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Abstract As a hybrid energy storage device of lithium-
ion batteries and supercapacitors, lithium-ion capacitors
have the potential to meet the demanding needs of energy
storage equipment with both high power and energy
density. In this work, to solve the obstacle to the
application of lithium-ion capacitors, that is, the balancing
problem of the electrodes kinetic and capacity, two
electrodes are designed and adequately matched. For the
anode, we introduced in situ carbon-doped and surface-
enriched unsaturated sulfur into the graphene conductive
network to prepare transition metal sulfides, which
enhances the performance with a faster lithium-ion
diffusion and dominant pseudocapacitive energy storage.
Therefore, the lithium-ion capacitors anode material
delivers a remarkable capacity of 810 mAh∙g–1 after 500
cycles at 1 A∙g–1. On the other hand, the biomass-derived
porous carbon as the cathode also displays a superior
capacity of 114.2 mAh∙g–1 at 0.1 A∙g–1. Benefitting from
the appropriate balance of kinetic and capacity between
two electrodes, the lithium-ion capacitors exhibits superior
electrochemical performance. The assembled lithium-ion
capacitors demonstrate a high energy density of
132.9 Wh∙kg–1 at the power density of 265 W∙kg–1, and
50.0 Wh∙kg–1 even at 26.5 kW∙kg–1. After 10000 cycles at
1 A∙g–1, lithium-ion capacitors still demonstrate the high
energy density retention of 81.5%.

Keywords in-situ carbon-doped, surface unsaturated

sulfur enriched, pseudocapacitive energy storage, bio-
mass-derived carbon, lithium-ion capacitors

1 Introduction

The continuous advances of industry and technology have
made aerospace, portable equipment, large-scale energy
storage, especially hybrid electric vehicle, and many other
fields more urgent for energy storage technology with high
energy/power density [1]. As a new type of energy storage
device, lithium-ion capacitors (LICs) can integrate the
advantages of supercapacitors (SCs) and lithium-ion
batteries (LIBs) to partly avoid suffering from the low
power density as well as poor cycle performance of LIB
and low energy density of SC [2]. Generally, LIC is
composed of a battery-type anode and capacitor-type
cathode with relatively high energy/power density between
SC and LIB [3]. Although the LIC research has gained
exciting achievements recently, the high energy density of
LIC can only demonstrate at low power densities in most
cases. Such a defect is caused by the slow lithium-ion
diffusion and electrochemical reaction kinetics of the
anode, which significantly reduces the commercial appli-
cation values of LIC. To solve the intrinsic imbalance of
kinetic and capacity between two electrodes of LIC,
developing anode materials with faster lithium-ion diffu-
sion and charge transfer along with a larger capacity
cathode is the focus of current LIC research [3].
For a long time, transition metal sulfides (TMSs) have

been widely studied for energy storage due to their
excellent electrical conductivity and structural stability
[4,5]. Although TMS has tremendous potential for
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high-performance LIC anodes as well, there are few
reports about it [4–6]. Among various TMSs, CoS2 is an
attractive candidate for LIC anode because of its high-
profile electrochemical properties as the anode of lithium/
sodium-ion batteries [7]. It is more common that the
reduced graphene oxide (rGO) hydrogel randomly self-
assembled during the hydrothermal process has been used
as an effective composite carrier to improve the perfor-
mance of the TMS anode [2]. This highly conductive three-
dimensional framework can undoubtedly enhance the
kinetics of the electrode material by accelerating electron
transfer and shortening the ion diffusion path. It can also
accommodate the volumetric variation of the electrode
material during charge/discharge to improve cycle stability
[8]. Furthermore, in situ carbon doping as the second
conductive network in the bulk phase of CoS2 can
composite CoS2 with the three-dimensional rGO aerogel
to maximize the reaction kinetics [9]. On the other hand,
the newly developed strategy of increasing the contribution
of the surface pseudocapacitive energy storage is also
particularly significant in accelerating the kinetic [2]. From
the research results of Augustyn et al., the capacity of the
anode is mainly composed of surface pseudocapacitive
energy storage and bulk diffusion-controlled energy
storage [10]. The pseudocapacitive energy storage is
undoubtedly faster in kinetic than the other and causes
less damage to the electrode. Therefore, adjusting the
anode energy storage characteristic to lean toward
capacitors can improve the slow and unbalanced kinetic.
Based on the above analysis, in this work, the carbon-
doped surface unsaturated sulfur-rich CoS2@rGO aerogel
anode has been successfully prepared. In situ doped carbon
and graphene hydrogel build a dual high-efficiency three-
dimensional conductive network to accelerate the kinetic
of CoS2. Surface-rich unsaturated sulfur can be used as
lithium storage active sites and change the activity of
surrounding reaction sites by affecting the electronic
structure of them, thus increasing the contribution of
surface pseudocapacitive energy storage and further
accelerating the kinetic [11]. After analysis and verification
by galvanostatic intermittent titration technique and
electrochemical impedance spectroscopy, the unique
structure of the prepared CoS2 indeed improved the
diffusion coefficient and charge transfer rate of lithium
ions. L-cysteine plays a decisive role in the formation of
such a characteristic structure, and similar results have
been reported several times before as well [9,11,12].
For LIC cathodes, considering the cost and long-term

cycle stability, activated carbon materials have been most
commonly used. Among them, activated carbon derived
from tree leaves as raw materials are not only low in cost
but also beneficial to environmental protection [13].
Crabapple trees are widely planted in China and are
mainly used for city afforestation and ornamental purposes
with low economic value. The number of fallen leaves is
very considerable, and its disposal requires a lot of

overhead every year. So, using it as raw material for
activated carbon seems to be a win-win choice. By
exploring the full potential of Begonia leaves for activated
carbon, a biomass-derived porous carbon suitable for LIC
cathode has been successfully obtained in this work. The
well-distributed mesopores greatly promote the rapid
diffusion of ions, thereby improving the utilization of
specific surface area and obtaining superior electrochemi-
cal performance. After being cycled for 5000 weeks at a
high current density of 1 A∙g–1, the specific capacity
retention rate is still as high as 66.3%.
Unsurprisingly, thanks to the proper balance of kinetics

and capacity between the two electrodes, the assembled
LIC exhibits stable and excellent electrochemical perfor-
mance and ultra-high energy/power density. The LIC
demonstrates a high energy density of 132.9 Wh∙kg–1 at a
power density of 265W∙kg–1, and a high energy density of
50.0 Wh∙kg–1 even at a power density of 26.5 kW∙kg–1.

2 Experimental

2.1 Synthesis of carbon-doped surface unsaturated sulfur
enriched CoS2@rGO aerogel

Here, three samples were synthesized in a facile one-step
hydrothermal method. Typically, 160 mg of graphene
oxide (GO) powder was mixed in 80 mL of deionized
water followed by sonication for 5 h, during which the
temperature of GO dispersion was kept below 40 °C. After
that, 0.2328 g Co(NO3)2$6H2O and 0.3872 g L-cysteine
were then added to the GO dispersion and stirred for
30 min to get fully pre-reactive, followed by a hydro-
thermal reaction process at 180 °C for 24 h. The cylindrical
hydrogels obtained by the hydrothermal method were
thoroughly cleaned with deionized water and then freeze-
dried for 48 h. The carbon-doped surface unsaturated
sulfur enriched CoS2@rGO aerogel composite was
denoted as CS-CoS2@rGO. Carbon-doped surface unsa-
turated sulfur increased CoS2 without compositing rGO
aerogel (marked as CS-CoS2) was also prepared for further
characterization and analysis of the composition and
structure of CS-CoS2@rGO. Moreover, to compare and
analyze the effect of the unique design on the
electrochemical properties of CS-CoS2@rGO, 0.2379 g
CoCl2$6H2O and 0.248 g NaS2O3 with no carbon source
was also used to prepare CoS2@rGO aerogel composite
(denoted as CoS2@rGO) without doped carbon and
unsaturated sulfur under the same conditions.

2.2 Synthesis of biomass-derived porous carbon

Three different kinds of samples were prepared by two
synthetic routes to explore the full potential of crabapple
leaves for activated carbon. The first involves washing,
drying, grinding leaves into a fine powder and then
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carbonizing at 600 °C for 2 h in an argon atmosphere. The
obtained biochar and quadruple mass KOH were dispersed
in deionized water and stirred for 12 h, followed by drying
and grinding. The ground powder was activated under
argon at 800 °C for 2 h, and then washed thoroughly with
1 mol$L–1 HCl and deionized water. After drying overnight
in an oven at 80 °C, biomass-derived porous carbon was
obtained. According to the different raw materials, the
activated carbon derived from dead leaves was denoted as
C-D, and the activated carbon derived from green leaves
was marked as C-G. The second synthesis route is to
disperse 1.5 g aforementioned dead leaves powder and
2.5 mL concentrated sulfuric acid into 50 mL of deionized
water, followed by hydrothermal treatment at 180 °C for
48 h. After centrifugal collection, rinse with water, and dry,
the obtained biochar was activated under the same
conditions as the first preparation route. The finally
prepared activated carbon prepared from the hydrothermal
method was marked as C-H.

2.3 Materials characterization

Cathode and anode materials were characterized by
scanning electron microscopy (SEM, Hitachi, S4800),
energy dispersive spectrometer (EDS, Oxford Instruments,
X-MAX20), nitrogen adsorption/desorption isotherms
(Quantachrome, Nova 2200e), transmission electron
microscopy (TEM, JEOL, JEM-2100F), X-ray diffraction
(XRD, Bruker, D8 Advanced), thermogravimetric tests
(TG, NETZSCH, STA499C), Raman spectra
(RENISHAW, inVia reflex) and X-ray photoelectron
spectrometry (XPS, Thermo Scientific, K-Alpha+).

2.4 Electrochemical measurements

First, the cathode and anode half-cells were assembled
respectively to analyze their electrochemical characteris-
tics. The electrode paste was composed of Super-P
(10 wt-%), polyvinylidene difluoride (10 wt-%), active
material (80 wt-%), and an appropriate amount of
N-methyl-2-pyrrolidone. The Super-P is added here to
ensure effective contact between the electrode material
particles to give full play to the excellent conductivity of
the material itself. The evenly mixed electrode slurry was
coated on copper foil (for the anode) and aluminum foil
(for cathode) and dried thoroughly in a vacuum oven at
120 °C. The working electrodes cut into discs, electrolyte
(1 mol$L–1 LiPF6 in a mixture of ethylene carbonate,
diethyl carbonate, and ethyl methyl carbonate with equal
volume), separator (Celgard 2400), and metal lithium
counter electrode were assembled into 2032 button half
cells in a glove box filled with argon. The LIC was built
with the pre-lithiated CS-CoS2@rGO anodes and C-D
cathodes according to the operation mentioned above. The
process of pre-lithiation was cycling the assembled CS-
CoS2@rGO half-cells at 0.1 A∙g–1 for five cycles, then

discharged to 0.5 V and kept it for two hours. The
galvanostatic charge/discharge test (GCD, LAND
CT2001A) of the cathode and anode half-cells were
carried out at 1.5–4.3 Vand 0.01–3 V, respectively. Cyclic
voltammetry (CV) curves and electrochemical impedance
spectroscopy (EIS) spectra (0.01–100 kHz) were obtained
through the CHI660E electrochemical workstation. All the
above tests were carried out at a constant room temperature
of 25 °C.

3 Results and discussion

3.1 Characterization of anode materials

Graphene-free samples were prepared under the same
conditions and labeled as CS-CoS2 to analyze the structure
and composition of carbon-doped surface unsaturated
sulfur enriched CoS2@rGO aerogel (CS-CoS2@rGO).
Besides, CoS2@rGO with similar morphology as CS-
CoS2@rGO but without carbon doping or unsaturated
sulfur was prepared to illustrate the changes in electro-
chemical performance. Figure 1 shows the morphological
characteristics of these three materials. In the pre-reaction
stage of CS-CoS2 and CS-CoS2@rGO, the ‒NH and ‒SH
groups of L-cysteine coordinated with Co2+ ion to form
complexes in the mixed solution [14]. These coordination
groups were attracted by the oxygen-containing groups of
graphene oxide and adsorbed on the graphene sheets [15].
With the temperature increasing during the hydrothermal
process, H2S generated from the decomposition of
L-cysteine turned Co2+ into CoS2, which could anchor to
graphene sheets in situ [16]. The L-cysteine itself also
formed a polymer network structure during the hydro-
thermal process [15]. If Co2+ was converted to CoS2 in the
case of uneven coordination with such a polymer network
and effect of graphene spatial confinement, excess
unsaturated sulfur might form on CoS2 [17]. Graphene
oxide was directly converted to rGO in the hydrothermal
reaction of 180 °C and disorderedly stacked and linked to
form a three-dimensional hydrogel structure in the action
of π-π stacking [18].
From Fig. 1(a), CS-CoS2 shows a regular octahedral

structure, which is formed owing to the crystal preferential
growth on the {111} facet with the lowest energy [19]. The
morphology of CS-CoS2@rGO presents small spherical
clusters formed by several octahedral nanocrystals
anchored on graphene sheets (Fig. 1(b)). The steric
hindrance of graphene sheets is the dominant factor of a
substantial reduction of the size of the crystals from CS-
CoS2 to CS-CoS2@Rgo [16]. Therefore, the ion diffusion
path of CS-CoS2@rGO should be much shorter, which
means faster ion diffusion and reaction kinetic [15,16]. The
morphology of CoS2@rGO is comparable to CS-
CoS2@rGO (Figs. 1(b) and 1(c)). As shown in Figs. 1(d)
and 1(e), the calculated d-spacing of (111) plane and (220)
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plane of CS-CoS2 and CS-CoS2@rGO are 0.341 and
0.216 nm, respectively. They are slightly larger than the
standard d-spacing of cobalt sulfide (JCPDS NO.70-2865),
where (111) plane should be 0.319 nm, and (220) plane
should be 0.195 nm [10]. What is noteworthy is that the
same two planes d-spacing of CoS2@rGO did not increase
in Fig. 1(f). The increase of interplanar spacing may stem
from the interstitial incorporation of carbon during the
hydrothermal process [13]. The carbon doping should be
resulting from the pyrolysis of L-cysteine during hydro-
thermal and can be further proved by other subsequent
characterizations [9]. The EDS maps of CS-CoS2@rGO in
Fig. 1(g) demonstrate that sulfur and cobalt elements are
uniformly distributed. The distribution of the carbon
element in the cobalt sulfide crystal range is more than
that of the graphene matrix (Fig. 1(g)). Besides, the C
element content analyzed by EDS in CS-CoS2 is 8.58 at%
(Table S1, cf. Electronic Supplementary Material, ESM).
Based on the EDS analysis results, it can be inferred that
the C element is doped into CS-CoS2 as well as CS-
CoS2@rGO. The XRD, Raman spectrum, TG curve, and
elemental composition information of these three materials
are shown in Fig. 2. It can be seen from the XRD patterns
in Fig. 2(a) that the diffraction peaks of CS-CoS2, CS-
CoS2@rGO, and CoS2@rGO are all in line with the
standard card of CoS2 crystals (JCPDS NO.70-2865).
Remarkably, the (111) peak of CS-CoS2 and (220) peak of
CS-CoS2@rGO both shows a slight shift of approximately

0.5° to the lower degrees, which also occurred to varying
degrees on the other diffraction peaks of these two
samples. The (111) interplanar spacing of CS-CoS2 and
(220) of CS-CoS2@rGO calculated accurately by the
Bragg Equation are 0.338 nm and 0.213 nm, respectively,
which are correspond to the results of the TEM measure-
ment. It should be the interstitial doping of carbon that
leads to such diffraction peaks shift [20]. Also, there are no
prominent diffraction peaks of graphite in the XRD
patterns of CS-CoS2 and CS-CoS2@rGO, which may be
due to the low content of doped carbon and the low
crystallinity of rGO, respectively [21].
In Fig. 2(b), the Raman spectra of all show typical D-

band (around 1350 cm–1) and G-band (about 1580 cm–1)
peaks of carbon-based materials [22]. Among them, the
ID/IG value (intensity ratio of above two bands) of CS-
CoS2@rGO is far higher than that of CoS2@rGO, which
can be inferred that the graphene sheets in CS-CoS2@rGO
are more disordered [22]. The difference in the degree of
disorder of the graphene sheets in the two samples is
mainly due to the use of different synthetic raw materials.
The abundant defects can be used as active sites and have
been proved to be beneficial to the improvement of
electrochemical properties by many reports [11].
The TG test of these three samples was carried out

immediately after being dried in a vacuum oven for 24 h to
eliminate the influence of the material’s adsorption of
water on the test results. The experimental results are

Fig. 1 SEM and TEM images of (a) CS-CoS2, (b) CS-CoS2@rGO, and (c) CoS2@rGO; HRTEM images of (d) CS-CoS2, (e) CS-
CoS2@rGO, and (f) CoS2@rGO; (g) elemental mapping distribution of CS-CoS2@rGO by EDS.
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shown in Fig. 2(c). The weight loss observed before
200 °C is mainly due to the volatilization of adsorbed
water, and weight loss of 200 °C to 450 °C stems from the
oxidation of metal sulfides in the air [23]. Combustion of
various carbon is known to be associated with the weight
loss from 450 °C to 600 °C [24]. For CS-CoS2, the 4.4%
mass loss above 450 °C proves that L-cysteine generated
in situ doped pyrolytic carbon during the hydrothermal
process. In other words, it illustrates that there exists in situ
doped carbon in CS-CoS2 and CS-CoS2@rGO.
The XPS spectra used to characterize the elemental

composition and state are shown in Figs. 2(d), 2(e), and
2(f). The survey spectra of these three samples all
demonstrate the peaks of C 1s, Co 2p, and S 2p, which
proves the successful preparation of the CoS2@rGO
composite material (Fig. 2(d)). As can be seen from the
Co 2p deconvolution results in Fig. 2(e) that only one state
of Co2+ exists in three samples due to the typical Co2+

2p3/2 and Co2+ 2p1/2 peaks with the binding energy
difference of 15 eV for spin-orbit splitting and the two
characteristic satellite peaks [25]. Compared with
CoS2@rGO, the Co2+ 2p3/2 and Co2+ 2p1/2 peaks of CS-
CoS2 and CS-CoS2@rGO are slightly shifted to the higher
binding energy position. Such a shift is due to the
interstitial doped carbon affecting the electronic structure
of Co2+, indicating that the sulfur source of L-cysteine
introduced doped carbon into CS-CoS2 and CS-
CoS2@rGO [12]. The S 2p high-resolution XPS spectrum
of CS-CoS2@rGO is shown in Fig. 2(f), where the peak

near 168.5 eV is attributed to SO3
2– derived from the

oxidation of surface sulfur in the air [26]. The peak near
162.9 eV corresponds to the existence of S2

2–, indicating
the successful Synthesis of CoS2 [19]. Besides, the peak at
about 163.9 eV is attributed to the polymer Sn

2–, which is
beneficial to the anchoring of CoS2 to rGO sheets and
implies the presence of unsaturated sulfur [13,25]. After
the sensitivity factor calibration, the calculated atomic ratio
of S and Co in CS-CoS2 and CS-CoS2@rGO is roughly
6:1, which is far beyond that of in CoS2@rGO (2.2:1) and
the stoichiometric ratio of CoS2 (Table S2, cf. ESM).
However, EDS test results show that the atomic ratio of Co
and S (about 2.3:1) in CS-CoS2 and CS-CoS2@rGO only
slightly above the stoichiometric ratio (Table S1). The
above element ratios illustrate that there exists abundant
unsaturated sulfur on the surface of CS-CoS2 and CS-
CoS2@rGO, which can be active sites for lithium storage
and increase the contribution ratio of pseudocapacitive
energy storage [17]. Furthermore, the test results of EDS
and XPS both show that there is no unsaturated sulfur
deviates from the stoichiometric ratio in CoS2@rGO
(Tables S1 and S2).

3.2 Electrochemical performance of anode materials

First, half-cells were assembled to study the lithium
storage performance of the LIC anode. By changing the
concentration of other reagents without changing the
amount of graphene, the best CoS2 loading mass on

Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) TG curves, (d) XPS survey spectra and (e) Co 2p deconvolution XPS spectra of three
samples; (f) S 2p deconvolution XPS spectra of CS-CoS2@rGO.
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graphene is obtained (Fig. S4, cf. ESM). Figure 3 shows
the electrochemical performance of the three samples.
Figure 3(a) shows the CV curves of CS-CoS2@rGO,
which is measured in the voltage range of 0.01 to 3 Vat the
scan rate of 0.1 mV∙s–1. In the initial cycle, the cathodic
peaks locating at about 1.5 and 1.3 V result from the
formation of LixCoS2 and subsequent reduction to Li2S
and Co and then move to around 1.8 and 1.2 V [27]. The
cathodic peak of approximately 0.6 V that only appears in
the initial cycle, is associated with the formation of the
solid-electrolyte interphase (SEI) layer [23]. During the
subsequent de-lithiation process, the oxidation of Co to
CoS2 causes the anodic peak signals at about 2.4 and 2.1 V
[19]. Since then, the peaks at different positions overlap,
indicating that the material has excellent cyclic reversi-
bility. According to the sufficient verification of previous
studies, the reaction mechanism during charge and
discharge can be expressed by Eqs. (1) and (2):

CoS2 þ xLiþ þ xe –ÐLixCoS2 (1)

LixCoS2 þ ð4 – xÞLiþ þ ð4 – xÞe –Ð2Li2Sþ Co (2)

The unique carbon doping and the rich unsaturated
sulfur on the surface of CS-CoS2@rGO promote initial
charge/discharge specific capacity to 1660.2 and 1110.8
mAh∙g–1 (Fig. 3(b)). The inevitable and irreversible
capacity loss is caused by the formation of the SEI film,
making the initial coulombic efficiency of 66.8% [28].
After that, the coulombic efficiency increased to 99% after
only a few cycles, indicating that the superior cycle

stability of CS-CoS2@rGO after the formation of SEI
film. Surprisingly, the material still shows a high specific
capacity of 1048.7 mAh∙g–1 after 100 cycles at 0.1 A∙g–1

(Fig. 3(b)). The above data exceeding the theoretical
capacity of CoS2 (870 mAh∙g–1) may be inferred to come
from polymer/gel-like film, space charge, and interfacial
storage of the metallic nanograins formed when discharge
to low potentials, considering the similarity between TMSs
and corresponding oxides [29]. In Fig. 3(c), CS-
CoS2@rGO with the improved reaction kinetic shows
much superior rate performance than CoS2@rGO and CS-
CoS2, and can retain a high specific capacity of 380.8
mAh∙g–1 even at 10 A∙g–1. Besides, when the current
returned to 0.1 A∙g–1 after cycling at different current
densities, the specific capacity of CS-CoS2@rGO returns
to 1077.6 mAh∙g–1, which is even higher than the original
specific capacity at 0.1 A∙g–1 due to the electro-activation
[30]. This demonstrates that the excellent structural
stability and cycle reversibility of the CS-CoS2@rGO,
which can withstand different current densities. As
described in Fig. 3(d), compared with CS-CoS2 and
CoS2@rGO, CS-CoS2@rGO has the faster reaction kinetic
for its smaller semicircle shown in the high-frequency
region and more rapid lithium-ion diffusion due to its
greater slope in the low-frequency region [31]. Further-
more, CS-CoS2@rGO also shows much better cycle
performance than CS-CoS2 and CoS2@rGO. It can still
maintain a high specific capacity of 810 mAh∙g–1 after
being cycled at 1 A∙g–1 for 500 cycles, and the observed
apparent increase of capacity during the cycle can be due to

Fig. 3 (a) CV curves at 0.1 mV∙s–1 from 0.01 to 3 V and (b) charge/discharge curves at 0.1 A∙g–1 of CS-CoS2@rGO; (c) rate
performance, (d) EIS spectra, and (e) cycle performance at 1 A∙g–1 of three samples.
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the electro-activation process [30]. To conclude, the unique
carbon doping and enriched surface unsaturated sulfur of
CS-CoS2@rGO has enhanced its reaction kinetic and ion
diffusion, making it possessed super-excellent electroche-
mical performance in all aspects.
Galvanostatic intermittent titration technique (GITT)

measurements and CV tests with scan rates ranging from
0.1 to 1 mV∙s–1 were performed (Fig. 4) to investigate the
electrochemical kinetic and energy storage type of CS-
CoS2@rGO and CoS2@rGO. The specific operation of
GITT tests and the simplified process of calculation
formula can be found in the supporting information. In
short, since there is a basic regular linear relationship
between the voltage (V) and the square root of the
relaxation time (τ0.5) in Figs. 4(c) and 4(d), the lithium-ion
diffusion coefficient (DLi+) can be calculated by Eq. (3)
[32]:

DLiþ ¼ 4

πτ
mBVM

MBA

� �2 ΔES

ΔEτ

� �2

, (3)

where mB, VM, MB, and A represent the loading mass,
molar volume, molar mass, and contact area with
electrolyte of active materials, respectively. Moreover,
the voltage change (ΔEτ) caused by pulse and voltage
change (ΔEs) caused by discharge is described in Figs. 4(a)
and 4(b). As shown in Fig. 4(e), the lithium-ion diffusion
coefficients of CS-CoS2@rGO and CoS2@rGO show the
same trend at different potentials, indicating that the
lithium storage mechanism of them are the same [32].
Notably, the lithium-ion diffusion coefficient of CS-
CoS2@rGO is higher than that of CoS2@rGO at all
potentials. The faster ion diffusion of CS-CoS2@rGO will
be beneficial to improve electrochemical kinetic without a
doubt. The rapid lithium-ion diffusion of CS-CoS2@rGO

Fig. 4 GITT curves of (a) CS-CoS2@rGO and (b) CoS2@rGO; (c and d) linear fit of V and τ0.5; (e) Li+ diffusion coefficients of CS-
CoS2@rGO and CoS2@rGO; (f) CV curves of CS-CoS2@rGO at different scan rates; (g) b values of CS-CoS2@rGO; (h) capacitance
contribution at 1 mV∙s–1; (i) capacitance contribution at different scan rates.
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is the result of the combined effect of carbon doping and
large surface unsaturated sulfur. It corresponds to the EIS
results and the excellent rate/cycle performance.
Figure 4(f) contains CV curves of CS-CoS2@rGO at

different scan rates, where the scan rate (v) and peak
current (i) conform to Eq. (4) [10]:

i ¼ avb: (4)

In the above formula, a and b are variable constants,
with b varying between 0.5 and 1. The higher value of b
means that the electrochemical process is mainly con-
trolled by pseudocapacitance; otherwise, it is mainly
controlled by diffusion. The b values of peak 1 and peak
2 in Fig. 4(f) is calculated to be 0.75 and 0.86, respectively.
The value of b shows that for CS-CoS2@rGO, the
pseudocapacitive energy storage contributes a large
percentage of the whole energy storage. Furthermore, the
specific proportion of pseudocapacitance-controlled
energy storage and diffusion-controlled energy storage
can be obtained by Eq. (5) [10]:

i ¼ k1vþ k2v
1=2, (5)

where i represents the current under the corresponding
voltage (V), and k1v and k2v

1/2 represent the current of
pseudocapacitive control and diffusion control, respec-
tively. After calculation and fitting, the fitting graph of
pseudocapacitive contribution at 1 mV∙s–1 is shown in
Fig. 4(h). The percentage of pseudocapacitive contribution
at different scan rates is shown in Fig. 4(i), which is much
higher than CoS2@rGO to reveal that the electrochemical
process of CS-CoS2@rGO material is dominated by
pseudocapacitive control. In contrast, the b value and the
pseudocapacitive contribution percentage of CoS2@rGO
are significantly lower than that of CS-CoS2@rGO,
indicating that the methods of promoting the pseudocapa-
citive contribution of CS-CoS2@rGO are effective.

3.3 Characterization of cathode materials

The electrochemical performance of biochar depends on
not only the effect of the carbonization and activation
conditions but also the characteristics of the raw material
itself [33]. To give full play to the potential of crabapple
leaves for activated carbon, two types of raw materials,
dead leaves and green leaves, were directly pyrolyzed to
produce activated carbon. Thus, to compare and select the
best raw material (C-D and C-G), and the best preparation
process was chosen by direct pyrolysis and hydrothermal
pyrolysis of dead leaves (C-H). Figure 5 compares the
differences in composition and structure between the three
carbons. Generally, plant tissues are mainly composed of
cellulose, hemicellulose, and lignin [33]. As for crabapple
leaves, cellulose with a hydrothermal carbonization
temperature between 160 °C and 170 °C is the main
constituent [34]. To ensure the full hydrothermal carboni-

zation of raw material, 180 °C is selected as the
hydrothermal temperature. A certain amount of concen-
trated sulfuric acid is used to promote the dehydration
polymerization reaction to catalyze the carbonization [35].
In Figs. 5(a) and 5(b), both C-D and C-G present

irregular lumps, and the porous structure cannot be directly
observed on their smooth surfaces. However, the rough
surface of the fracture cross-section may indicate the
existence of pores among the block. In Fig. 5(c), C-H
exhibits a honeycomb-like structure composed of sheets
with uneven thickness, which can provide a shorter ion
diffusion path than the bulk frame and may be beneficial to
electric double layer capacitance [36]. The structural
particularity of C-H is derived from the difference in
mechanism between direct pyrolysis at high temperature
and hydrothermal carbonization, which involves a series of
reaction processes of dehydration, condensation, polymer-
ization, and aromatization [33]. In Fig. 5(d), the nitrogen
adsorption/desorption curves of C-D, C-G, and C-H all
demonstrate typical characteristics of I/IV type isotherms,
indicating that abundant micropores and mesopores exist
on these three samples [37]. The calculated related
parameters of pore structure are shown in Fig. 5(e),
where C-G has the highest surface area of 2621.89 m2∙g–1,
and C-D has the smallest average pore size and a higher
mesopore distribution than C-G. The smallest specific
surface area and the largest average pore diameter of C-H
indicate that a large number of micropores collapsed to
larger pores during the activation process, which corre-
sponds to the fragmentation morphology in Fig. 5(c). The
(002), (100) X-ray diffraction peaks in Fig. 5(f) and the D-
band, G-band of the Raman spectrum in Fig. 5(g) are
typical characteristics of carbon materials [38]. In addition,
the intensity ratios of D-band and G-band of the three
samples in Fig. 5(g) are basically around 1 with no
significant difference, indicating that the disorder of them
are the same [39]. In Fig. 5(h), the XPS survey spectra of
C-D, C-G, and C-H all show the presence of C, O, and S
elements. Here, the sulfur doping amounts of C-D, C-G,
and C-H are 1.85 at%, 1.70 at%, and 3.47 at%,
respectively, with no significant disparity (Table S3, cf.
ESM). The size and electronegativity of doped sulfur
atoms are different from carbon, which can change the
electronic structure of surrounding carbon atoms, thereby
reducing charge transfer resistance and improving elec-
trode wettability [40].

3.4 Electrochemical performance of cathode materials

The potential extended range of 1.5–4.3 V is used to
maximize the specific capacity, ensure electrolyte stability
and narrow the capacity gap between the cathode and
anode [6]. The electrochemical performance of cathode
materials is shown in Fig. 6. The CV curves of C-D appear
as the quasi-rectangular shape with certain distortion.
Comparing with C-G and C-H, C-D has a larger enclosed
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area as well as the largest specific capacity (Figs. 6(a) and
6(b)) [41]. The GCD curves of the three samples are all
symmetric linear shapes, and the IR drops are very small,
indicating good capacitance characteristics and small
electrode internal resistance (Figs. 6(c) and 6(d)) [40].
After calculation, the specific capacities of C-D, C-G, and
C-H at 0.1 A∙g–1 are 114.2, 107.2, and 95.5 mAh∙g–1,
respectively. Generally, activated carbon materials storage
energy mainly relies on electric double-layer capacitance,
which is directly related to the specific surface area [37].
This means that the greater the specific surface area of the
porous carbon, the greater the specific capacitance.
However, the specific capacitance of the three samples
here does not conform to this law. The reason why C-D has
a smaller specific surface area than C-G, but higher specific
capacity should be that the more appropriate hierarchical

pore structure of C-D, which means more mesopores.
Some previous studies have proved that electrolyte ions are
difficult to enter the most existing micropores. So, in this
case, more mesopores can be used as rapid ion diffusion
channels for improving the utilization rate of specific
surface areas to obtain higher electrochemical performance
[36,38]. Similarly, abundant mesopores also enhance the
performance of C-H. The composition of dead leaves and
green leaves is the main factor for the difference of C-D
and C-G porous structure. In the process of leaf dying, as
the organic matter is consumed, the proportion of inorganic
salts in the leaves increase accordingly [42]. These
inorganic mineral elements have the same ability as
KOH to form pores and activate carbon materials [43].
In this way, the micropores are further enlarged and
ultimately improve the distribution of mesopores. After

Fig. 5 SEM images of (a) C-D, (b) C-G, and (c) C-H; (d) nitrogen desorption/adsorption curves, (e) pore size distribution, (f) XRD
patterns, (g) Raman spectra, and (h) XPS survey spectra of C-D, C-G and C-H; (i) S 2p and (j) C 1s deconvolution XPS spectra of C-D.
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being cycled for 5000 weeks at a high current density of
1 A∙g–1, the specific capacity retention rate of C-D is still
as high as 66.3%, confirming the excellent cycle stability
of C-D. Despite the above analysis and verification, C-H
and C-D have a suitable pore structure, but the perfor-
mance of C-H is not stable, which can be seen from the
cycle stability in Fig. 5(e). In short, the C-D derived from
dead leaves and prepared through direct pyrolysis and
activation at high temperature demonstrates the most
superior electrochemical performance among the three
samples.

3.5 Electrochemical performance of LIC

To alleviate the electrolyte consumption problem of
LICs, the CS-CoS2@rGO anode is pre-lithiated before
assembling. The most troublesome flaw hindering the

practical application of LICs is the difficulty of matching
the anode and cathode reaction kinetic and capacity. The
energy storage method and final electrochemical perfor-
mance of LICs can be shown in Fig. 7. The energy storage
mechanism of LICs can be simply described as the lithium
ions adsorption on the cathode and insertion into anode
during the charging process (Fig. 7(a)) [4]. However, two
energy storage mechanisms, Li+ ion desorption and PF6

–

ion adsorption, actually occur within such a potential
extended range of the cathode [44]. Therefore, the
potential interval of the LICs is adjusted to 1 to 4.3 V
(Fig. 7(b)) [6]. To ensure the safety and electrochemical
performance of LIC, the charge on two electrodes should
be balanced. Conforming to the charge balance principle
(Qcathode = Qanode), the calculated mass ratio of the cathode
and anode should be 3:1 [45]. After further verifying the
electrochemical performance under different mass ratios, it

Fig. 6 (a) CV curves of C-D at different scan rates; (b) CV curves of C-D, C-G, and C-H at 0.1 mV∙s–1; (c) GCD curves of C-D at
different current densities; (d) GCD curves at 0.1 A∙g–1 and (e) cycle performance at 1 A∙g–1 of C-D, C-G, and C-H.
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is finally determined that the mass ratio of the cathode and
anode is 2.5:1 (Fig. 7(c)). In Fig. 7(d), the LIC exhibits the
shape that approximates an ideal rectangle at different
scanning rates or even a high scanning rate of 20 mV∙s–1,
revealing the excellent reaction kinetic matching between
cathode and anode [46]. The GCD curves in Fig. 7(e) also
illustrate the superior capacitive performance of LIC due to
the regular linearity symmetry characteristics and shallow
IR voltage drop [47]. The EIS spectrum of the entire
assembled LICs device is shown in Fig. 7(f). The inherent
internal resistance and charge transfer resistance of the
assembled LICs are meager, and the significant slope of the
diagonal line indicates rapid ion diffusion. To demonstrate

and compare energy density/power density, the drawn
Ragone diagram is shown in Fig. 7(g), where it can be seen
that the performance of the assembled LICs is at the
leading level of the previous reports [4,6]. The formulas for
calculating energy density/power density based on con-
stant current charge and discharge are as follows [8], where
the discharge current density im is calculated by Eqs. (6)
and (7):

E ¼ im!
t2

t1
Vdt, (6)

P ¼ E=Δt, (7)

Fig. 7 Electrochemical performance of the assembled LIC: (a) schematic diagram of energy storage mechanism, (b) GCD curves of
anode and cathode, (c) Ragone diagram under different mass ratios of cathode and anode, (d) CV curves from 1 to 20 mV∙s–1, (e) GCD
curves at different current densities, (f) EIS spectra at 25 °C and –10 °C, (g) Ragone plots of this work and the recent reports, and (h) cycle
performance at 25 °C and –10 °C.
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where V represents the potential (V) and t represents time
(h) during the discharge process. The assembled LIC
exhibits a high energy density of 132.9 Wh∙kg–1 at a
power density of 265 W∙kg–1, and 50.0 Wh∙kg–1 even at
26.5 kW∙kg–1. In Fig. 7(h), the exceptional capacitance
retention rate of 81.5% even after 10000 cycles at 1 A∙g–1

reveals the outstanding cycle performance of the LIC.
Furthermore, to verify the practical application potential,
the low-temperature electrochemical performance of LIC
was also tested (Figs. 7(f), 7(g), and 7(h)). It can be seen
that the electrochemical properties of the assembled LICs
remain at satisfactory levels even at –10 °C. Surprisingly,
the energy and power density are still comparable with
previous reports (Fig. 7(g)), and LIC still retains fast ion
diffusion (Fig. 7(f)). Although the cycle stability at –10 °C
fluctuates, there is still an energy density retention rate of
63.4%. The above results reveal that the capacity and
kinetic of the assembled LIC electrodes are well matched,
which determines the stable superior electrochemical
performance and ultra-high-energy/power density of the
LIC.

4 Conclusions

All in all, we have prepared CoS2@rGO composite anode
and biomass activated carbon cathode. For the anode,
based on the graphene conductive network, in situ carbon
doping and surface unsaturated sulfur are further intro-
duced, which have been verified to improve the reaction
kinetic of the anode fully. For the cathode, the C-D with the
best performance is selected from different raw materials
and other preparation methods. Through the reasonable
design of two electrodes as well as careful balancing and
matching of two electrodes, the final assembled LIC
exhibits excellent electrochemical performance at room
temperature and low temperature. The work will provide
some reference for the novel using TMS as the anode
material of LIC and some strategies further to develop the
LIC with high energy and power density.
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