and cycle
stability. However, in principle, high sulfur content (≥70%) is required
in Li-S batteries for achieving a higher energy density [29,30].

Taking another look at the high capacity and shuttle effect of
electroactive sulfur at high content, and considering the demands of
hybrid capacitors for cathode materials, we propose a use of highly
conductive porous carbon loaded a small amount of sulfur as a cathode
to well match LIB-type anode. In this situation, the small amount of
sulfur filled in the pores of the carbon materials can provide high
specific capacity and restrict the dissolution of polysulfides, and the
problem of huge capacity difference between cathode and anode of
hybrid capacitors will be overcome. Additionally, the kinetics of sulfur
based on the redox reaction is similar to that of most anode materials,
which narrows the kinetics gap between two electrodes and makes the
cathode kinetically match well with the anode.

Herein, we reported the use of carbon-sulfur composite as the
cathode to improve the energy density of hybrid capacitors. The re-
sultant composite cathode delivered a high specific capacity of
212.2 mAh g−1 (424.4 F g−1) at 4 A g−1, much better than that of the
activated carbons without sulfur. Benefiting from the high capacity and
moderate kinetics of the carbon-sulfur composite cathode, the fabri-
cated hybrid capacitors delivered a high energy density of 258.4Wh
kg−1 at 995W kg−1 and high cycle stability over 3000 running. This
result clearly indicates that the carbon-sulfur composite is a promising
candidate for high energy density hybrid capacitors, which will give
further impetus to explore the fundamental science and applications of
sulfur in the context of electrochemical energy storage.

2. Experimental section

2.1. Materials synthesis

At first, the commercially available porous carbon (Ketjenblack EC-
600JD) denoted as C-01 and sulfur were ground together, heated to
155 °C in a sealed vacuum tube with a holding time of 12 h to facilitate
sulfur diffusion into the carbon host. Then, the composite was main-
tained in an oven at 300 °C to volatilize sulfur residue on the outer

surface of the carbon host. The content of sulfur in the carbon-sulfur
composites was varied to be 23 wt% and 33 wt% by adjusting the
heating time at 300 °C, which were named CS-02 and CS-03, respec-
tively. The CS-02 with 23wt% sulfur was obtained by maintaining the
carbon-sulfur composite with 70 wt% sulfur in an oven at 300 °C for
160min and the CS-03 with 33wt% sulfur was obtained by maintaining
the carbon-sulfur composite with 70 wt% sulfur in an oven at 300 °C for
90min.

2.2. Characterization methods

Microstructural analysis was conducted with a field emission scan-
ning electron microscope (SEM) by using a Hitachi S-4800 instrument
at 10 kV, equipped with an energy dispersive X-ray spectrometer (EDX)
for detecting the elemental signals and collecting the elemental map-
ping signals. Nitrogen adsorption-desorption isotherms were measured
with a Tristar 3000 sorption analyzer (Micromeritics) at 77.4 K. Before
the measurements, the carbon sample C-01 was degassed under vacuum
at 200 °C for 12 h and CS-02 and CS-03 was degassed under vacuum at
50 °C for 16 h until the pressure was less than 5 Pa. Pore size distribu-
tions were determined from the adsorption branches of the isotherms
using density functional theory. The Brunauer-Emmett-Teller (BET)
method was used to calculate the specific surface areas (SBET). Total
pore volumes were calculated from the amount adsorbed at a relative
pressure, P/P0, of 0.99. XRD patterns were obtained with a Rigaku D/
MAX-2400 diffractometer using Cu Kα radiation (40 kV, 100mA,
λ=1.54056Å). TEM analyses were carried out with a Tecnai G220S-
Twin instrument operating at 200 kV. Samples for TEM analysis were
prepared by dropping an ethanol droplet of the products on carbon-
coated copper grids and drying at room temperature.
Thermogravimetric analysis (TGA) was measured from 40 to 800 °C
with a heating rate of 10 °C min−1 under a nitrogen flow, using a
STA449 F3 Jupiter thermogravimetric analyzer (NETZSCH). XPS data
were obtained with an ESCALAB250 electron spectrometer. The con-
ductivity of CS-02 and CS-03 were tested by four-tip probes method.

2.3. Electrochemical characterization

2.3.1. Preparation of electrodes
The cathodes were fabricated by mixing 75wt% C-01, CS-02 or CS-

03 with 15wt% conductive carbon black and 10 wt% PVDF binder. The
anode was prepared by using a mixture of 80 wt% commercial hard
carbon, 10 wt% CNT conductive additives, and 10 wt% binder (LA133
and CMC). The mass loadings of the active materials in both cathode
and anode are about 1–1.2 and 1.5–2mg cm−2, respectively.

2.3.2. Assembly of half-cells and LICs
Half cells were assembled to measure the electrochemical perfor-

mances of C-01, CS-02, CS-03 and commercial hard carbon, in which
lithium metal foil was used as the counter and reference electrode and
1M LiTFSI in DME/DOL (1:1, v/v) was employed as the electrolyte.
Celgard 2400 was used as a separator. Commercial hard carbon (HC)
electrode was pre-activated for 3 cycles at 50mA g−1 in a Li half-cell to
obtain high efficiency and then lithiated to 0.05 V, and then the pre-
activated HC anode was coupled with a CS-02 cathode to fabricate a
hybrid capacitors, and the mass ratio of cathode/anode was 1:1.5.

2.3.3. Electrochemical tests
Galvanostatic charge/discharge tests of half cells were conducted in

a voltage window of 1.7–3.5 V for C-01, CS-02 and CS-03 and
0.01–2.8 V for HC by using a LAND-CT2001 instrument at a room
temperature. The specific capacity of the cathode was calculated based
on the total mass of sulfur and carbon. Cyclic voltammetry (CV), gal-
vanostatic charge/discharge cycling (GC) and electrochemical im-
pedance spectroscopy (EIS) of hybrid capacitors were performed on a
CHI660D electrochemical workstation (CH Instruments, China).
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Stability measurements of the hybrid capacitors were carried out using
a Land CT2001A battery test system.

3. Results and discussion

Commercially available Ketjenblack EC-600JD (denoted as C-01)
was used as the host material for sulfur infiltration due to its high
surface area (1400m2 g−1) and high conductivity (∼10000 Sm−1),
which can enable a uniform distribution of sulfur in the carbon and
facilitate electron transport within the carbon-sulfur composite. The
carbon-sulfur composites CS-02 and CS-03 were prepared by varying
sulfur content as 23 wt% and 33wt%, respectively. The absence of
peaks corresponding to bulk crystalline sulfur in XRD patterns of CS-02
and CS-03 (Fig. 1a) demonstrates that the sulfur is well confined and
dispersed in the carbon structure [31,32]. As determined by TGA, the
sulfur content in the CS-02 and CS-03 is 23 wt% and 33wt%, respec-
tively (Fig. 1b). Additionally, the CS-02 displays a delayed sulfur va-
porization temperature (∼320 °C) compared to CS-03 (∼300 °C) and
most reported carbon-sulfur composite (200–300 °C) [33,34], in-
dicating the lower content of sulfur, the better confined effect in the
pore channels. In this case, the diffusion of polysulfide will be alleviated
[35]. The introduction of small amount of sulfur essentially does not
change the type-IV features of the nitrogen sorption isotherm of carbon
material C-01 (Fig. 1c), indicating the mesoporous structure is main-
tained, which potentially facilitates the transport of electrolyte and
improves the rate performance. The sample CS-02 and CS-03 still have
high specific surface area and pore volume of (610m2 g−1,
1.02 cm3 g−1) and (425m2 g−1, 0.89 cm3 g−1), respectively. Fig. 1d
shows that the pore size slightly narrows down after the sulfur filling,
indicating that sulfur was stored in the pore channels, which is

consistent with the results of XRD and TGA. Although the carbon
loaded with 23 wt% non-conducting sulfur, the conductivity of CS-02
still reaches up to ∼3000 Sm−1 determined by a 4-point probe mea-
surement, which is much higher than those of carbon black such as
Vulcan XC-72 carbon (150 Sm−1) [36]. The sample CS-03 has lower
conductivity of ∼2270 Sm−1 due to its higher sulfur content.

As a representative sample, CS-02 was further characterized by SEM
and TEM. CS-02 is composed of interconnected carbon particles and no
visible large sulfur agglomerations are observed (Fig. 2a). TEM image
shows that the carbon particles with high graphitization degree (insert
in Fig. 2b) are interconnected to form a conductive network and no any
large sulfur particles are observed (Fig. 2b) in the composite, indicating
a high dispersity of sulfur in the carbon. The elemental mappings of
carbon and sulfur for CS-02 (Fig. 2c–e) clearly show that carbon and
sulfur are distributed uniformly in the composite, further confirming
the high dispersity.

The electrochemical performances of carbon-sulfur composites were
initially evaluated by using a Li half-cell in a voltage window of
1.7–3.5 V (Figure S1). The cyclic voltammograms (CVs) of CS-02
cathode (Fig. 3a) at the potential below 2.75 V is quite similar to that of
carbon-sulfur electrodes in lithium-sulfur batteries, showing two
cathodic peaks at ca. 2.35 and 1.90 V (versus Li+/Li) due to the two-
step reduction of sulfur to polysulfides [37,38]. While the oxidation
peak at ca. 2.45 V corresponds to the reverse reactions of polysulfide
back to the sulfur. The sharp redox peaks of CS-02 indicate the fast
kinetics during the reversible electrochemistry reaction [39]. Further-
more, as the sweep rate increases to 1.8mV s−1, the shape of CV curves
is still retained, suggesting small polarization of the electrode at high
rates [12]. It is worth pointing out that the quasi-rectangular shape at
2.75–3.50 V (the insert in Fig. 3a) corresponds to a non-faradaic

Fig. 1. (a) XRD patterns of C-01, CS-02 and CS-03; (b) TGA curves of CS-02 and CS-03; (c) N2 adsorption-desorption isotherms of C-01, CS-02 and CS-03; (d) Pore size
distributions of C-01, CS-02 and CS-03.
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reaction, reflecting energy-storage mechanism in the sample CS-02 re-
sulted from the co-contribution of faradaic and non-faradaic reactions
[40]. In order to study the contribution from the capacitive behavior,
Trasatti procedure was conducted to quantify the charge storage from
the easily accessible outer surface and the not easily accessible inner

surface (see the supporting information) [8]. The contribution ratios of
the inner and outer charge process at different scan rates are shown in
Fig. 3b. The outer charge contribution gradually improves with the
increases of scan rate. Figure S2 shows typical galvanostatic charge/
discharge curves at 0.5 A g−1 within a voltage window of 1.7–3.5 V.

Fig. 2. (a) SEM and (b) TEM of the CS-02; (c-e) element mapping of the carbon and sulfur.

Fig. 3. (a) CV curve of CS-02 at different scan rates. (b) Contribution ratio of the inner and outer charge storage of CS-02 at different scan rates. (c) Rate performances
of C-01, CS-02, CS-03 and HC. (d) Cycling performances of C-01, CS-02, CS-03 and HC at 2 A g−1.
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The discharge and charge profiles clearly show two plateaus, which are
consistent with the CV results.

Fig. 3c shows the CS-2 electrode exhibiting the best rate perfor-
mance. A high specific capacity of 280.7mAh g−1 (561.4 F g−1) at
0.5 A g−1 can be obtained based on the total mass of carbon-sulfur
composite. Even at a high current density of 4 A g−1, ca. 212.2 mAh
g−1 (424.4 F g−1) discharge capacity is maintained, corresponding to a
capacity retention of 75.5% when the rate is increased 8-fold. More-
over, when the current density is set back to 2 A g−1 after cycling at
different rates, the specific capacity can be recovered to 228.3 mAh
g−1, indicating very stable cycling performance. For CS-03, due to the
fact that the low conductivity of the carbon-sulfur composite leads to
low sulfur utilization, it shows poor rate performance. Although the
sample C-01 without sulfur loading shows the highest capacity reten-
tion (77.6%) from 0.5 A g−1 to 4 A g−1, it shows very low specific ca-
pacity. These results suggest that the CS-02 composite has an excellent
rate capability, which is clearly superior to those of most reported
cathodes for hybrid capacitors [3,6]. The commercial hard carbon (HC)
was selected as the anode electrode material due to its high specific
capacity and high cycling stability at high rates [41,42]. It delivers a
rate capacity of ca. 237.6 mAh g−1 at 0.5 A g−1 (Fig. 3c). Even at a high
current density of 4 A g−1, the specific capacity can reach 126.7 mAh
g−1, corresponding to a capacity retention of about 53.3%. Moreover,
when the current density is switched abruptly from 4 to 2 A g−1 again,
the capacity is largely recovered to 157.2 mAh g−1, indicating un-
exceptionable stability of the anode materials. Note that the capacity
retention from 0.5 A g−1 to 4 A g−1 of CS-02 cathode is lower than the
C-01 cathode but higher than the anode, which means that the reaction
kinetics of CS-02 cathode is slower than the C-01 but still faster than
anode. In this case, the kinetics gap between cathode and anode is
narrowed by using CS-02 as cathode, making the cathode match well
with the anode. Benefiting from low sulfur content and the confinement
of sulfur in the carbon host with high conductivity and high specific
surface area, the CS-02 (Fig. 3d) also shows favorable cycling stability
with an initial capacity of 238.5 mAh g−1 and a capacity retention of
80.9% after 200 cycles at 2 A g−1. The CV curves of CS-02 at different
cycles (Figure S3) exhibit sharper anodic/cathodic peaks with nearly-
overlapped form, indicating the high reversibility and cycling stability
of CS-02. Although the sample C-01 has better stability, the capacity is
very low. The sample HC also exhibits favorable cycling behavior at
2 A g−1, delivering an initial capacity of 156.0 mAh g−1 and a capacity
retention of 86.8% after 200 cycles. Based on the excellent electro-
chemical properties, CS-02 was chosen as the cathode material for the
subsequently fabricated hybrid capacitor.

The electrochemical performances of hybrid capacitors, which were
assembled using CS-02 as the cathode material and HC as the anode
material, are shown in Fig. 4. Different from the symmetric super-
capacitor with rectangular CV shape, HC//CS-02 hybrid capacitor
(Fig. 4a) shows a deviation from the ideal rectangular shape due to the
synergistic effect of two different energy-storage mechanisms. As the
sweep rate increases to 200mV s−1, the shape of CV curve is still re-
tained, demonstrating high reversibility and good rate capability. The
charge and discharge profiles under different currents (Fig. 4b and
Figure S5a) show deviation from the ideal capacitor, which is well
matched the CV curves and again indicated that the energy-storage
mechanisms in the device are resulted from the synergistic effect of
faradaic and non-faradaic reactions. It is should be noted that the en-
ergy-storage mechanisms in the HC//CS-02 hybrid capacitors are dif-
ferent from that of the lithium-sulfur battery used hard carbon material
as negative electrode [43,44] (see table S1). Moreover, the small IR
drops (Fig. 4b) indicate the good rate performance of both the anode
and cathode materials. The rate performances of HC//CS-02 hybrid
capacitor was investigated by cycling at various current rates from 0.5
to 5.0 A g−1 (Figure S4). A high specific capacity of 128.9mAh g−1 at
0.5 A g−1 can be obtained. Even at a high current density of 5 A g−1,
ca.93.7 mAh g−1 discharge capacity is maintained, corresponding to a

capacity retention of 72.7% when the rate is increased 10-fold. The
energy density and power density are calculated by using the charge-
discharge results based on the total mass of active materials in both the
cathode and anode. The HC//CS-02 hybrid capacitor (Figure S5b)
shows a high energy density of 258.4Wh kg−1 at 995W kg−1, which
also remains at 125.3Wh kg−1 even when the power density is elevated
to 17350W kg−1. In contrast, the HC//C-01 hybrid capacitor (Figure
S5d) shows a low energy density of 37.9Wh kg−1 even when the power
density is elevated to 969W kg−1. Table S2 lists some hybrid capacitors
with typical energy and power densities for an approximate compar-
ison, such as AC//hard carbon [45], AC//LTO [46], AC//B-Si/SiO2/C
[47], AC//Mn3O4-G [48], graphene//Fe3O4/graphene [49], MOF-NC//
WO3/C [50], AC//Graphitic carbon [51]. The performance in this work
exhibits both better energy and power densities, which confirms that
improving the specific capacity of cathode materials is essential to fully
realize the high energy density concept in current hybrid capacitors.

Fig. 4c presents the cycle performance of the HC//CS-02 hybrid
capacitors at a current density of 5 A g−1. It is shown that 79% capa-
citance retains after 3000 cycles and the degradation rate is only
0.007% per cycle, indicating that the HC//CS-02 hybrid capacitor ex-
hibits a high cycling stability. The main reason related to the drop in the
capacity retention of the full cell with the number of cycles is maybe
that the polysulfide generated during the cycle will partially dissolve
into the electrolyte. The separator from the HC//CS-02 and HC//CS-
03 cells after 500 cycles exhibit a color of polysulfide (Figure S6), while
the separator from the HC//CS-02 shows a slighter coloring, indicating
the lower content of sulfur, the better confined effect in the pore
channels. The electrochemical impedance spectroscopy (EIS) was used
to characterize the HC//CS-02 hybrid capacitor after 1000 and 1500
cycles (Figure S5e,f). As expected, both spectra show a semicircle and
an inclined line at low and high frequency regions, respectively. The
semicircles in the low frequency region are broad and depressed, due to
the overlap of the two separate semicircles [52]. The HC//CS-02 hybrid
capacitor after 1000 and 1500 cycles still has low Rs and Rct value
(8.2Ω, 5.3Ω) and (13.6Ω, 5.3Ω) respectively, revealing a relatively
low resistance even after long cycles. It is worth mentioning that the
cell with low Rct value would have exhibited excellent electrochemical
capacitive performance. The good electrochemical performance in this
work including high energy and power density with outstanding sta-
bility should be due to the following aspects: First, the porous carbon
with high electron conductivity and high surface area can facilitate the
charge/ion transfer. Second, the small amount of sulfur can be confined
in the pores of the carbon, which can prevent the dissolution of poly-
sulfide during cycling, and thus improve the cycling stability. Finally,
the sulfur has high theoretical capacity and nanosize, which can im-
prove the capacity of cathode significantly, and thus make the specific
capacity and kinetics of cathode match well with that of anode, im-
proving the energy density of hybrid capacitor.

4. Conclusion

In summary, we demonstrate the concept of the carbon-sulfur
composite as cathode material for the fabrication of high energy hybrid
capacitor. The as-obtained carbon-sulfur composite integrate many
structural merits for electrochemical process, including well-confined
and homogeneously distributed sulfur, interconnected conductive fra-
mework with large surface area, which synergically enable the fabri-
cated cathode material with an impressive reversible capacity and ex-
cellent rate capability, much better than that of pure carbon cathode.
Benefiting from the high capacity of the cathode, the hybrid capacitor
(HC//CS-02) assembled by using the carbon-sulfur cathode can reach a
high energy density of 258.4Wh kg−1 at 995W kg−1. Even at high
power density of 17350W kg−1, the energy density can still remain
125.3Wh kg−1. The encouraging results presented here demonstrate
that hybrid capacitor based on carbon-sulfur composites could be pro-
mising energy storage systems affording both high energy and power
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densities.
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