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The asymmetric capacitors are one of the energy storage systems that provide high energy density and
high power density. However, there are some limitations which impede the development of asymmetric
capacitors. In this context, we designed a new type of lithium-selenium asymmetric capacitor (LSEC) that
has both the capacitive effect and the diffusion-controlled reaction. The LSECs use the activated carbon-
selenium (AC-Se) as a mixed cathode material and the pre-lithiated graphite as an anode material which

can exhibit the electrochemical reduction/oxidation of Se and the adsorption/desorption of anions at
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substantially the same rate. This novel LSEC solves the problem of imbalance between the energy and the
dynamics, and provides a solution to provide both high energy density and high power density, thus has
great application potential.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Human beings are facing with problems such as depletion of
resources, serious environmental pollution, and climate change
caused by the consumption of fossil fuels. An effective technique to
solve these problems is to develop new renewable and sustainable
energy systems. Nowadays, solar energy, tidal energy and wind
power have been used increasingly in recent decades, and the
electric vehicles with low carbon dioxide emissions have been
promoted. However, the use of these renewable energy sources is
constrained by geography, climate and time. Therefore, in order to
realize an effectively utilization of renewable energy, it is impera-
tive to develop a low cost and environmentally friendly energy
storage system with good safety and high performance. The
lithium-ion batteries (LIBs) and the super-capacitors have been
considered as good choices for the development in these energy
storage systems [1—5]. Unfortunately, despite the commercializa-
tion of LIBs, they are unable to meet the high power requirements
of applications for large electrical tools, electric vehicles, and high-
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efficiency storage devices for renewable energy. Compared to
traditional dielectric capacitors, the super-capacitors not only offer
the potential for the high power systems, but also provide higher
energy densities, since they provide a higher power density than
the LIBs in an instant. However, the energy density of traditional
super-capacitors is still insufficient to meet the requirement of high
energy and high power density for new applications. Apparently,
both the energy and power densities of each energy storage system
must be enhanced to satisfy such new application requirement
[6—-8].

In order to overcome these disadvantages, recent researches on
LIBs have concentrated on improving the electrode materials, for
example, introducing high capacity silicon anodes and high ca-
pacity lithium-rich cathodes. However, these materials inherently
have several drawbacks, including short cycle life, poor rate per-
formance, low initial coulombic efficiency, unsatisfactory thermal
characteristics, and severe voltage drop [9]. In fact, some alternative
energy storage systems, such as lithium-sulfur batteries, lithium-
air batteries, sodium-ion batteries and magnesium-ion batteries,
have been proven to superior to LIBs in energy and power density,
cost and safety. However, these new energy storage systems still
suffer from some challenges [10—13]. Therefore, in order to solve
these problems, a new type of asymmetric energy storage systems
have recently been put forward, which can combine the high rate
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performance of super-capacitors with the high energy density of
LIBs [14]. These asymmetric energy storage systems involve two
different kinds of electrode materials, namely the faradaic redox LIB
materials and the anion adsorption-desorption capacitor materials.
So far, there are two key ways to obtain these asymmetric energy
storage systems, one is pseudo capacitve capacitor and the other is
lithium-ion capacitor(LIC). The working principle of LIC is lithium-
ions intercalation/deintercalation in the electrode bulk combined
with anions adsorbed/desorbed on the surface of the active carbon
(AC) cathode [15,16]. Although the LICs based on AC-based cathodes
and lithium-doped carbon anodes display higher energy densities
and operating voltages than the super-capacitors, the unbalanced
dynamics between the two electrodes must be addressed in order
to achieve their commercial application. To address these key
challenges, Roh's group has reported the construction of novel
lithium-sulfur capacitors (LSCs) which can balance power and en-
ergy densities [ 17]. In their asymmetric LSCs, a prelithiated graphite
electrode and AC/S composite electrode with small quantities of S
were used as the anode and hybrid cathode, respectively, and they
exhibited anion adsorption-desorption in addition to the electro-
chemical reduction and oxidation of S at almost identical rates
between the prelithiated graphite anode and the AC/S cathode. Due
to a high theoretical specific capacity of S (1675 mAh g~1), the LSCs
can overcome the low specific capacitance posed by conventional
AC, and finally achieve a stable high capacity, excellent rate per-
formance and good cycling efficiency. As a result, when using as
advanced asymmetric energy storage systems, the LSCs undergo
both faradaic and nonfaradaic reactions, thereby providing greater
power densities than LIBs and higher energy densities than the
super-capacitors.

To further develop this strategy, we herein report the use of Se
instead of S to prepare the lithium-selenium asymmetric capacitors
(LSECs) in accordance with the LSCs’ design. In our system, a pre-
lithiated graphite electrode and AC/Se composite electrode with
small quantities of Se will be used as the anode and hybrid cathode,
respectively, the LSCs undergo both faradaic and nonfaradaic re-
actions between the prelithiated graphite anode and the AC/Se
cathode which can balance power and energy densities. Compared
to S, the selenium (Se) has higher electronic conductivity and
higher density, the effect of the same mass of Se on the pores and
conductivity of AC is small. Therefore, Se can promote LSECs to
achieve higher loading of active material, higher area capacity and
higher rate property.

2. Experimental section
2.1. Material preparation

The AC/Se composite (AC-Se) was prepared using a melt-
diffusion method. Specifically, the AC (Fuzhou Yihuan Carbon Co.,
Ltd., china) and Se powder (Sigma-Aldrich) were mixed and grin-
ded at a mass ratio of 90:10, followed by heating in a vacuum glass
tube at 260 °C for 3 h, and the obtained composite was labeled as
AC-Se-10. At the same time, AC-Se composites were prepared in the
same manner according to a mass ratio of AC: Se at 95:5 and 85:15,
labeling as AC-Se-5 and AC-Se-15, respectively.

2.2. Materials characterizations

The scanning electron microscopy (SEM) images of as-prepared
AC-Se composite and the AC were characterized using a scanning
electron microscope (SEM, HITACHI S-4800) equipped with energy
dispersive X-ray spectroscopy (EDX) for elemental analysis. Ther-
mogravimetric (TG) analysis was performed on a SDTQ600. The
dried sample of 5—10 mg was placed in an Al;03 pan and heated

from 35 °C to 800 °C at 10 °C min~! under a flow of nitrogen at-
mosphere. The XRD patterns of AC-Se composite and AC were
recorded by the Philips X'pert Pro Super X-ray diffractometer and
Cu Ko radiation. The nitrogen adsorption-desorption isotherms
were obtained at liquid nitrogen temperature by automatic physical
and chemical adsorption equipment (ASAP2020HD88 + C, Micro-
meritics Instruments Corp).

2.3. Electrochemical characterizations

The cathode slurry was composed of 80 wt% AC-Se composite,
10 wt% Super-P (a commercial conductive carbon blacks) and 10 wt
% polytetrafluoroethylene (PTFE) which was dissolved in deionized
water, then the slurry was casted onto a stainless steel mesh and
dried under vacuum at 60 °C overnight to prepare the mixed
cathode. The areal load of the electrode was about 10 mg cm™2. The
anode was prepared by graphite electrode prior to connecting to a
Li-metal foil. The slurry with a composition of 90 wt% graphite, 5 wt
% Super-P and 5 wt% PTFE was casted onto a stainless steel mesh to
prepare a graphite electrode. The CR2016-type coin cells were
assembled using the prepared mixed cathode and anode in an
argon-filled glove box. The volume of the electrolyte in a coin cell
was 100 pL. The electrolyte was formed by adding lithium bis(tri-
fluoromethanesulfonyl)imide (LiTFSI, 1 M) salt and lithium nitrate
(LiNO3, 1 wt%) into the mixture of 1,3-dioxolane (DOL) and 1,2-
dimethoxyethane (DME) at a volume ratio of 1:1. The separator
was polypropylene (Celgard 2400). The galvanostatic charge-
discharge experiments were measured at different current den-
sities between 1.5 and 3.8 V (vs. Li"/Li) using a CT2001A cell test
instrument (XINWEI Electronic Co.). The cyclic voltammogram (CV)
curves were tested on the Autolab PGSTAT 101 cell in a voltage
range between 1.5 V and 3.8 V (vs Li/Li), at a scan rate from
0.1 mV s~ ! to 1.0 mV s~ L The relevant LICs (the AC as the cathode
material and the prelithiated graphite as the anode material in the
capacitors) were also tested at the same current in the voltage
range of 1.5—3.8 V. All of the electrochemical tests were performed
at room temperature.

3. Results and discussion

The LSEC is a new class of asymmetric energy storage system
which combines the high rate performance of super-capacitors
with high energy density of lithium-Se batteries. These systems
contain two different types of electrode materials, namely faradaic
redox AC-Se materials and porous AC for super-capacitors. The
LSECs can simultaneously exhibit the capacitive behavior of anion
absorption/desorption and the electrochemical behavior of Se
electrochemical redox, resulting in both high energy density and

Li Graphite ® Li* ¢ Se o TFSI-

Pre-lithiated graphite

Scheme 1. Schematic of the LSECs showing the selectively Se-infiltrated AC (AC-Se)
cathode and the prelithiated graphite anode.
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high power density. As shown in Scheme 1, the LSECs are composed
of a mixed cathode, a pre-lithiated anode, an electrolyte and a
separator, wherein the mixed cathode active material is a com-
posite material in which the Se is infiltrated in the porous AC. The
pre-lithiated anode is formed by pressing a graphite anode on the
surface of lithium metal. The electrolyte is an electrolyte for a
lithium-sulfur battery, and the separator is a LIB separator.

The morphologies of AC and AC-Se composite and the corre-
sponding EDX mappings for C and Se of AC-Se composite are shown
in Fig. 1 and Fig. S1. The results show that there is almost no change
in the morphology of AC after the infiltration of Se into AC to form
AC-Se composite. The element mapping result of AC-Se composite
(Fig. 1e and Fig. S1c and S1d) confirms that the Se is uniformly
distributed in the AC.

In order to determine the crystal structure and the amount of Se
in AC-Se composite, the XRD and TG tests have been carried out,
and the results are shown in Fig. 2a, b and Fig. S2 and S3. According
to Fig. 2a, and Fig. S2, the XRD patterns of AC-Se composite and AC
are identical, and no characteristic peaks of Se are found in the AC-
Se composite. This further illustrates that the Se is uniformly
distributed in the AC. Meanwhile, it can be seen from Fig. 2b and
Fig. S3 that the content of Se in the AC-Se-5, AC-Se-10 and AC-Se-15
are 4.0%, 7.1% and 12.4%, respectively. According to the TG curve, the
loss cut-off temperature of Se in the AC-Se-10 (about 400 °C) is
higher than that of Se, indicating the strong interaction between Se
and AC.

The BET test results (Fig. 2c and d, Fig. S4 and Table 1, Table S1)
show that the pore diameter of the AC is slightly reduced, the
specific surface area is reduced from 1892 m? g~! to 1074 m? g~!

and the pore volume is reduced from 0.27 cm® g~ ! t0 0.20 cm® g~!
after the infiltration of Se into AC to form AC-Se composite. This
indicates that the process of Se infiltration has little effect on the
pore structure of AC, thus it has little effect on the capacitance
characteristics of AC.

The interaction between Se and AC matrix in AC-Se-10 was
examined by XPS measurements. In Fig. 3a, the C 1s spectrum of
AC-Se-10 consists of four peaks, which correspond to C=C bonding
(284.5 eV), C—C/C—Se bonding (285.3 eV), C—0 bonding (286.4 eV),
and O—C=0 bonding (288.4 eV). The Se 3d XPS spectrum was
deconvoluted into three sub peaks (Fig. 3b). The two peaks at
around 56.2 and 55.4 eV are assigned to the 3ds;; and 3dsp; of
elemental Se. The broad peak at around 58.9 eV is ascribed to the Se
3d electrons having strong interaction with AC host through C—Se
or Se—O0 bonds [17,18].

Next, the LSECs asymmetric energy storage batteries have been
assembled and tested for electrochemical performance. The com-
parison of cycle performance between several materials is shown in
Fig. S5. It can be seen that compared with AC-Se composites, the
cycle of AC is stable, but the capacity is lower, the capacity and cycle
performance of Se are also poor. For AC-Se composites, as the Se
content increases, the specific capacity gradually increases, but the
capacity decay increases. The comprehensive performance of the
AC-Se-10 is optimal, so it is selected for detailed study. The
assembled LSECs have been subjected to CV and constant current
charge and discharge measurement using AC or AC-Se-10 as a
cathode material and prelithiated graphite as an anode material.
The results are shown in Fig. 4. As shown in Fig. 4a, the CV curves of
batteries based on the AC (LIC) and the AC-Se-10 (LSEC) show

Fig. 1. The morphologies of the AC and AC-Se-10: (a, b) SEM images of the AC, (c, d) SEM images of the AC-Se-10, (e) element mapping of the AC-Se-10.
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Fig. 2. Characterization of the AC and AC-Se-10 materials. (a) XRD of the AC and AC-Se-10, (b) TG curve of the AC-Se-10, (c, d) Nitrogen adsorption-desorption isotherms curves and

the corresponding BJH data of the AC and AC-Se-10.

Table 1
The corresponding specific surface area and pore volume of the AC and AC-Se-10.

BET (m? g 1) Volume of pores (cm> g~ 1)
AC 1892 0.27
AC-Se-10 1543 0.22

quasi-rectangular shapes, indicating that they all exhibit electrical
double layer capacitance behavior. Compared with the battery
based on AC, a pair of redox peaks, namely the Faraday reaction of
Se, is also observed in the CV curve of the battery based on AC-Se-
10, which indicates that AC-Se-10 shows a pseudocapacitive
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performance. Therefore, these batteries based on AC-Se-10 belong
to an asymmetric energy storage system, and work through a
hybrid charge-storage mechanism which can be attributed to the
different characteristics of AC and Se [17]. Interestingly, the broad
reduction peak splits into two peaks at ~2.0 and ~1.6 V and the
broad oxidation peak splits into two peaks at ~2.2 and ~2.3 V during
the scanning, respectively. According to the previously reported
Li—Se battery reaction mechanism, the two reduction peaks can be
attributed to the reduction of elemental Se to soluble polyselenides
and then to the insoluble Li,Se; and Li;Se, respectively [19,20]. The
different lithiation plateaus can be ascribed to different interaction
strengths exhibited by different Se molecules with nanopores [21].
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Fig. 3. XPS spectra of the AC-Se-10: (a) C 1s and (b) Se 3d.



Y. Zhang et al. / Materials Today Energy 16 (2020) 100374

a
e}
]
0.00050 = —— AC-Se-10
2
. 0.00025 >
<
S’
5 0.00000
@
I
5 -0.00025
Q
-0.00050
1’5 20 25 30 35 4.0
Voltage (V, vs. Li/Li")
C
. —AC
a0 Fifth cycle NCisan0
3.5
P
2 30
D
)
® 25
=
&
> 20
L5
0 20 40 60 80 100
Specific capacity (mAh g™")
[

b

089 =—0.1mV s '—0.2mv 57!
0.4mV s '—0.6mV 5’1
0.8mV s l—1mv 51

L5 2.0 2.5 3.0 3.5
Voltage (V)

120 140
o v AC v AC-Se-10
o 100 ® AC e AC-Se-10 fI20
= 4
< 100
£ o
E w0 AR
Z 80 =
I
T 60 z
g “ &
g8 i3

40, =
: o &
= =
g » =
2
®n o

20 40 0 50 100

Cycle number

120 160

= s ,aadapl A“’A LA

< A A A L3 =140 3

50 100 A4 af ‘AuA‘;:Q‘A 19 <

= AA L aha 4 1_120 et

g R 4.5

] A

e L100 S

£ S

S 60 Lgo &

g. 5
2]

& Lo =

: :

E v l(lmgcm" L 40 2

3] A =

2 204 1 mAcm =

I—5 -20

& &)

0 . . : : : ; . : . 0
0 50 100 150 200 250 300 350 400 450 500

Cycle number

Fig. 4. Electrochemical performance of the AC-Se-10 (LSEC) and AC (LIC) as the cathode material and prelithiated graphite as the anode material in the voltage range of 1.5-3.8 V
versus Li/Li*. (a) the CV of the LSEC and LIC at 0.1 mV s, (b) the CV of the LSEC at different scan rates from 0.1 mV s~ to 1.0 mV s, (c) the fifth charge-discharge curve of the LSEC
and LIC at the current of 0.5 mA cm ™2, (d) the cycle performance of the LSEC and LIC at the current of 0.5 mA cm 2, (e) the long cycle performance of the LSEC at the current of

1 mA cm~2 (The specific capacity is calculated according to the mass of AC-Se composite).

The two oxidation peaks observed during the anode scanning can
be attributed to the delithiation, suggesting that Li;Se, and Li,Se
can return to polyselenides and eventually return to Se. Therefore,
during the cycle, the polyselenides can be finally converted into Se,
which maintains high reversibility and high utilization rate of Se.
The shapes of the CV curves are close to each other and There is no
apparent change in the position of the CV peak after the first three
cycles, demonstrating that the battery based on the AC-Se-10
composite cathode may have similar reversibility during the
scanning.

From Fig. 4b, we can see that the battery exhibits polarization
with increased scanning speed. However, except that the two
oxidation peaks gradually coincide with the increasing of the scan
rate, the two reduction peaks are well maintained even at high scan
rate, indicating that the LSECs exhibit superior rate performance
and superior reversibility. Fig. 4c is the charge and discharge curves
for the LSECs and the LICs in the voltage range of 1.5—3.8 V. It can be

seen that the charge and discharge curves of both the LSECs and the
LICs have similar platforms when the cycling is stabilized at
0.5 mA cm~2 until the fifth cycle. The capacities are about 90 mAh
g~ ! and 50 mAh g, respectively, and the LSECs show a much
higher capacity than the LICs. Fig. 4d presents the charge and
discharge cycle performance of the LSECs and the LICs at a current
density of 0.5 mA cm2 As indicated, the LSECs show higher ca-
pacity and higher Coulomb efficiency than the LICs. After 100 cy-
cles, the capacity of LSECs remains at around 70 mAh g\ In
addition, the Coulomb efficiency of LSECs is close to 100%, indi-
cating that the LSECs have excellent reversibility. Fig. 4e shows the
long cycle performance of the LSECs at a current density of
1 mA cm~2. It can be seen that the LSECs has a good long cycle
performance before 400 laps, however, the capacity decay is
accelerated after 400 laps. It may be that after a long period of
circulation, the AC physical confinement has not been able to
properly limit the dissolution of Se. In subsequent studies, the AC
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may be modified or other porous materials having a stronger
interaction with Se may be used as the substrate. The cycle per-
formance of the LSECs under 55°Cis shown in Fig. S6. It can be seen
that the LSECs also has excellent cycle performance under 55 °C.
The electrochemical performance of the LSECs is compared with
the corresponding literature, and the results are shown in Table S2.
It can be seen that the LSECs has excellent electrochemical per-
formance under high load compared with other work.

In order to understand the charge-storage mechanism of LSECs,
further analysis has been performed according to the data of CV at
different scan rates, and the results are shown in Fig. 5 (See the
supporting information for specific principles). The cathodic cur-
rent i of the CV curves (Fig. 4b) at the potential of 1.5, 2.0, 2.5 and
2.9 V is selected, and then log i is plotted against log v, and the
results are shown in Fig. 5a. It can be seen from the figure that at the
four potentials of 1.5, 2.0, 2.5 and 2.9 V, the b values are 0.44, 0.58,
0.76, and 0.76, respectively, indicating that the LSECs have the
diffusion-controlled reaction at the potential of 1.5 V and the LSECs
have both the capacitive effect and the diffusion-controlled reac-
tion at the potential of 2.0, 2.5 and 2.9 V. More specifically, when
the potentials are 1.5 and 2.0 V, closing to the reduction peak po-
tential of Se, the b values are 0.44 and 0.58, which are close to 0.5,
indicating that the LSECs mainly undergo the diffusion-controlled
redox reaction of Se. However, the values of b at a potential of 2.5
and 2.9 V are 0.76, which is close to 1.0, indicating that the surface
capacitive reactions in LSECs increases [22—24].

The cathodic current i of the CV curves (Fig. 4b) at the potential
0f 2.0, 2.5 and 2.9 V is selected, and then iju'/? is plotted against v/

a
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2 and the results are shown in Fig. 5b, ¢ and Table 2. It can be seen
that at the potentials of 2.0 V, which are close to the reduction peak
potential of Se, the ratios of the diffusion-controlled reactions
(0.1 mV s~ are 90.13%, indicating that the LSECs mainly undergo
the diffusion-controlled redox reaction of Se. However, at a po-
tential of 2.5 and 2.9V, the ratios of the surface capacitive element
and diffusion-controlled reactions (0.1 mV s~!) are 35.29% and
64.71%, 36.73% and 63.27%, respectively, indicating that the surface
capacitive reactions in LSECs increases [21—23].

To demonstrate the rate performance of LSEC, a series of elec-
trodes were prepared, including a range of area load from
~5.5 mg cm~2 to ~ 10.0 mg cm 2. The rate performance of LSECs
was tested at the current from 0.5 to 50 mA cm 2, and the results
are shown in Fig. 6. As shown in Fig. 6, the LSEC has excellent rate
performance, maintaining a capacity of ~22 mAh g~ ! even at a high
area load of ~55 mg cm~2 and a high current density of
20 mA cm 2. When the current density is changed to 0.5 mA cm 2,
the capacity can be almost fully recovered.

In summary, the excellent electrochemical performance of
LSECs may be due to two reasons. First of all, there is a large amount
of AC in the AC-Se-10 composite, and its abundant pore structure
can well inhibit the dissolution and shuttle of a small amount of Se
during the cycling. Secondly, because of the high conductivity and
high specific surface area of AC, as well as the high specific capacity,
high density and high conductivity of Se, the immersion of Se in AC
has little effect on its pore structure and conductivity. Therefore,
the LSECs can simultaneously exhibit good surface capacitance and
pseudocapacitance.
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Table 2

The contribution proportion of surface capacitance and diffusion-controlled capacitance in the total charge storage of LSECs.

Slope (k1) Intercept (k)

Ratio of the surface capacitive element (k;qv) (0.1 mV s~1)

Ratio of the diffusion-controlled reactions (kyv'/?) (0.1 mV s~ ')

20V —0.083 -0.24 9.87% 90.13%
25V —-0.24 -0.14 35.29% 64.71%
29V -0.22 -0.12 36.73% 63.27%
120 Appendix A. Supplementary data
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4. Conclusions

We have successfully designed and fabricated a unique asym-
metric energy storage system by using the AC-Se as a cathode
material and the pre-lithiated graphite as an anode material. This
asymmetric energy storage system has both the capacitive effect
and the diffusion-controlled reaction. Therefore, it has both high
energy density and power density, thus solves the problem of
imbalance between the high energy and the low dynamics, and has
great application potential. However, as the results presented in
this paper, further researches are required. For example, a substrate
with a higher specific capacitance can be used to carry Se, or an SSeyx
compound with better kinetics can be used as a Faraday reaction-
active material.
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