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Combination of a SnO,-C hybrid anode and a
tubular mesoporous carbon cathode in a high

agg s e crem 42042 anargy density non-aqueous lithium ion capacitor:
preparation and characterisationt

Wen-Hui Qu, Fei Han, An-Hui Lu, Chao Xing, Mo Qiao and Wen-Cui Li*

Lithium ion capacitors (LICs), bridging supercapacitors and lithium ion batteries (LIBs), have recently drawn
considerable attention. In this report, a non-aqueous LIC was fabricated using tubular mesoporous carbon
as a cathode and a SnO,-C hybrid (ultrafine SnO, encapsulated in the tubular mesoporous carbon) as an
anode. Such a LIC can achieve a maximum energy density of 110 W h kg~* and a maximum power density of
2960 W kg~t. The capacitance retention is fairly stable and retains 80% of its initial value after 2000 cycles.
This unique performance arises because of the highly conductive tubular mesoporous carbon matrix and
fast charge/ion diffusion in the SnO,—C hybrid anode. It is shown that the SnO, loading in the anode has
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Electrochemical impedance spectroscopy (EIS) was used to evaluate the charge transfer resistance and

DOI: 10.1039/c4ta00670d the ionic diffusion resistance before and after long-term cycling. The diffusion coefficient was also
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1. Introduction

The development of energy storage devices such as lithium ion
batteries (LIBs) and supercapacitors is being actively promoted
in order to improve energy utilization efficiency." Although a
supercapacitor is effective for instantaneous charge-discharge
of large current supplies, it is limited by low energy densities.> It
exhibits a high specific power compared with other recharge-
able electrochemical energy storage devices, typically above 10
kW kg™, and a low specific energy density, typically below 10
W h kg™'. On the other hand, LIBs have the advantage of high
energy densities (150-200 W h kg™ %), but deliver relatively low
power densities compared with supercapacitors.** Moreover,
LIBs suffer from a limited cycle-life (usually 500-1000 cycles)
and lack the ability to safely allow fast charging due to Li metal
deposition. Therefore, there is a need to fill a critical void in the
power/energy spectrum by designing new and/or improved
devices and to improve the long-term cycling performance of
the devices.

The lithium ion capacitor (LIC), a supercapacitor-battery
hybrid energy storage system, can not only overcome the energy
density limitation of conventional supercapacitors but also
improve the power output of lithium ion batteries.>” The LIC
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calculated to verify the good rate and cycling capability.

system usually combines one electrode which is charged by a
redox reaction with the other electrode where the charge is
stored in an electrochemical double layer. To widen the
potential window and further increase the energy density, a
non-aqueous LIC has been developed integrating lithium ion
intercalation compounds with porous carbon.®*™*

Lithium ion intercalation compounds for LICs have been
investigated in the past, such as hard carbon," graphite,>"
graphene'' and, in particular, Li Tis0;,.%'*** In 2001, an
anode of the Li,TisO;, intercalation compound and a cathode of
porous carbon were incorporated into a non-aqueous LIC cell.?
Li, TisO4, commonly exhibits a high surface stability and has a
long cycle life, whereas its high voltage plateau and low theo-
retical capacity (175 mA h g~') limit its energy/power perfor-
mance.””® Although graphite is a standard anode active
material in both lithium-ion battery research and commercial
products, lithium plating and re-intercalation of the plated
lithium into the graphite both occur because of the low voltage
of Li" intercalation (close to —3 V vs. SHE).? This results in a low
charging capacity during fast charge protocols. Metal oxides can
offer a high theoretical capacity (i.e. 782 mA h g~ ' for SnO,,
924 mA h g~ for Fe;0,4, and 890 mA h g~ for Co;0,)?*?° and
relatively low intercalation potential, which is extremely prom-
ising for their application in LICs. However, they still suffer
poor capacity retention and unsatisfactory rate performance
due to their severe pulverization and slow kinetics of charge/ion
diffusion in these materials.”” Thus, carbon-coating was used to
improve the lithiation rate capability.”*°
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Recently, we have reported a SnO,-C hybrid fabricated by
encapsulating nanosized SnO, particles into TMC for a LIB
anode. The tubular hybrid exhibits not only a considerably high
reversible capacity, up to 1039 mA h g~ ' after 100 cycles, but
also fast charge-discharge kinetics at a high current density.*" It
is well known that the electrochemical performance is highly
dependent on the intrinsic crystalline texture and structure of
the active materials. The excellent performance of the SnO,-C
hybrid is ascribed to the following structural characteristics: (I)
fast charge transfer and small ionic diffusion length in SnO,
nanoparticles (4-5 nm); (II) a high surface area SnO,-C hybrid
for a more active interface; (II) efficient contact between active
particles and carbon walls; (IV) open pore channels and a large
pore volume for hosting a high amount of SnO, and allowing
volume expansion during Li* insertion/extraction.

Motivated by these structural features and superior electro-
chemical performance in LIB anodes, we developed a non-
aqueous LIC based on the SnO,-C hybrid as an anode. Three
porous carbons were used as the LIC cathode. These were the
home-made TMC, hierarchical porous carbon (HPC) and a
commercial microporous carbon YP47. Among them, TMC
exhibits the highest capacitance and good rate capability. We
therefore used the TMC as the cathode, adjusted the SnO,
content in the anode and assembled a LIC with the two elec-
trodes. The obtained LIC shows a maximum energy density of
110 W h kg™' (at a power density of 173 W kg™') and a
maximum power density of 2960 W kg~ '. After 2000 charge-
discharge cycles, the achieved capacitance retains 80% of its
original value at a current density of 1 A g™, which is higher
than that of previous LICs based on a metal oxide anode.**** To
further explore the interaction between the SnO, nanoparticles
and the carbon matrix, we established a correlation between the
ionic diffusion rate and the SnO, loading ratio in the anode
using EIS. It is interesting to note that an optimum loading ratio
leads to the highest ionic diffusion speed after many cycles.

2. Experimental
2.1 Materials synthesis

Porous carbon cathode. The TMC with a two-dimensional
hexagonal array of tubes was synthesized by a nanocasting
process using SBA-15 as a template, furfuryl alcohol as the
carbon source and oxalic acid as a catalyst.***” HPC was
prepared by the direct pyrolysis of a copolymer of resorcinol
with formaldehyde, and subsequently by physical activation
with CO,.* YP47 is a commercial microporous carbon (Kuraray,
Japan). The TEM images of TMC and HPC are shown in Fig. S1.+

Sn0,-C hybrid. The SnO,-C hybrid was synthesized by a
repeated impregnation-conversion step as follows:® (I)
impregnation step: 300 mg SnCl,-5H,O (99%) as the tin
precursor was dissolved in 300 pL of deionized water. The SnCl,
aqueous solution was added to 0.1 g porous carbon under
stirring at 25 °C. (II) Conversion step: after all the solutions had
been absorbed, the powder was put into a Teflon bottle where a
small container containing 4 mL ammonia solution (14%) was
placed in advance, that ensured no direct contact between the
powder and the ammonia solution. After sealing, the bottle was
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heated at 90 °C for 3 h. The product was then washed several
times with deionized water and ethanol, and dried at 90 °C. The
impregnation and conversion steps were repeated several times
in order to increase the SnO, content. Finally, the hybrid was
heated to 300 °C and kept at this temperature for 1 h, and 550 °C
for 3 h in an argon atmosphere. The SnO, loadings of three
SnO,-C hybrids were measured to be 40%, 57% and 75% by
thermogravimetric analysis (TGA). The samples were named
Sn0,(40)-C, SnO,(57)-C and SnO,(75)-C.

2.2 Materials characterization

Transmission electron microscopy (TEM) analysis was carried
out with a FEI Technai F30 instrument operating at 200 kV.
Some TEM images were also obtained using a Hitachi HF2000
transmission electron microscope equipped with a cold field
emission gun. For TEM observation of the dispersion and sizes
of the SnO, nanoparticles, samples were embedded in Spur's
resin and cut into 60 nm thin sections using a microtome.
Nitrogen adsorption isotherms were measured at 77.4 K with a
Tristar 3000 sorption analyzer (Micromeritics Instruments,
USA). The Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area (Sggr). Pore size distributions
(PSDs) were calculated from the adsorption branches of the
isotherms using the Barrett-Joyner-Halenda (BJH) model for
mesopores. Total pore volumes (Vi) wWere determined from
the amount adsorbed at a relative pressure, P/P;, of 0.99.
Micropore volumes (Viicro) Were calculated using the ¢-plot
method. X-ray diffraction (XRD) patterns of the samples were
recorded with a Rigaku D/Max 2400 diffractometer in the Bragg
Brentano (reflection) geometry using Cu Ko radiation (40 kv,
100 mA, A = 1.5406 A). TGA was performed in air from room
temperature to 800 °C with a heating rate of 10 °C min~* on an
STA449 F3 Jupiter thermogravimetric analyzer (NETZSCH).

2.3 Electrochemical characterization

The anode was prepared by mixing SnO,-C with polyvinylidene
fluoride (PVDF, DuPont, USA) and a conductive carbon black
additive (Super P, TIMCAL Switzerland) (8:1:1 in mass) in
N-methyl-2-pyrrolidone (NMP). Cu foil with a surface area of
1.13 ¢cm” was used as the current collector. The mass of the
active material was approximately 1-2 mg and two electrodes
with identical weights were selected for the measurements. The
cathode was fabricated by mixing the porous carbon sample
with 10 wt% carbon black and 10 wt% PVDF binder. The
mixture (4-8 mg) was pressed onto an Al foil current collector.

All cells were fabricated in an argon-filled glove box. The
porous carbon cathode and SnO,-C anode materials were first
tested in a half cell designed with the Li metal as the counter
and reference electrodes. Two-electrode LIC cells were assem-
bled in a liquid electrolyte consisting of 1 M LiPF, in a dimethyl
carbonate (DMC), ethyl methyl carbonate (EMC) and ethylene
carbonate (EC) (1:1:1 v/v/v) solution. Before assembly, the
SnO,-C electrode was prelithiated by placing the electrolyte-
wetted electrode in full contact with the Li metal for 60 min. The
mass ratio of the cathode-anode active material was 3.9 : 1. The
electrodes were separated by a Celgard 2400 battery membrane
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soaked in the electrolyte. The open-circuit voltage (OCV) of both
the three-electrode and two-electrode cells was about 2.6-2.9 V.

The charge-discharge measurements of a SnO,-C half cell
were carried out at different current densities on a Land
CT2001A battery test system. The specific capacity of the SnO,-
C hybrids was calculated based on the total mass of SnO, and
carbon. Cyclic voltammetry (CV), galvanostatic charge-
discharge cycling (GC) and electrochemical impedance spec-
troscopy (EIS) for all cells were performed on a CHI660D elec-
trochemical workstation (CH Instruments, China) at room
temperature. Stability measurements of the LIC were carried
out using an Arbin BT2000 multi-channel college station (Arbin
Instruments, USA). The specific capacitance (C) of the single
electrode was calculated from the discharge curve based on the
following formula:

IAt

C=av

(1)
where I (A g™ ") is the discharge current based on the mass of the
active material, At (s) is the discharge time, and AV (V) is the
potential window from the end of the internal resistance (R)
drop to the end of the discharge process.

The specific capacitance of a LIC cell (Ccey;) was calculated
from the discharge process after 20 cycles' activation, according
to the formula below:

IAt

Ccell = W

(2)
where I (A g~") is the discharge current based on the total mass
of the active material in the anode and cathode, the definitions
of At (s) and AV (V) are as the same as those in formula (1). The
energy density (E) was obtained from the capacitance of the LIC
cells:

_ Cccl] V2
T 2x3.6 (3)

The power density (P) of a LIC was determined by:

3600 x E
AT

P

where At (s) is the discharge time.

3. Results and discussion
3.1 Cathode properties

As cathodes of LICs, porous carbons are required to possess an
exceptional capacitance and an extremely fast charge-discharge
rate performance. Porous carbons with high surface areas have
an exceptional propensity for anion double-layer adsorption as
demonstrated in non-aqueous EDLCs.***® The capacitive
adsorption process can fulfill the requirements at 1.0-4.5 V vs.
Li/Li" in a LiPF4-containing organic electrolyte.*!

The three kinds of porous carbon chosen as the cathode
(TMC, HPC and YP47) were characterized by using the nitrogen
adsorption technique. Fig. 1a and b show nitrogen sorption
isotherms and corresponding PSDs of all three porous carbons.
The calculated structure parameters are listed in Table 1. YP47 is
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Fig. 1 (a) N, sorption isotherms and (b) pore size distributions (PSDs)
of HPC, YP47 and TMC.

Table 1 Structural parameters of the porous carbons

sample SBET/rﬂZ g71 Vtotal/crn3 g71 Vmicro/crﬂ3 g71 Dpeak/nm Cga/F g71

HPC 1323 0.84 0.42 5.4 64
YP47 1869 0.94 0.84 — 84
TMC 1852 2.4 0.12 4.7 & 3.6 120

% The gravimetric capacitance was calculated from GC curves at a
current density of 0.5 A g~ " in a Li anode half-cell system.

a commercial microporous carbon that possesses a high surface
area and abundant microporosity. The nitrogen sorption
isotherms of TMC and HPC (Fig. 1a) are essentially of type IV with
a pronounced hysteresis loop, indicating mesoporous charac-
teristics. TMC exhibits a higher BET surface area and larger pore
volume compared with HPC due to its unique structure, ie. the
tubular structure that provides a “double” surface and more void
space. The as-synthesized HPC is a hierarchical micro- and
mesoporous carbon, in which the micropores and smaller mes-
opores are the major contributors to the pore volume.

To evaluate the electrochemical performance of the porous
carbons, their cathode half cells were fabricated with a Li foil
as the anode. The potential window is between 2 and 4.5 V vs.
Li/Li". As the cell is charged, Li" is reduced at the Li metal anode
and the PFs~ anion is adsorbed onto double layers on the
cathode. Cyclic voltammetry was carried out to determine the
capacitive behavior of the porous carbons. The representative
CV behavior of HPC, YP47 and TMC is shown in Fig. 2a. Rela-
tively flat rectangular-shaped profiles are evident at a scan rate
of 5 mV s~ and no Faradaic reactions are observed. Galvano-
static charge-discharge curves shown in Fig. 2b were used to
calculate the gravimetric capacitance. They are triangular in
shape and exhibit only small ohmic drops at high currents
related to the resistivity of the half-cells. The capacitance of the
porous carbons as a function of current density is shown in
Fig. 2c. The capacitance of TMC at 0.3 Ag™ ' is 127 Fg ', almost
twice that of HPC and is 83 F g ' at 2 A g™ .

TMC has a large capacitance and good rate capability because
of the high surface area (>1500 m* g~ *) and open porosity. Fig. 2d
shows a representative plot of the capacitance of TMC. As
expected for the capacitive adsorption process, the voltage
increases linearly with capacitance. Based on the excellent elec-
trochemical properties, TMC was chosen as the cathode material
for the subsequently fabricated lithium ion capacitor.
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Fig.2 (a) CV curves of HPC, YP-47 and TMC at a scan rate of 5mV s 2,
(b) galvanostatic charge—discharge curves of HPC, YP-47 and TMC at a
current density of 0.3 A g~%, (c) capacitances of HPC, YP-47 and TMC
with increasing current density, and (d) GC curves of TMC at different
current densities.

3.2 Anode properties

The SnO, content in the hybrid was controlled by repeating the
impregnation and ammonia treatment. A detailed synthesis
method of the SnO,-C hybrid is included in the Experimental
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section. The TMC mentioned above was chosen as a carbon
matrix because it has a large pore volume offering possibility for
high SnO, loading, thus potentially high specific capacity. As
shown in Fig. 3a, TGA of SnO,-C in air reveals that the weight
fractions of SnO, in the hybrids are 40 wt%, 57 wt% and 75 wt%.
The content was calculated based on the mass loss below 600 °C
which was attributed to the combustion of carbon. Such a high
content of nanocrystalline SnO,, in association with TMC as the
matrix that has tubular mesopore channels, thin carbon walls, a
high pore volume and abundant conducting pathways, results
in a high capacity and excellent cycling performance when they
are used for lithium storage.****

XRD patterns in Fig. 3b can be assigned to extremely fine
nanocrystalline SnO, without other phases detected in the
samples. The peaks correspond to the (110), (101), (200) and
(211) crystal planes of cassiterite (JCPDF#41-1445).** The crys-
tallite size is estimated to be in the range of 3-6 nm from the
Scherrer equation.*>*® The formation of such nanocrystalline
SnO, results from the confinement effect of the tubular walls in
the TMC matrix.

The pore parameters of the SnO,-C hybrids were examined
by nitrogen sorption at 77.4 K. As can be seen in Fig. 3c, the
nitrogen sorption isotherms of samples Sn0,(40)-C and
Sn0,(57)-C are both of type IV with hysteresis loops in the
relative pressure (P/P,) range of 0.40-0.65, reflecting the meso-
porous characteristics. The BET surface area and pore volume
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90 — Sn0,(75)-C
21 -
2 80 200 3103()1 %
2 z
3 70 E,.
@ 60 )
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Fig. 3 (a) TG curves of SnO,(40)-C, SnO,(57)-C and SnO,(75)-C, (b) wide-angle XRD patterns, (c) N, sorption isotherms of SnO,(40)-C,
Sn0,(57)-C and SnO,(75)-C (the SNO,(40)-C isotherm is offset vertically by 100 cm® g%, and (d) TEM image of SnO»(57)-C. The inset is a

magnified view of the SnO,(57)-C hybrid.
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are quite large at 726 m> g~ " and 0.62 cm® g for Sn0,(57)-C
and 856 m> g~ " and 0.87 cm® g~ for Sn0,(40)-C, respectively.
Such a large surface area may offer a sufficient interface to
facilitate the electrochemical reactions. The PSDs (see Fig. S2t)
of the two materials calculated by the BJH method show a
bimodal pore system, proving that the pore structure of the
carbon support is well-preserved after immobilization of SnO,
nanoparticles. However, a type I nitrogen sorption isotherm of
Sn0,(75)-C is observed without hysteresis loops, indicating
microporous characteristics with a BET surface area of 283
m?* g ' and a pore volume of 0.19 cm® g~ *. The disappearance of
the mesoporous structure is attributed to the high loading ratio
of SnO, into the pore system.

Fig. 3d shows a TEM image of the SnO,-C hybrid with a
57 wt% SnO, loading. Although the image of only one
sample is shown, the structure and particle size distribution
of all samples are very similar. The well dispersed SnO,
nanoparticles with a uniform size are homogeneously encap-
sulated in the mesoporous channels of TMC. No obvious
SnO, agglomerations are observed on the external surface of
SnO,-C and the structure of the carbon matrix is well
preserved, implying the complete encapsulation of the SnO,
nanoparticles.

The SnO,-C electrodes were electrochemically cycled
between 0.005 and 2 V in Li half cells. The first two cycles were
an activation process, in which a solid electrolyte interface (SEI)
forms with an irreversible capacity loss.*” The third and
following charge-discharge cycles at 0.5 A g~ ' are presented in
Fig. 4. Sn0,(57)-C exhibits a high specific capacity of 630 mA h
g~ " after 50 cycles, suggesting the cycle stability of this sample
even at a high rate of 0.5 A g~ ". Sn0,(40)-C and Sn0,(75)-C both
deliver a relatively low specific capacity of 470 mA h g~ . The
specific capacity of the SnO,-C hybrids at a high current density
is related to both the SnO, content and the charge/ion transfer
speed. A high SnO, content may provide more active material
but block the transfer pathway of lithium ions. Thus, it is
important to control the SnO, loading ratio to obtain a high
performance of the LIC. The SnO,-C hybrid with a 57 wt% SnO,
content offers an easy accessible diffusion path in the nano-
crystalline SnO,, which possesses a large amount of meso-
porosity fully proved by nitrogen sorption measurements.
Moreover, the high stable capacities and excellent rate capa-
bilities of the SnO,-C electrodes are superior for the LIC anode.

1200

—=—Sn0,(40)-C
—e—-Sn0,(57)-C
—4—8n0,(75)-C
7, 9001 nO(75)
g ......'ﬁq__
— 600
2 ::..N..g_.._ anan
‘o
2
« 300
o
0
0 10 40 50

20 30
Cycle Number
Fig. 4 The charge-discharge cycling performance of SnO,(40)-C,
SnO,(57)-C, and SnO,(75)-C at a current density of 0.5 A g%,
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3.3 Electrochemical performance of the lithium ion
capacitor

Subsequently, we placed the LIC in a LiPFs-containing organic
electrolyte. The overall process for the lithium ion capacitor is
not a “rocking-chair” type reaction, as in LIBs, but a cation and
anion consuming reaction. On the SnO,-C electrode, lithium
ion intercalation-deintercalation occurs in the charge-
discharge process. On the TMC electrode, PFs~ undergoes an
adsorption-desorption process akin to what occurs in EDLCs.

Since the operating potential range between the SnO,-C and
TMC electrodes in the organic electrolyte is three times that in
the aqueous electrolyte, the specific energy and power are
considerably higher in the former which means a better Ragone
performance. The operation potential was tested in the range of
0.005-4.5 V vs. Li/Li" according to the decomposition voltage of
the organic electrolyte for LIBs which is over 4.5 V vs. Li/Li".*4
As seen in the cyclic voltammetry curves (Fig. S371), polarization
is obviously observed near 4.5 V. Furthermore, the potential
range was limited to a low value of 0.5 V to avoid the reduction
of Li* and subsequent plating of the lithium metal at 0-0.5 V vs.
Li/Li". The formation of Li dendrites or mossy lithium from
reduced Li" may shorten the cell lifetime and lead to a signifi-
cant safety problem. Therefore, it seems necessary to limit the
potential window for the CV experiment to 0.5-4 V vs. Li/Li".

Interfacial reactions including lithium ion intercalation/
deintercalation, electrolyte decomposition, and the formation
of a solid electrolyte interphase (SEI) layer determine the irre-
versible capacity loss and the cycle life of LIB systems.*** The
large irreversible capacity observed in the first charge-discharge
cycle is a common phenomenon for carbon and metal oxide
materials due to the formation of SEI films on the electrode
surface.”* To solve the above-mentioned issues through the
extended potential swing of the cathode, pre-lithiation is a
feasible approach by enabling an increase in the initial effi-
ciency and the suppression of the irreversible capacity of the
anode.**** Prior to full LIC cell assembly, the SnO,-C electrode
was pre-lithiated by a simple surface treatment, specifically by
placing the electrolyte-wetted SnO,-C electrodes in direct
contact with the Li metal for about 60 min.** By this method, the
initial coulombic efficiency of the LIC can be improved to 84%
from 10% (see Fig. S47).

LIC full cells with TMC as a cathode and the SnO,-C hybrid
as an anode were developed as samples C//SnO,(X)-C (X =
content of Sn0,), namely C//Sn0,(40)-C, C//Sn0,(57)-C, and C//
Sn0,(75)-C. The measured CV curves of C//SnO,-C in a 1 M
LiPF¢ LIB electrolyte are shown in Fig. 5a. The shapes, especially
at a low scan rate, are approximately rectangular, indicating
that the anode and cathode were well matched. The rectangular
shape of C//Sn0,(57)-C is noticeable even at a high scan rate as
shown in Fig. 5b, and this is believed to be due to fast charge/
ion transfer in the anode.

Charge-discharge tests (Fig. 5¢) were used to calculate the
gravimetric capacitance. They are triangular in shape and exhibit
small ohmic drops related to the resistivity of C//SnO,-C. The
capacitance retention ratios are evaluated (Fig. 5d). The capaci-
tances of C//Sn0,(40)-C, C//Sn0,(57)-C and C//Sn0,(75)-C are
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Fig. 5 CV curves of C//SnO,-C at a scan rate of (a) 5mV s~ and (b)
20 mV s~ (c) galvanostatic charge—discharge curves of C//SnO,—C
at 0.3 A g% and (d) capacitance retention of C//SnO,—C with
increasing current density.

55, 67 and 66 F g " at 0.1 A g, respectively. It is noticed that
both C//Sn0,(57)-C and C//SnO,(75)-C achieve a higher capaci-
tance than does C//Sn0,(40)-C because a high loading ratio
results in more SnO, reacting in the charge-discharge process. In
a fast charge-discharge process at 0.5 A g, the capacitance of
C//Sn0,(57)-C (50 F g ') is higher than those of both C//
Sn0,(40)-C (42 F g~') and C//Sn0,(75)-C (38 F g~ ). Obviously,
the variation tendency of these capacitances in the full cell is the
same as those of SnO,-C's capacitances in a single electrode.
Moreover, the capacitance of C//SnO,(57)-C remains at 40 F g !
at 2 A g '. The best SnO,_-loaded sample, C//Sn0O,(57)-C,
displays not only a larger capacitance for a small current density,
but also a better rate capability in the high rate charge-discharge
process, benefiting from the high active material content and the
incompletely packed tubular channels for ionic diffusion.
Therefore, one should balance the active material content and
the ionic diffusion speed through controlling the SnO, loading,
especially for a long-life time capacitor that allows fast charge-
discharge cycles.

Fig. 6 shows the cycling performance of C//SnO,-C after
long-term cycling at a current density of 1 A g~'. As might be
expected, the capacitance retention of C//Sn0O,(57)-C is higher
than that of both C//Sn0,(40)-C and C//SnO,(75)-C and still
retains 80% of its initial value after 2000 cycles. Besides having
the best active material content and high ionic diffusion speed,
the high capacitance retention of C//Sn0,(57)-C also reveals
that such a unique carbon host prevents the agglomeration of
SnO, nanoparticles and stabilizes the long-term cycling
performance.

In the first five hundred cycles, the capacitance retention of
C//Sn0,(40)-C with the lowest SnO, content is higher than that
of C//Sn0,(57)-C and C//SnO,(75)-C due to its faster ionic
diffusion. In order to support the fast adsorption-desorption of
PFs on the cathode, the anode in the full cell demands a higher
ionic diffusion rate than that in a three-electrode system.”
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Fig. 6 The long-term cycling performance of C//SnO,—C at a current
density of 1A g~

Consequently, the capacitance retention of the LIC is quite
different from that of a SnO,-C hybrid anode in a three-elec-
trode system. However, after thousands of cycles the unfilled
channel may result in agglomeration of SnO, nanoparticles.
Meanwhile, the high SnO, loading might lead to a blockage in
the channels of the TMC matrix. It is obvious that a correct SnO,
content is needed to retain the original nano-structure of the
hybrid and furthermore results in a superior high rate capacity
over a large number of cycles.

To further probe the origin of the capacitance fade, EIS was
performed on C//SnO,-C at an OCV of 2.6 V. These spectra were
recorded in the range from 10 mHz to 0.1 MHz with a signal
amplitude of 5 mV. All parameters related to mass and charge
transport reflect the superposition of both electrodes for the
impedance of the complex system. The results represent a total
contribution from both anode and cathode. Nyquist plots of
lithium ion capacitors before and after 2000 charge-discharge
cycles are shown in Fig. 7a and b, respectively. EIS was also
fitted by an electric equivalent circuit model as shown in Fig. 7c.

It is noted that there are no overlapping depressed semi-
circles associated with the migration of lithium ions through
SEI layers, different from previous studies.***” The exact reasons
behind this difference are not fully understood, but one
possible reason may be that circles associated with the migra-
tion of lithium ions exactly superimpose on the later semicircle
associated with intercalation type reactions and characterized
by a charge transfer resistance Rcr in the high to medium
frequency region. The phenomenon may indicate that the SEI
layer resistance of SnO,-C is so low that the relevant semicircle
is entirely covered by that of Rcr. Meanwhile, the “disappearing
SEI layer resistance” reflects the fast lithium ion migration in
Sn0,-C, corresponding to the Nyquist plot of the SnO,-C half-
cell (Fig. S57).

The fitting resistances of each component in C//SnO,-C are
listed in Table 2. All values due to the ohmic resistance (Rs),
charge transfer resistance (Rcr), and the Warburg element (Ry)
are presented before and after long-term cycles. It is reasonable
that the Li-ion conductivity and diffusivity in both liquid and
solid phases decrease with long-term continuous charge-
discharge. The resistance Rg at the interception with the real
axis can be ascribed to the electrolyte, separator and contacts,
and correlates with the ohmic polarization of the capacitor.’® As

This journal is © The Royal Society of Chemistry 2014
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Sn0,-C.

Table 2 The fitting resistance of each component and the diffusion
coefficient of C//SnO,-C

Rsg/Ohm Ro/Ohm  Ryw/Ohm  Wi/s  Dpp/nm? st
Uncycled samples
C//Sn0,(40)-C 5.9 9.7 5.4 1.0 4
C//Sn0,(57)-C 5.8 5.4 4.0 035 1.9
C//Sn0,(75)-C 5.6 9.8 10.8 1.3 114
Samples after 2000 cycles
C//Sn0,(40)-C 4.4 7.2 24.6 2.07 3.0
C//Sn0,(57)-C 8.1 30.9 22.0 1.3 3.1
C//Sn0,(75)-C 9.8 9.1 281.4 20.6 0.2

seen in Fig. 7a, before cycling, the Rs of all samples is in
the range of 5.6-5.9 Ohms. Ry mainly represents the Li-ion
diffusion rate in a device. The Ry values of C//Sn0,(40)-C and
C//Sn0,(57)-C are 5.4 and 4.0 Ohms, respectively, which are
lower than that of C//Sn0,(75)-C (10.8 Ohms), suggesting that
these two C//SnO,-C materials have faster Li-ion diffusion than
C//Sn0,(75)-C. In general, the surfaces of an electrode can be
modified by the formation of the SEI membrane during the
charge-discharge process. Thus, the Ry value increases after
2000 cycles, as listed in Table 2. In addition, the vertical line in
the low frequency region reflects the capacitive behavior of TMC
and the SnO,-C hybrid.

The Nyquist plots after 2000 charge-discharge cycles are
collected in Fig. 7b. The Warburg slope lines depart from the
initial location in varying amounts. The deviation of the
Warburg lines reflects the structure stability of SnO,-C, which
plays an important role in the improvement of the capaci-
tance retention. Specifically, the Ry, values of C//Sn0,(40)-C
and C//Sn0,(57)-C are fitted as 24.6 and 22.0 Ohms respec-
tively, while that of C//Sn0,(75)-C unfortunately increases to
281.4 Ohms. The retention of the Ry value of C//Sn0,(40)-C

This journal is © The Royal Society of Chemistry 2014

and C//Sn0,(57)-C confirms the stability of the Sn0O,-C
hybrid. Their capacity retentions are almost identical and
much higher than that of C//SnO,(75)-C.

Besides Ry, the diffusion coefficient of Li* (Dy;) can further
confirm this explanation. The lithium ion flux in the solid
intercalation compound electrode of a conventional lithium-ion
battery may be reasonably described by Fick's first law of
diffusion.* Dy; of the LIC was calculated using the following
formula:*®

2
Dy =45 ®

where L is the average diffusion distance, that is the radius of
the SnO, nanoparticles (~2 nm) observed in the TEM image,
and Wr is the Warburg diffusion element listed in Table 2. As
seen in Table 2, the diffusion coefficients of the uncycled
samples and samples after 2000 cycles are listed. It can be
envisaged that the higher SnO, loading indicates the larger
accessible surfaces of SnO, nanoparticles considering the
electrodes with an identical weight. This might be the reason
that before cycling, the diffusion coefficient of Sn0O,(75)-C with
the highest SnO, loading is higher than that of the samples with
lower SnO, loadings. While, after 2000 cycles, the volume
expansion and pulverization of SnO, in sample SnO,(75)-C
would cause the loose contact between the particles, thus
lowering the diffusion coefficient.

The calculated Dy ;. of both C//Sn0,(40)-C and C//Sn0,(57)-C
remains constant at 3 nm* s~', while that of C//Sn0,(75)-C
decreases from 11.4 nm> s~ to 0.2 nm® s~ . These data clearly
demonstrate that the Sn0,(40)-C and SnO,(57)-C hybrids
maintain open and fast ionic diffusion after thousands of
cycles. The LIC with the best SnO, loading ratio (57 wt%) has a
high capacitance and cycle stability derived from the higher
loading ratio and better integrity of the SnO,-C hybrid. The
capacity of the anode commonly increases with increasing SnO,
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loading, as well as the capacitance of the whole LIC. Meanwhile
the elastic amorphous carbon can buffer SnO, nanoparticles
from expansion during the charge-discharge process, which
will improve the cycle life.

Energy density and power density have been widely used to
evaluate the performance of electrochemical devices. Fig. 8
compares the power and energy densities of C//SnO,-C reported
in this work to the values reported for non-aqueous lithium ion
capacitors. All data were based on the mass of the active
material on both anode and cathode sides. The Ragone plots
show that C//SnO,(57)-C has a maximum energy density of
110 W h kg™" and can achieve a maximum power density of
2960 W kg~ '. The energy density of C//Sn0,(57)-C is consider-
ably higher than those of C//Sn0,(40)-C and C//SnO,(75)-C. For
instance, C//Sn0,(57)-C can achieve a remarkable energy
density of 62 W h kg™ " at a current density of 1 A g~*, which is
over twice that of the C//Sn0,(75)-C capacitor (28 W h kg™ ).
Significantly, the energy densities of C//SnO,-C are also
substantially higher than or at least comparable to those of
recently reported non-aqueous lithium ion capacitors.'®**¢0-6*
For an assembled supercapacitor device (comprising a current
collector, active material, binder and separator), the specific
volumetric energy was calculated to be 124-152 mW h cm ™ for
the three kinds of SnO,-C hybrid based LICs. The value is two
orders of magnitude higher than that (<1 mW h cm™?) of the
typical activated carbon supercapacitors.®>*® Apart from that,
the energy density of the lithium ion capacitor is comparable to
that of lithium ion batteries, and the power density also
approaches that of symmetric supercapacitors, which makes it
possible to bridge the performance gap between LIBs and
supercapacitors.

4. Summary

We investigated the electrochemical performance of several
porous carbons (TMC, HPC and YP47) as the cathode of LICs.
The results reveal that tubular mesoporous carbon with a high
surface area and pore volume exhibits the largest capacitance
and good rate capability. Based on the tubular mesoporous
carbon as a cathode and a SnO,-C hybrid as an anode, a new
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non-aqueous LIC was fabricated. The capacitance of the whole
LIC increases with increasing SnO, loading ratio in the anode.
By investigating LICs with different SnO, contents in the anode,
it has been shown that the LIC with a moderate SnO, content
(57%) in the anode matrix gives the highest energy density
(110 W h kg™ ') and capacitance retention (80% at 2000 cycles).
The outstanding performance of the LIC is substantially
related to the structure of the SnO,-C hybrid. The TMC matrix
in SnO,-C provides channels for ionic diffusion in the center of
the tubes and highly conductive surrounding material for
electron transport. It also prevents the SnO, nanoparticles from
agglomeration. However, an excessive loading ratio may cause a
blockage in the channels of the TMC matrix. Only the optimum
loading ratio can both keep the SnO, nanoparticles stable in
long-term cycles and the fast charge-discharge process by
offering an adequate pathway for ionic diffusion. More work is
needed to clearly understand the ionic diffusion between the
anode and cathode materials.
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