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Abstract: Rechargeable lithium-ion batteries

(LIBs) have become the dominant power source for portable

devices. In search for new and better electrode materials for LIBs for future stationary storage, electronic devices

and equipments, people have recently started to look over crystalline ion-exchange materials with open channels

that facilitate fast lithium ion transportation through the porous network. Herein, the use of Li-exchanged

titanosilicate Na-JDF-L1 with a layered structure as anode materials for LIBs was reported. It shows a discharge

capacity of 364 mAh g™ after the 200th cycle with ca. 100% Coulombic efficiency and negligible loss of capacity,

comparable with the lithium titanate anode. Furthermore, the incorporation of TiO, in Li(Na)-JDF-L1 improves the

electrochemical performance of the electrode with better initial Coulombic efficiency and higher rate performance.
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0 Introduction

Nowadays,  rechargeable lithium-ion batteries
(LIBs) have become the dominant power source for
portable devices such as wireless phones, digital
cameras and laptops, because of their superior energy
density!. They are also the technology of choice for

future hybrid electric vehicles, which could address

Wk B 1.2015-08-21, Wt ki H 41.2015-10-13,

the reduction of CO, emissions and air pollutions
arising from transportation. To be used in electric
vehicles or meet the further demands in portable
devices, however, new rechargeable LIBs with much
higher energy density, better recyclability and safety,
and low cost are required. This calls for the
developments of new high capacity and stable cathode

and anode electrode materials for LIBs. In regard to
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the anode materials for LIBs, many kinds of materials
have been researched, such as alloy systems, carbon
or graphite”, titanate Li,Tis0,, (LTO)™ and so on. The
carbon, graphite and carbon nanotubes have been put
to use as the major commercial anode materials in
LIBs, but it is not nearly enough to meet the
requirement for future stationary storage, electric
devices and equipment because of safety hazards "
and high processing cost®”. On the other hand, titanate-
based materials have emerged as an attractive choice
as anode materials. The three-dimensional spinel-
structured LTO produce no volume change during the
insertion and extraction of lithium ions®. However, the
(1.5 V vs Li/i*), the low
(175 mAh -g ™) and the poor electronic

high operating voltage
capacity
conductivity” are the shortcomings for LTO.

In search for better electrode materials for LIBs
for future stationary storage, electric devices and
equipment, people recently started to look over
crystalline anionic frameworks with open channels
that facilitate fast lithium ion transportation through
the porous network!"”. Exemplary materials include
LiFePO,, LiMPOJF (M =V, Fe, Ti, Mn), LiFeSO,F,
Li,FeSiO,, etc.™ which have been shown to be
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promising cathode materials for LIBs. The use of
anionic framework materials as an anode is rare,
though the anionic framework titanate Li,Tis0,, has
been known as a promising candidate for anodic elect-
rodes for LIBs**. As far back as 2002, Patoux and
Masquelier'™ have investigated the lithium intercalation
in Li,TiSi0,. Although there were no significant
capacities in this nonporous titanosilicate phase, this
study provided a new anode material from which to
choose. Later, Luca and co-workers studied the lithium
intercalation of a microporous titanosilicate known as
sitinakite with the formula Na,T1,0,810,-2.76H,0 ™,
which consists of titania-like chains connected by SiO,
tetrahedra. The material showed some useful lithium
intercalation capacity of ca. 200 mAh g™ after 20th
cycle, which compares favorably with those reported
for rutile and Li,Tis0,,. However, the material has
poorer cycling properties and a smaller voltage plateau,
which limit its application as a LIB anode material.
JDF-L1™ (also called AM-1")) is a non-centro-
symmetric layered titanosilicate of composition
Na,Ti,S150,, -4H,0. It consists of anionic layers of
small cages made up of eight SiO, tetrahedra and one

square-pyramidal TiOs polyhedron  (Fig.1a). The

©

aale)

0 200 400 600 800 1000

Fig.1 (a) View of the layered Na-JDF-L1 structure; (b) PXRD of as-synthesized (bottom), partly (middle) and fully (top)
Li*-exchanged JDF-L1; (c) XPS spectra of Li(Na)-JDF-L1, Atomic Concentration of Li(Na)-JDF-L1: Lils 4.74,
Cls 22.25, Ols 51.29, Nals 1.59, Si2p 11.29, Ti2p 8.85; Atomic Concentration of As-prepared JDF-L1: Cls
21.73, Ols 48.33, Nals 10.56, Si2p 11.74, Ti2p 7.63; (d) SEM image of Na-JDF-L1; (e) SEM and (f) TEM

images of Li(Na)-JDF-L1
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adjacent layers are separated by a layer of water
molecules sandwiched between two layers of Na* ions.
The charge-balancing Na* ions can be replaced by
inorganic and organic pillars such as monoprotonated
nonylamine!' which gives the possibility of lithium
intercalation in LIBs. Therefore, we prepared the
titanosilicate electrode by using Li-exchanged Na-
JDF-L1 and tested its performance as an anode for
LIBs. It showed much better discharge capacities with
capacity retention than sitinakite, comparable to those
of the LTO anode.

1 Experimental

1.1 Materials preparation

Na-JDF-L1 was made according to the modified
literature!™: 1.75 g of tetrabutyl orthotitanate (TBOT,
98%) and 6 mL of aqueous hydrogen peroxide (30%)
were dropped into 12 mL of aqueous ammonia (25%)
to give a clear yellow solution. 0.8 g of tetrabutylam-
monium bromide (TBABr), 0.55 g of sodium hydroxide
and 1.2 g of fumed silica (99%) were then mixed with
the above solution. After stirring for 3~4 h, the mixture
with a molar ratio of ng g, Nng o Npprg, Mo, Mo,
Ny =1.0:0.25:0.48:0.12:2.5:8.0:36 was heated in a
Teflon-liner autoclave at 180 “C for 10 days. The

products were recovered by filtration, washed with
distilled water and dried at 80 °C. The TiO,-Na-JDF-
L1 was prepared by using the same procedure as

above except that more TBOT (ng, ‘ny0,=1:0.375) were

used. The Li*-ion exchange reaction was carried out in
a flask with 0.5 g of Na-JDF-L1 in 150 mL of 0.6 mol
-L7! LiNO; solution, which was stirred in 100 °C for
24 h. The ion-exchange process was repeated for several
times, and the products were recovered by filtration,
washed with distilled water and dried at 80 °C.
1.2 Materials characterization

Powder X-ray diffraction (PXRD) patterns were
collected in the 260=5°~50° range with a scan speed of
0.1°+s™" on a Bruker D8 Advance instrument using a
Cu Ka radiation (A=0.154 18 nm ) at RT. SEM images
were obtained on a Hitachi S-4800 field-emission
scanning electron microscope at an acceleration

voltage of 5.0 kV. TEM images were obtained by

JEM-200CX transmission electron microscope. XPS
spectra were obtained on a PHI 5000 Versaprobe.
1.3 Electrochemical measurements

The electrochemical —performances of the
materials were carried out in coin type cells. The as-
synthesized active materials (Li-JDF-L1, Na-JDF-L1,
Li(Na)-JDF-L1, TiO,-Li(Na)-LL1) were prepared as
working electrodes (80%, w/w). They were well mixed

with acetylene blacks (10%, w/w) and grounded in an

agate mortar, and then blended into N-methyl
pyrrolidinone  (NMP) and Poly (vinylidene fluoride)
(PVDF) (10%, w/w) at RT. The Cu foils as electrode

current collectors were coated with the above slurries
and dried at 120 °C in vacuum for 24 h. The electrode
was then assembled into a coin-type (CR2032) cell
with pure lithium foil (99.9%, Aldrich) as the counter
electrode, polypropylene membrane (Celgard 2325) as
the separator and 1 mol - ™! LiPF; in Ethylene carbonate
(EC)/Dimethyl carbonate (DEC)/Ethyl Methyl Carbon-
ate (EMC) (1:1:1, V:V:V) as the electrolyte in an
argon-filled glove box (MBraun Co.). Cyclic voltam-
metry was carried out on a CHI660D electrochemical
workstation at a 0.2 mV+s™ scan rate. The charge and
discharge cycles were tested galvanostatically on a
(CT3008W, Neware
battery testing system) with a voltage window between
0.01 and 3.0 V (vs Li/Li*) at RT.

bipolar system cell hardware

2 Results and discussion

The obtained off-white solid Na-JDF-L1 was
subject to lithium ion exchange. As shown in Fig.1b,
PXRD studies showed that upon treatment, the
intensities of the (001) peak of Na-JDF-L1 diminished
higher
appeared. The latter can be attributed to those of Li*-

significantly, and new peaks at angles
exchanged JDF-L1, which has smaller interlayer
spacings because of the smaller radii of Li*. The
interlamellar spacing corresponding to the (001) plane
peak decreased from 1.07 nm in the as-synthesized
Na-JDF-L1 to 0.92 nm in the Li*-exchanged JDF-L1.
X-ray photoelectron spectroscopy (XPS) measurements

(Fig.1c) shows the existence of Li together with the

residue of Na, indicating the incomplete ion-exchange
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of Na* (denoted as Li(Na)-JDF-L1). Further treatment
can lead to complete replacement of Na* by Li*
(denoted as Li-JDF-L1), as shown by the disappeara-
(001) diffraction peak of Na-JDF-L1. The
obtained Li(Na)-JDF-L1 and Li-JDF-L1 samples shows

weaker and broader diffraction peaks compared to the

nce of the

as-synthesized one, indicating that ion exchange led to
an exfoliation and produced a wide distribution of the
interlamellar spacings. There are several PXRD peaks
at high angles, e.g. 260=24.14° and 27.04°, remained
unchanged at similar positions after ion exchange.
They correspond to the crystallographic planes (020)
and  (120), respectively, and their positions are
independent of the basal spacing. The presence of
these peaks

implies that the integrity of the

titanosilicate layer is intact. The exfoliation is
apparent from the SEM micrographs (Fig.1d~e), which
show the flakes fallen off the large agglomerates of
Na-JDF-L1 crystals during ion exchange. TEM image
(Fig.1f) shows wrinkle sheets with irregular intra-sheet
distances as results of delamination.

The electrochemical performance of the ion-
exchanged JDF-L1 was tested in the half cell in a
CR2032 coin-type LIB. Fig.2a shows the first three
(CV) profiles for
partly ion-exchanged Li(Na)-JDF-L1 at a scan rate of
0.2 mV -s™ and a potential range of 0.01 ~3.0 V.

There are three peaks at approximately 1.6, 1.1 and

cycles of the cyclic voltammetry

0.5 V, respectively, in the cathodic scan of the first
cycle. The anode branch from 0.01~1.0 V is smooth
with a sharp slope, followed by an oxidation peak at
ca. 1.1 V. In the subsequent 2nd and 3rd cycles, the
cathode peaks at 1.6 and 0.5 V disappeared and the
peak at 1.1 V shifted to ca. 0.9 V. In the meanwhile,
the peak at 1.1 V in the anodic scan remained. These
indicate that the former two peaks at 1.6 and 0.5 V
correspond to non-reversible reactions, likely due to
the reduction of PFyrelated species in the presence of
moisture!” and the formation of a solid electrolyte
interphase (SEI) layer!",
1.1 ~0.9 V in the cathodic scan of the first three

respectively. The peaks at

cycles and the peaks centered at 1.1 V in the anodic

scan can be related to the lithiation/delithiation of

JDF-L1, which is consistent with those observed in
stinknite!".

Fig.2b shows the charge/discharge curves of the
Li(Na)-JDF-L1 electrode cycled at a current density of
100 mA -g™. The initial galvanostatic discharge curve
drops sharply from 3.0 to 0.5 V and forms a plateau
at 0.15~0.12 V. The first discharge capacity is 1 286
mAh g with a reversible charge capacity of 254
mAh g7, In the following discharge/charge process,
the voltage curves display a similar profile and the
electrochemical performance of Li(Na)-JDF-L1 elect-

rode becomes stable. The discharge capacity for the
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Fig.2 (a) First three CV profiles of Li(Na)-JDF-L1;
(b) Charge-discharge curves of the Li(Na)-JDF-L1
electrode; (c) Capacity retention of the Li(Na)-JDF-
L1 electrode; (d) Rate capacity of the JDF-L1

electrodes at various current densities
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2nd, 50th and 200th cycles is 321, 317 and 368
mAh-g™, respectively. The irreversible capacity in the
initial discharge/charge process may be attributed to
the formation of solid electrolyte interface (SEI) film"
on the surface of Li(Na)-JDF-L1, and irreversible
reactions between the electrode and electrolyte, e.g.
the generation of lithium salt and some of Li remained
in the electrolyte™. This corroborates with the CV
measurements.

Fig.2¢
Coulombic efficiency cycled at a current density of
100 mA - g7, Tt shows that the Li(Na)-JDF-L1 electrode
exhibited a good cycling performance. Despite Li(Na)-
JDF-L1 showing a low Coulombic efficiency of ~20%

in the first discharge/charge process, it recovered to

shows the curves of capacity and

ca. 100% in the second cycle, and maintained almost
100% in the subsequent cycles. The low Coulombic
efficiency may be attributed to the irreversible inter-
calation of Li ions and decomposition of the electr-
olyte to some extent; On the other hand, the electro-
chemical action of the small amount water in the
framework channels would need more current on the
initial discharge, also resulting in an irreversible

reduction reactions and a higher initial capacity .

Furthermore, the Li(Na)-JDF-L1 electrode exhibited
both a high discharge capacity and a high Coulombic
efficiency even after 200 cycles. The discharge
capacity of the electrode is 364 mAh-g™ at the 200th
cycle with ca. 100% efficiency, which is better than
the LTO anode™. Tt is noted that the capacities
became higher from the 70th to 200th discharge/
charge cycles in comparison with that of the 2nd
cycle, which may be resulted from the influence of the
SEI films®'. The good cycling performance of Li(Na)-
JDF-L1 anode may be attributed to the crystalline
anionic layer structure of JDF-L1, which limits the
possibility of volume change during the lithium
insertion/extraction. Ex situ PXRD studies of the
cycled Li(Na)-JDF-L1 electrodes show the remaining
layer structure (Fig.3), supporting this thesis. The rate
capacity of the Li(Na)-JDF-L1 electrode was evaluated
in the potential range of 0.01 ~3.0 V with the cell

each discharged/charged 10 times at a current density

of 10, 50, 100, 200, 500 and then 10 mA -g,
respectively. As shown in Fig.2d, the average discharge
capacity of the Li(Na)-JDF-L1 electrode is over 600
mAh-g™ at 10 mA-¢™, and decreased to ca. 449, 379,
217 and 140 mAh-g™ at a higher current density of
50, 100, 200, and 500 mA -g~', respectively. It then
recovered back to ca. 765 mAh -g™" at a rate of 10
mA -g . The results showed that Li (Na)-JDF-LI
displayed a stable cycling behaviour at different
current densities. This rate capability is, however,
inferior to that of the LTO anode™*®, which has much
better rate capacity retention at high current densities.
This could probably be attributed to the poor

electronic conductivity of the titanosilicate framework.

20/(°)

Fig.3 PXRD patterns of partly exchanged Li(Na)-JDF-L1,
and the recovered Li(Na)-JDF-L1 electrodes after
1st, 3rd, and 5th cycles

To improve the rate performance of the Li(Na)-
JDF-L1 electrode, the strategy of casting electronically
conductive layers onto the surface of Li(Na)-JDF-L1
was attempted. Such a strategy has been demonstrated
to be efficient for improving the rate capability of LTO
by shortening the transport lengths of both lithium

18]

ions and electrons®. The addition of more tetrabutyl

orthotitanate (1 g, ‘49, =1:0.375) into the synthesis
mixture resulted in Na-JDF-L1 mixed with amorphous
TiO, (Fig.3~4). XPS spectra (Fig.4) show the peaks at
457.6(Ti2psn) and 463.6 eV (Ti2p,,) owing to TiO,™.
As shown in Fig.2d, the presence of TiO, in Li(Na)-
JDF-L1 resulted in an improved rate performance.
The average capacities for TiO,-Li(Na)-JDF-L1 are
270 and 152 mAh -g™" at 200 and 500 mA -g ',
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Fig.4 SEM images of Na-JDF-L1 (a), TiO,-Na-JDF-L1 (b) 470 465 460 455 450
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and TiO,-Li(Na)-JDF-L1 (c)

respectively, which are higher than those of the Li(Na)
-JDF-L1 electrode without TiO, doping (i.e. 217 and
140 mAh-g™, respectively).

Furthermore, the TiO,-Li(Na)-JDF-L1 electrode
showed improved initial Coulombic efficiency of 85%
(67% for the Li (Na)-JDF-L1 electrode at 10 mA -g™).
It is noted that both the pristine Na-JDF-L1 and fully
exchanged Li-JDF-L1 showed poor electrochemical
performance. The stable discharge capacities for
pristine Na-JDF-L1 and fully exchanged Li-JDF-L1
are only ca. 140 and 100 mAh-g™" at 10 mA -g',
respectively. Furthermore, both lost lithium intercala-
tion ability at higher current densities. The poor
latter  two

electrochemical  performance of the

materials may be due to the Na* or Li* occupying the

Fig.5 (a) PXRD patterns of TiO,Na-JDF-L1 and TiO,-
Li(Na)-JDF-L1, compared with those of Li(Na)-
JDF-L1, anatase and rutile; (b) XPS spectra of
Ti0,-Li(Na)-JDF-L1; () High-resolution spectra
of Ti(In TiOs, E(Ti2psn)=457.6 eV, E(Ti2p,0)=
463.6 eV)
sites in the framework which are designed for electro-
chemically inserted Li, similar to those observed in
sitinakite!™. The partial exchange of Na* by Li* likely
opens up channels for Li* ion transportation between
the cathode and the anode, leading to good electro-
chemical performance in Li(Na)-JDF-L1.

3 Conclusions

We prepared a titanosilicate anode for lithium

ion battery by using a partly Li-exchanged Na-JDF-L1
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with an anionic layered structure. The electrode
showed a discharge capacity of 364 mAh-g™ after the
200th cycle with ca. 100% Coulombic efficiency and
negligible loss of capacity, which is better than the
LTO anode. It is postulated that the unique anionic
layered structure can adapt to the volume expansion
during cycling, leading to good recycle performance.
Furthermore, the incorporation of TiO, in Li(Na)-JDF-
L1 improves the electrochemical performance of the
electrode with better initial Coulombic efficiency and
higher rate performance. The facile preparation, low
cost, and the high reversible capacity with excellent
recyclability of JDF-L1 suggest that titanosilicates
with an anionic layered or framework structure may be

a class of anode candidates for high-performance LIBs.
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