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Lithium-ion capacitors (LICs) were fabricated using mesocarbon microbeads (MCMB) as a negative electrode and a mixture of
activated carbon (AC) and LiFePO, as a positive electrode (abbreviated as LAC). The phase structure and morphology of LAC
samples were characterized by X-ray diffraction (XRD) and field emission scanning electron microscopy (FESEM). The electro-
chemical performance of the LICs was studied using cyclic voltammetry, charge-discharge rate measurements, and cycle perfor-
mance testing. A LIC with 30 wt% LiFePO, was found to have the best electrochemical performance with a specific energy den-
sity of 69.02 W h kg™ remaining at 4 C rate after 100 cycles. Compared with an AC-only positive electrode system, the ratio of
practical capacity to theoretical calculated capacity of the LICs was enhanced from 42.22% to 56.59%. It was proved that adding
LiFePO, to AC electrodes not only increased the capacity of the positive electrode, but also improved the electrochemical perfor-

mances of the whole LICs via Li* pre-doping.
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With the dramatically rising demand for hybrid electric ve-
hicles (HEVs) seen in recent decades, a challenge to dis-
cover novel electrochemical devices that possess both high
power density and competitive energy density has emerged.
Several strategies have been promoted [1-5]. One of these
methods is combining the high specific power of the super-
capacitors with the high specific energy of the batteries,
named lithium-ion capacitors (LICs). Lithium-ion battery
and capacitor electrode materials can be incorporated in
serial or parallel at the internal level within one electro-
chemical cell. The most widely investigated approach is
internal serial hybridization. Amatucci et al. [1] developed
the first internal serial non-aqueous hybrid device using a
Li" intercalation negative electrode based on LiyTisO1,, with
activated carbon as an electrical double layer positive elec-
trode. However, Cericola et al. [6] reported that parallel
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hybridization is superior to the serial approach. A bi-mate-
rial electrode [7] consists of an electrode in which the
charge is stored with different charging mechanisms (i.e. in
the double layer and using a faradaic reaction). Pasquier et
al. [8] built a LiyTisO;»/(AC+LiCo0O,) power-ion battery
and discussed the effect of adding activated carbon to the
positive electrode. In this report, LiCoO, was used as the
positive electrode active material in combination with
5%—-20% activated carbon. The device demonstrated good
rate capability and a specific energy of 40 W h kg™'. Hu et
al. [9,10] reported hybrid battery-capacitors with Li;TisO;,
negative electrodes and LiFePO, or LiMn,0, and activated
carbon (AC) composite positive electrodes, where the
amount of LiMn,O, was varied between 15% and 30%. The
specific energy of the resulting device varied from 9.8 to 11
W h kg'. However, these above mentioned hybrid batteries
or capacitors could only be charged-discharged between 1.2
and 3.2 V or at lower potentials, because of the high elec-
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trode potential of LiyTisOy, (1.55 V versus Li).

In respect that graphite materials [11], the best choice for
the negative electrode of lithium-ion batteries, can be inter-
calated by Li" at more negative potentials and are environ-
ment friendly, the graphite/AC LICs were also studied [4].
Still, employing graphite as negative electrode in LICs re-
sulted in inevitable irreversible capacity loss (ICL) [11],
which prevents the positive electrode from discharging fully
[5], and leads to lower efficiency as well as poor electro-
chemical performance. As for activated carbon cathodes,
the specific capacity is directly proportional to the surface
area accessible to electrolytes. Current porous carbon mate-
rials have surface areas of about 1000-3500 m*/g, with cor-
responding capacitances of less than 200 F/g in aqueous
electrolytes and 100 F/g in organic electrolytes [12]. There-
fore, the low capacity of AC hinders further improvement of
energy density in LICs.

In order to solve these problems, we added Li* contain-
ing species into activated carbon (AC) electrodes. Because
of reports that commonly available ACs [13] do not stay
stable when charged to voltages as high as the electrode
potential of LiCoO,, LiMn,O, or LiNiO, [14], we chose
LiFePO, which exhibits a lower charge-discharge plateau
than the others. Thus, in this paper, the effects of Li* addi-
tion on whole LICs electrochemical performance were in-
vestigated using composite electrode materials containing
AC and LiFePQy,, hereafter abbreviated as LAC.

1 Experimental
1.1 Preparation of the electrodes

(i) Positive electrode. LAC composite material was pre-
pared via a direct mixing technique. Different mass per-
centage (0, 10, 20 and 30 wt%) of LiFePO, (No.18, China
Electronics Technology Group Corporation, capaticy: 138.4
mA h gf1 at 0.2 C) were added to activated carbon (AC,
YP-D, Japan Kuraray Co. Ltd). The measured specific sur-
face area and porosity parameters of the activated carbon
are listed in Table 1. The mixture was then dispersed in dis-
tilled water (pH ca. 7) and stirred at 2000 r/min for 6 h to
obtain the final LAC composite material. The stability of
LiFePQ, in water was investigated by Porcher et al. [15,16],
who reported that LiFePO, slightly changed upon aging
when it was brought in contact with water, and that the ca-
pacity of LiFePO, underwent no significant difference
change after immersion in distilled water. According to
their different LiFePO, contents of 0, 10, 20 and 30 wt%,
the prepared LACs were marked as LACO, LAC10, LAC20

Table 1 Specific surface area and porosity parameters of activated carbon
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and LAC30, respectively. Positive electrodes were prepared
by mixing LAC composite material with polytetrafluoroeth-
ylene (PTFE) binder and carbon black (VXC72, Carbot
Corp., USA) electrical conductor in a mass ratio of 82:8: 10,
after which the mixture was rolled into a film and pressed
onto aluminum foil.

(i) Negative electrode. Commercially available meso-
carbon microbeads (MCMB, average particle size = 10 pm,
graphitization temperature = 2800°C), were selected as the
negative active electrode material. The MCMB was mixed
with polyvinylidene fluoride (PVDF, dissolved in N-
methyl-2-pyrrolidinone (NMP)) and carbon black (VXC72)
in a mass ratio of 87:7:6 to form a slurry. After casting the
slurry onto copper foil and evaporation of the NMP solvent
at 80°C, the negative electrode was roll-pressed to enhance
inter-particle contact and ensure better adhesion to the cur-
rent collector.

1.2 Design and fabrication of cells

The LICs were assembled using the prepared MCMB (ca-
pacity: ca. 372 mA h g', including 27 mA h g' of ICL)
and LAC (capacity: shown in Table 2, at 2.0-3.8 V versus
Li) as negative and positive electrodes, respectively. Theo-
retically, to achieve Q;ac= Omcms, the mass ratio of LAC/
MCMB should be between 5/1 and 8/1, however, consider-
ing the compromise between energy and power, we selected
a ratio of 2/1 in this study [4]. According to the different
content of LiFePO, in the positive electrode, the series of
LICs prepared were marked as MCMB/LACO, MCMB/
LAC10, MCMB/LAC20 and MCMB/LAC30. A 1 mol/L
solution of LiPFg in 1/1 (v/v) ethylene carbonate/diethyl
carbonate (EC/ DEC) mixture was used as electrolyte. Po-
rous polypropylene microporous sheet (C2400, Celgard
Corp., USA) was used as the separator. All the cells were
fabricated in a glove box under a dry argon atmosphere.

1.3 Performance evaluation

Coin type cells (CR2430) were used for electrochemical
performance tests. Cyclic voltammograms (CV) of the elec-
trodes (AC, LAC20, LiFePO, and MCMB) were obtained
using a three electrode cell, in which metallic Li was used
as reference and counter electrodes, and a Princeton 2273
electrochemical workstation (USA). All other electrochem-
ical testing was performed on an Arbin instrument (USA).
A Micromeritics Tristar 3000 system was used for nitrogen
adsorption/desorption measurements at 77 K. The phase
structure of the samples was evaluated by X-ray diffraction

Sample Seer(N) (m* g™

Smicma) (m2 g7 1)

Vlol (m3 gil) Vmicroa) (m3 gil)

AC 1507

1129 0.78 0.57

a) Obtained after applying the #-plot method to the N, adsorption data.
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Table 2 Electrochemical performance of the LICs at 4C rate
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Samples C? caiposieMA D g7 C¥acapucior MA D 87 C¥qpcupucir (MA R ) EY(Whkg™) R (%)
MCMB/LACO 40.50 27.00 11.40 33.06 42.22
MCMB/LACI10 49.40 32.93 14.10 40.89 42.82
MCMB/LAC20 56.82 37.88 16.30 47.27 43.03
MCMB/LAC30 63.09 42.06 23.80 69.02 56.59

a) Theoretical specific capacity of positive electrode; b) theoretical specific capacity of LICs calculated for the total mass of two electrodes; c) practical
specific capacity of LICs calculated for the total mass of two electrodes; d) specific energy density of LICs calculated for the total mass of two electrodes; e)

ratio of practical capacity to theoretical calculated capacity.

(XRD) in the range 10°<26<60° using a Rigaku Max 2500
diffractometer with Cu Ko radiation (1 = 0.154056 nm) at
40 kV and 200 mA. Field emission scanning electron mi-
croscopy (FESEM) was conducted using a Nano430 scan-
ning electron microscope at 5 kV. All the measurements
were carried out at room temperature, approximately 25°C.

2 Results and discussion

2.1 Structure and composition

The XRD patterns of LiFePO, and LAC composites with
different LiFePO, contents are shown in Figure 1.

A typical diffraction pattern of non-graphitic carbon,
featuring a characteristic broad 002 diffraction peak at 22.8°
and a less intense peak at 43.4°, was obtained for LACO.
Apart from faint broad peaks attributed to non-graphitized
carbon, only LiFePO, peaks (JCPDS card No. 81-1173,
olivine type with orthorhombic lattice (Pnma) parameters:
a=1.0332 nm, »=0.6010 nm, ¢=0.4692 nm) appeared in the
patterns of all LAC samples. The intensity of the diffraction
peaks gradually increased with the amount of LiFePO,.
These results indicate that no reaction occurred when AC
and LiFePO, were mechanically mixed in distilled water, as
reported by Porcher et al. [15, 16], because all diffraction
peaks observed correspond to LiFePO, (JCPDS card No.
81-1173) and no additional crystallized phase was present.

Figure 2 shows FESEM images of LiFePO,, AC, LACI0,
LAC20 and LAC30 samples. Figure 2(a) shows a primary

Intensity

10 20 30 40 50 60
26 ()

Figure 1 XRD patterns of the samples.

Figure 2 FESEM images of the samples. (a) LiFePO.; (b) AC; (c)
LACI10; (d) LAC20; (e) LAC30; (f) magnified view for LAC30.

LiFePO, crystallite size of 100-300 nm and an aggregate
structure of 0.5-1 um, indicating that the particles were
mostly submicrometer. Figure 2(b) shows irregular AC par-
ticles with diameters of 3—10 pm. It can be seen from Figure
2(c)—(f) that the LiFePO, particles were uniformly dispersed
at the surface of or between every AC particle. These imag-
es provide clear evidence that the two materials were well
mixed and that the number of LiFePO, particles on the sur-
face of the AC particles or between them increased with
LiFePO, content.

2.2 Cyclic voltammetric behaviors of cells

The third cycle of the CV curves for the electrodes, MCMB/
LACO0, MCMB/LAC20 and the MCMB/ LiFePO, battery
are shown in Figure 3. Due to the cyclic voltammetric be-
haviors of samples MCMB/LAC10, MCMB/LAC20, and
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MCMB/LAC30 being similar in appearance, only the CV
curves of sample MCMB/LAC20 are shown in this paper.
The voltage ranges were 0.005-2.0 V for the MCMB elec-
trode, 2.0-3.8 V for the LICs, and 2.04.0 V for AC,
LAC20, LiFePO, electrodes and MCMB/LiFePO, battery.
The scan rates were 50 and 0.1 mV/s for AC electrode and
MCMB/LiFePO, battery, respectively, and the scan rates
for the other electrodes and LICs were 0.2 mV/s.

It is obvious that the AC, LAC20 and LiFePQ, electrodes
exhibited different electrochemical behaviors (Figure 3(a)—
(c), respectively). In the range 2.0 to 4.0 V against Li metal,
the near-mirror symmetry of the CV curve of the AC elec-
trode is typical of double layer charging, attributed to the
formation of a PF¢ double layer on the surface of the AC
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Figure 3 Third cycle of CV curves for elec-
trodes, LICs and battery. (a) AC; (b) LAC20;
(c) LiFePOy; (d) MCMB; (e) MCMB/LACO; (f)
MCMB/LAC20; (g) MCMB/LiFePO,.

electrode. The CV curve of the LiFePO, electrode shows
oxidation-reduction behavior, i.e. Li* insertion-extraction
reaction at the LiFePO, electrode, with a pair of redox
peaks located at about 3.5 V. However, the LAC20 elec-
trode exhibited two electrochemical behaviors: a double
layer capacitance behavior (like AC electrode) and oxida-
tion-reduction behavior (like LiFePO, electrode) in the cor-
responding potential range. The MCMB electrode also
exhibited oxidation-reduction behavior, i.e. Li* insertion-
extraction reaction at the LiFePO, electrode, a pair of redox
peaks are located at about 0.2 V in Figure 3(d).

It can be seen from Figure 3(e)—(g) that the LICs and
battery showed different electrochemical behaviors. The
electrochemical behavior of sample MCMB/LACO (Figure
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3(e)) is attributed to the combination of a Li* insertion-
extraction reaction at the MCMB electrode and an interfa-
cial anion adsorbing-desorbing process at the AC electrode,
the CV curve is in accordance with typical double-layer
capacitance behavior. This Li* insertion reaction is repre-
sented by a sharp oxidation peak at about 3.8 V. In contrast,
the CV of the MCMB/LiFePOy battery system (Figure 3(g))
only shows oxidation-reduction peaks, i.e. Li* insertion-
extraction reaction at MCMB and LiFePO, electrodes.

The electrochemical behavior of the MCMB/LAC20
system not only exhibited the double layer capacitance be-
havior of sample MCMB/LACO, but also a symmetric pair
of reduction-oxidation peaks at about 3.0 and 3.2 V Figure
3(f). It is evident that such redox peak response currents in
the middle voltage range were caused by the LiFePO,
component in the LAC composite material. The present CV
results illustrate that LiFePO, and AC components in the
LAC composite material brought respective charge storage
ability into play over the whole working voltage range when
a scan rate of 0.2 mV/s was used.

2.3 Galvanostatic charge-discharge behaviors of LICs

Figure 4 shows the galvanostatic charge-discharge profiles
of (a) MCMB/LACO at a rate of 5C and (b) MCMB/
LAC20 at different rate: 0.3C, 1C, 5C and 10C, at a work-
ing voltage range of 2.0-3.8 V. As shown in Figure 4(b),
the whole charge-discharge process includes six steps (1-6)
at 0.3C rate. In the charge process, the middle plateau (step
2) represents the process of Li* extraction from LiFePO,.
The typical linear voltage increase at the voltage range be-
low or above 3.2 V (step 1, 3) is supposed to be the electro-
static adsorption of PFs to AC. The discharge process is the
reverse of the charge process. These results reveal that, over
the whole working voltage range, there were two modes of
energy storage in the sample MCMB/LAC20 system: Fara-
daic energy storage and electrostatic energy storage at 0.3C
rate. This suggests that two electrochemical performances
coexisted in this system, consistent with the cyclic voltam-
metric behavior shown in Figure 3(b). However, with in-
crease current density the flat process vanishes, as shown in

4.0
@
36}
32}

28r

Voltage (V)

24t

201

0 5 10 15 20
Capacity (mAh g™")
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Figure 4(b), implying that the Faradaic energy storage
weakened. The observed capacity attenuation was more
intense from 0.3C to 1C than from 1C to 10C. Moreover,
the charge-discharge profiles of MCMB/LAC20 at 5C and
10C rate were quite similar to the profile of sample
MCMB/LACO shown in Figure 4(a), with a typically linear
voltage increase over the whole voltage range, indicating
that only electrostatic energy storage occured at high current
density. The galvanostatic charge-discharge profiles of the
MCMB/LAC10, MCMB/LAC20 and MCMB/LAC30 sam-
ples were similar.

2.4 Rate performance of the different LICs

Rate performances of the LICs containing AC with different
added weight percents of LiFePO, as the positive electrode
and MCMB as the negative electrode are presented in Fig-
ure 5.

Nearly no capacity loss is noticed during 10 cycles of
charge-discharge at high rates ranging from 2C to 10C.
These results demonstrate that the LICs with different
LiFePO, content exhibited good performances at high
charge-discharge rates, indicating that the present prepara-
tion method of the composite cathode materials provided
high rate LIC charge-discharge performance. It can be seen
that sample MCMB/LAC30 showed the best rate perfor-
mance and capacity characteristics among all the samples,
with specific discharge capacity of 18.4 mA h g ' at a rate
of 10C, and 73% retention of capacity compared with its
capacity at a rate of 2C. Despite the fact that the capacity
retentions of MCMB/LAC20, MCMB/LAC10 and MCMB/
LACO were clearly higher than MCMB/LAC30, the specific
discharge capacities of these samples decreased to lower
values: 13.40, 12.00 and 10.60 mA h gfl, respectively, when
the rate was increased to 10C.

2.5 Cycle life performance of LICs

The cycle performances of the LICs in the potential range
2.0-3.8 V at 4C rate are shown in Figure 6.
The LIC charge-discharge model adopted for the first

4.0

36}

321

28
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241

201

0 10 20 30 40 50
Capacity (mAh g™")

Figure 4 Galvanostatic charge-discharge profiles of the LICs. Specific capacities were calculated using total mass of two LIC electrodes. (a) MCMB/

LACO 5C; (b) MCMB/LAC20 0.3C, 1C, 5C, 10C.
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Figure 6 Specific discharge capacity and coulombic efficiency vs. cycle
number of the LICs at 4C rate. Specific capacities were calculated using
total mass of two LIC electrodes.

cycle was follows: the LICs were first charged at a current
density of 0.1C up to a given voltage and then allowed to
relax at open circuit for two hours. As the given voltage
value was set higher, this repeated several times until the
maximum working voltage was reached, after which the
LICs were discharged at a rate of 4C. As shown in Figure 6,
the coulombic efficiencies of MCMB/LAC10, MCMB/
LAC20 and MCMB/LAC30 were close to 100%, which was
more desirable than MCMB/LACO (95%). There was negli-
gible specific capacity loss for both MCMB/LAC30 and
MCMB/LAC20 after 100 cycles, while 25.20% and 7.14%
specific capacity losses were observed for MCMB/LACO
and MCMB/LACI0, respectively. The results confirm that
the cycle performance of LICs was improved by Li* addi-
tion.

Table 2 shows the results of the electrochemical perfor-
mance of different LICs at a rate of 4C. The specific capac-
ity and specific energy density of the LICs were estimated
based on the total mass of the two electrodes. Cey-positive and
Ceal-capaciior Were calculated based on the assumption that the
LICs take full advantage of the working potential flat of
MCMB negative electrode (lower than 0.2 V versus Li), and
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the potential range of the positive electrode was 2.0-3.8 V.
The theoretical specific capacity of the positive electrode
can be calculated according to eq. (1) [17]

Ccal—positive = MIC1 i mZCQ ’ (1)
) m, +m,

where C, is the specific capacity of AC (C,=40.5 mAh/g,

2.0-3.8 V versus Li), C; is the specific capacity of LiFePO,

(C, =1384 mA h g"l), and m; and m, are the respective

mass percentage of the two materials. The theoretical specific
capacity of the LICs can be calculated according to eq. (2)

2
Ccal-aapacilor = gcaal-posilive . (2)
The specific energy density of the LICs can be calculated
according to eq. (3) [18]
E=C

exp-capacitor (

V2 -vi), 3

where V| and V, equal to 3.8 and 2.0 V, respectively.

The specific energy densities of the LICs at LiFePO,
mass percentages in the LAC composite material of 0, 10, 20
and 30 wt% were 33.06, 40.89, 47.27 and 69.02 W h kg ',
respectively. It is notable that as the content of LiFePO,
increased, the specific energy density of the LICs improved
and reached a maximum 69.02 W h kg ' at 30 wt%.

In order to investigate the effect of LiFePO, on the whole
LICs, we defined a utilization rate parameter calculated
according to eq. (4)

C..o i
R — exp-capacitor . (4)

cal-capacitor

The utilization rate of the LICs was enhanced to 56.59%
in MCMB/LAC30 from 42.22% in MCMB/LACO. The
reason for this may be the following: adding of a Li* con-
taining compound to the AC electrode compensated the
irreversible capacity and reduced the working potential
plateau of the MCMB electrode, allowing the positive elec-
trode to discharge fully.

When the active carbon positive electrode is highly po-
larized, the adsorbed water and functional groups on the
activated carbon surface contribute to the generation of H*
at the positive electrode, and HF is produced by the reaction
between PF,~ and H*. HF then reacts with SEI on the sur-
face of the negative electrode and forms a porous structure
(LiF). The surface of the negative electrode is thereby con-
stantly directly exposed to the electrolyte, leading to con-
tinuous decomposition of the electrolyte [13]. The voltage
of the LICs is the difference between the potentials of the
positive and negative electrodes (U=(E")—(E")). The addi-
tion of Li* to the AC electrode reduced the working poten-
tial plateau of MCMB electrode, resulting in the maximum
potential of the AC positive electrode of MCMB/LACI10 (or
20, 30) sample being lower than that of MCMB/LACO, as
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well as reductions in the level of polarization at the AC pos-
itive electrode and decomposition of electrolyte on the neg-
ative electrode. Furthermore, adding a Li* containing com-
pound to LICs also compensates for Li* consumption by
generating LiF. As described above, the specific discharge
capacity and coulombic efficiency vs. cycle number of LICs
are improved when using LACs as the positive electrode, as
shown in Figure 6. The effect is equivalent to the negative
electrode lithium pre-doping process in previously hybrid
electrochemical capacitors [5,19,20,21].

3 Conclusions

The electrochemical performance of LICs, including spe-
cific energy density, cycle life and coulombic efficiency
were improved by adding proportions of LiFePO, into AC
positive electrode. The discharge specific capacity of the
LICs increased remarkably with LiFePO, content despite a
slight decrease in rate performance. Among the series of
LICs fabricated, MCMB/LAC30 exhibited the best electro-
chemical performance. Its specific energy density remained
69.02 W h/kg after 100 cycles when the current density was
4 C rate. Moreover, its utilization ratio (practical capacity to
theoretical calculated capacity) was enhanced to 56.59%
from 42.22% for the system without Li* addition.

This work was supported by the National Natural Science Foundation of
China (51172160, 50902102), the National High Technology Research and
Development Program of China (2011AA11A232), and the National Basic
Research Program of China (2012CB720302).
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