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Abstract

A series of carbon-coated layered structured Li[Cr,Li(1/3-y3) Ti2/3—213)]O2 samples (0.3 < x < 0.45) were prepared. Among them, the sample of
x=0.4 shows the highest initial reversible capacity of 207 mAh g~' at 30mA g~' in 2.5-4.4 V. The reversible Li-storage capacities for the samples
with high x values (x=0.4, 0.45) faded slightly while the samples with low Cr content (x=0.3 and 0.35) showed a capacity increase upon cycling.
It was found that the relative intensity ratio of (00 3) peak to (104) peak (Ro3)=1003/I104) is influenced strongly by x value in as-prepared
samples. The samples of x=0.35 and 0.4 turn to a similar structure with low R(y¢3) value during cycling. These phenomena indicate that the cation
mixing of Cr** in the lithium layer occurs in as-prepared samples and became more significant upon delithiation and lithiation. This is supposed
being a necessary process for Cr-based layered structure materials possessing electrochemical reactivates. The occurrence of the cation mixing is
beneficial from the local lattice distortion caused by the short-range ordering between Ti and Li. This is supposed to be helpful for the migration
of Cr® and Cr’** at tetrahedral and octahedral sites. Different from the case of LiNiO,, the cation mixing is essential for the transport and storage

of lithium in the carbon-coated Li-Cr—Ti—O layered compounds.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cr-based layered structured cathode materials [1-8] attract
much attention due to their unique one step three-electron
charge transfer feature. A reversible capacity of 173 mAhg~!
(2.54.4V, 7.5mA g_1 rate) was obtained in layered struc-
tured Li[Lip2Cr94Mngp4]O, compound [4], while optimized
Li-Cr-Ti-O compound delivered a discharge capacity of
203mAhg~! at 60°C were also reported [7,8]. In order to
overcome their shortage of low rate capability performance at
room temperature, we found recently that Li[Lig »Crg4Tig4]O>
particles could be coated with a layer of carbon. Layered struc-
ture was maintained and no impurities were introduced [9]. As
similar as in the case of insulating LiFePO4 [10-12], it is demon-
strated that the carbon coating on Li[Lig »Crg 4Tip4]O> is a very
effective way to improve its capacity and the rate performance.
The carbon-coated Li[Lig»Crg.4Tig.4]O2 shows much enhanced
capacity (207mAhg~!, 0.2 C, 2.5-4.4 V) and rate performance
(154 mAh g_l, 1C, 2.5-4.4V) due to the improvement of elec-
tronic contact.
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The structure evolution of Li—-Cr—-Mn-O layered compounds
in the charge/discharge process was intensively investigated by
XRD and XAS [4-6]. It was shown the Cr migration during
cycling. A similar result in Li—-Cr-Ti—O compounds was also
reported by Zhang and Noguchi [7,8].

However, the effects of Ti and Li in the transition
metal/lithium layer on the capacity and the relationships among
composition, structure and electrochemical behaviors are yet to
be understood.

In this paper, carbon-coated Li[CryLi(1/3—x3)Ti(2/3-2x/3)102
samples withx=0.3, 0.35, 0.4, 0.45 were compared. The unusual
electrochemical behaviors of the Cr-based layered compounds
are revealed and explained primarily based on the structure infor-
mation.

2. Experimental

Li[CI‘XLi(l/3_x/3)Ti(2/3_2x/3)]02 (x=0.3, 0.35, 04, 045)
compounds were prepared by a “sol-gel” method. Stoi-
chiometric amounts of CH3CO,Li-2H,O, Cr(NO3)3-9H,0
and Ti(OC4Ho)4 (99.0%, Beijing reagent) were dissolved in
CH3CH,OH in a beaker. NH3-H,O was dropped into the solu-
tion to form a gel after a few hours. Then the beaker was heated
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in an oven at 80 °C to remove the solvent. The precipitate was
ground for 30 min and then heated in a tube furnace at 800 °C
for 24 h under flowing argon, and cooled in the furnace to get the
final products. Carbon-coated Li[CryLi(1/3—x3)Ti(2/3—2x3)102
samples were prepared by mechanically mixing the pristine
Li—Cr-Ti-O powder with sugar at a weight percent of 1:1 for 2 h
and then pyrolyzing in a tube-furnace at 600 °C for 10 h under
flowing argon. The carbon content in the final composite was
estimated to be 15 wt% from the amount of metals in the samples
obtained by ICP analysis. The nominal and the obtained com-
positions of the pristine compounds were given as following.

x=03: Li; 233Cr0.3Tio46702  Li1.226Cro.304Tio.47002
x=0.35: Li;217Cro35Ti0.43302  Li1.208Cr0.355Ti.43702
x=04: Li; 2Crg.4Tip.402 Liy.189Cro.407Ti0.40402
x=0.45: Lij183Cro45Tip.36702 Li1.176Cr0.455Tio.36902

X-ray diffraction (XRD) was performed on a Panalytical
X’pert Pro MPD diffractometer using Cu Ka radiation. Cell
parameters were obtained using dicvol91 software [13]. The X-
ray photoelectron spectroscopy analysis was performed on a PHI
Quantera SXM using an Al X-ray source and the binding ener-
gies (BE) were determined with reference to the Cls signal.
The cathode was composed of the composite (83 wt%), car-
bon black (10 wt%) and polyvinylidene fluoride (PVDF) binder
(7 wt%). Aluminum foil was used as the current collector. A
lithium metal foil was used as the counter electrode and reference
electrode. The electrolyte was 1 M LiPFg in ethylene carbonate
and dimethyl carbonate solution (EC + DMC, 1:1 in volume).
All the cells were cycled with a Land battery test instrument at
room temperature. For the ex siru XRD experiments, titanium
foil was used as the current collector and the cells were charged
and discharged at 150 mA g~! current density to the preset volt-
age. For the ex siru XPS experiments, the cells were charged
and discharged at 30mA g~! current density to the preset volt-
ages. The cathodes were taken out in the glove box and rinsed
with anhydrous dimethyl carbonate then stored in a dry sealed
container until XRD or XPS measurements.

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of the carbon-
coated Li[CryLi(1/3—x3)Ti2/3—2x3)]02 samples (x=0.3, 0.35,
0.4, 0.45). All the diffraction peaks of the samples were indexed
on the rhombohedra a-NaFeO; structure (R-3m space group,
No. 166). No peaks of carbon can be observed, implying that
the coating-layer of carbon is amorphous. The splitting of (0 1 8)
and (1 10) can be distinguished in the samples with x=0.3, 0.35
and 0.45 except x=0.4. The later shows a much broaden pat-
tern than the others, indicating a small grain size. Therefore, the
(018) and (1 10) peak may be overlapped in this sample.

Li[CrxLi13—x3)Ti(2/3—2x/3)102 consists of lithium layer (3b
sites) alternating with transition metal/lithium layer (3a sites),
separated by oxygen layer (6c sites). [CrLi(1/3—3)Ti(2/3-2x/3)]
represents the transition metal/lithium layer. In Fig. 1, a peak
appears in the region of 21°, marked by the arrows, which could
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Fig. 1. XRD patterns of the carbon-coated Li[CryLi(1/3—y3)Ti(2/3—21/3)]102: (a)
x=0.3, (b) x=0.35, (c) x=0.4, and (d) x=0.45.

be regarded as short-range ordering between Ti and Li. Simi-
lar results can be observed in the Li—~Cr—Mn-O materials [3,4].
Experiment analysis showed that there are local domains of Cr-
and Mn-rich regions in the transition metal/lithium layer of the
material and the lithium ions appear to be clustered preferen-
tially around Mn. Local short-range ordering between Ti and
Li or Mn and Li can be understood in terms of Pauling’s rule
of electroneutrality [4,14]. In layered phases, only LiM3*0,
and Li[M™*,3M**,/3]0, stoichiometries can preserve local elec-
troneutrality around oxygen. In Fig. 1, it can be observed that
the peak intensity around 21° decreases along with the increased
Cr content in the samples. This can be explained by assuming
that the extent of the local short-range ordering between Ti and
Li decreases when the content of Cr increases in the transition
metal/lithium layer.

As the cell parameters with error bars of the samples illus-
trated in Fig. 2, there is no evident change in a axis or c axis. Itis
noted that the strongest peak in the XRD patterns of the samples
of x=0.4 and 0.45 is (1 04) while the strongest peak is (003)
in those of the low Cr content samples, which will be discussed
later.

Fig. 3 shows the charge—discharge voltage curves of
the carbon-coated Li[CriLi13—x3)Ti(23-2x3)102 at 0.2C
(30mA g~ ! current density) between 2.5 and 4.4 V. The voltage
profiles for all the samples are very similar. A large irreversible
capacity in the first cycle was observed in all samples, similar
to the results of Li-Cr—Mn—O materials [1-6]. It is noted that
the discharge capacity at the second cycle for the low Cr con-
tent samples increased relative to that of the first cycle, while the
capacity of the high Cr content samples decreased upon cycling.
As shown in Table 1, the sample of x =0.4 delivered the highest
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Fig. 3. Charge—discharge voltage curves of the carbon-coated Li[CryLi(13-x3)
Ti2/3-2x/3)]02 at 30 mA g_] current density in the range of 2.5 and 4.4 V: (a)—(d)

as in Fig. 1.

Table 1

Charge, discharge and irreversible capacities for all the samples for the first cycle

between 2.5 and 4.4V at the rate of 30mA g~! current

Sample Charge capacity Discharge capacity Irreversible capacity
(mAhg™!) (mAhg™") (mAhg™h

X=0.3 213 108 105

X=035 292 148 144

X=04 296 207 89

X=045 236 134 102
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Fig. 4. XPS patterns for Cr in pristine Li; 2Crg 4Tip4O;: (a) fresh material, (b)
charged to 4.4V (30mA g_' current density), and (c) charged to 4.4V then
discharged to 2.5V (30mA g~ ! current density).

charge and discharge capacities of 296 and 207 mAh g~! for the
first cycle, respectively.

In order to investigate the charge transfer mechanism in
the charge—discharge process, the XPS analysis was per-
formed on the Li; »Crg 4Tig 40> without carbon coating to avoid
the interference from carbon. The XPS patterns for pristine
Lij 2Crp4Tip.40, are shown in Figs. 4(a) and 5(a). Cr and Ti
are in the valence state of +3 and +4. The XPS results of the
charged and discharged state are shown in Figs. 4(b and c) and
5(b and c). It can be seen clearly that the Cr(IIl) ions are oxi-
dized into Cr(VI) ions during delithiation and vice verse during
lithiation while Ti ions do not participate in the charge transfer
in the full charge—discharge process.

It is known that Cr** cation has high stabilization energy
for the octahedral sites and Cr® cation prefers to stay in the
tetrahedral sites. In the first charge process, Cr>* cations are
oxidized into Cr®* cations and move to the tetrahedral sites
out of the transition metal/lithium layer, accompanying with
the shrink of the ¢ axis. Such a motion is not possible in the
case of LiCrO, due to the structure limitation. However, the
short-range ordering between Ti and Li in Cr** layer occurs in
Li[CrxLi(1/3_x/3)Ti(2/3_2x/3)]02 and leads to a local lattice dis-
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Fig. 5. XPS patterns for Ti in pristine Li; 2Crp4Tio402: (a)—(c) as in Fig. 4.
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tortion. This is supposed to be beneficial for the Cr migration. In
the lithium re-intercalation process, Cr%* is converted to Cr3*,
while it may move to the octahedral sites either in the transition
metal/lithium layer or in the lithium layer. The occupation of
Cr’* at the sites in the lithium layer is an irreversible process
and results in the large irreversible capacity at first cycle. This
was evidenced by the fact that 19 3)//(1 04) of Lij 2Crg 4Tip 402
is decreased after the first lithium extraction in our previous
result [9] and in new result shown later. According to Fig. 3,
Lij 2Crp4Tig40, seems to be an optimized composition with
equal content of Ti and Cr. When the content of Cr is too high,
less local lattice distortion hinders the migration of Cr out of the
layer of transition metal/lithium layer, which should be also the
reason of inactivity of LiCrO, as mentioned above.

The cycling performance of the carbon-coated Li[Cr,
Lia3—x3)Ti3—2x3)102 at different current densities between
2.5 and 4.4V is illustrated in Fig. 6. It can be observed that the
cyclic performance is quite good for all the samples and at all
the rates, while the sample of x=0.4 appear to have better rate
performance. It hints also that local lattice distortion resulted by
short range Ti-Li ordering is also beneficial for kinetics. Fur-
thermore, it is obvious that for the low Cr content samples, there
is a distinct capacity increase during the first 20 cycles before it
reaches a stable value. In addition, the higher the rate is, the more
distinct the capacity increase is. It implies that a slow activation
process exist upon cycling. At the same rate for the samples of
x=0.35 and 0.4, in spite of the initial capacity difference, the
discharge capacities are almost the same after 50 cycles. The
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Fig. 6. The cycling performance of the carbon-coated Li[CriLi(13-x3)
Ti(2/3-2x/3)102 at different current densities in the range of 2.5 and 4.4 V: (a)—(d)
as in Fig. 1; (0) 150mAhg~", (O) 75mAg~!, (A) 30mA g~ .
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Fig. 7. The cycling performance of the carbon-coated Li[CryLi(13-x3)
Ti(2/3-2/3)]02 at different current densities in the range of 2.0 and 4.8 V: (a)—~(d)
as in Fig. 1; (0) 300mAh g~!, (0O) 150mA g~ !, (A) 75mA g~

samples of x=0.35 and 0.4 showed the discharge capacities of
174 and 170mAh g—! at 0.2 C (30 mA g~! current density) and
those of 142mAhg~! and 139mAhg~! at 1C (150mA g~!
current density) at the 50th cycle, respectively.

Itis found that in a wide voltage range between 2.0 and 4.8 V,
the cyclic performance is still good for all the samples and at
all the rates, as shown in Fig. 7. Activation process for the low
Cr content samples can also be seen. The rate performance of
the sample of x=0.35 is not as good as that of the sample of
x=0.4, however, it shows a perfect cyclic performance at 0.5 C
(75 mA g~ ! current density) and delivers a discharge capacity of
201 mAh g~! at the 50th cycle. It may be imagined that certain
level of local distortion in the transition metal/lithium layer is
beneficial for kinetics.

As shown in Fig. 8, ex situ XRD study was performed
to investigate the structure change of the carbon-coated
Li[CryLi(1/3—x3) Ti(2/3-2x3)102 materials during cycling. It can
be observed that for both the samples of x=0.35 and 0.4 the lay-
ered structure is maintained although there are obvious changes
occurred after 30 cycles such as peak width and (00 3) peak
intensity. It is noted that the diffraction patterns of the samples
of x=0.35 and 0.4 are almost the same after 30 cycles although
they are obviously different before cycling.

In the layered structured compounds [15-18], Ro3)=
I003)/1(104) can be used as an indicator for cation mixing. The
lower value means a high degree of cation mixing, due to the
occupancy of the transition metal in the lithium layer. In our
case, R 03) of the samples of x=0.35 and 0.4 is 1.04 and 0.36
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Fig. 8. XRD patterns of the carbon-coated Li[CryLi(1/3-x3)Ti(2/3-2:/3)102: (a)
x=0.35, as prepared, (b) x=0.35, after 30 cycles at 150 mA g~! current density
in the range of 2.0-4.8 V, (c) x=0.4, as prepared, and (d) x=0.4, after 30 cycles
at 150mA g~ current density in the range of 2.0-4.8 V.

before cycling while that changes to 0.17 and 0.05 accordingly
after 30 cycles. R(o03) decreases for both the samples, however,
the change in that of the sample of x =0.35 is much more evident,
indicating more significant structural changes.

As we discussed above, local lattice distortion seems essen-
tial for Cro* migration and Li-extraction, which is related to
the existence of Ti-Li short-range ordering in the transition
metal/lithium layer. It can be seen from Fig. 1, Lij 2Crp 4Tig.402
shows the more significant mixing occupation in as-prepared
sample. This may explain that it shows the highest electro-
chemical reactivity and its activation process is less evident in
Li[Cr,Li(13-x3)Ti(2/3-2x3)102.

During cycling, the crystalline structures of the samples of
x=0.35 and 0.4 turn to a more “similar” and “steady” one in
which R(o3) decreases further for both the samples. This indi-
cates further that the cation mixing structure is beneficial for the
transport and storage of lithium for Cr-based layered structure
compounds, which is much different from the case of LiNiO;.

4. Conclusions

Li[Crg 4Lip2Tig. 4]0 shows the highest charge and discharge
capacities in the series of Li [CrxLi( 1/3—=x/3) Ti(2/3 —2x/3) 10,. It

delivered a discharge capacity of 207 mAh g~! at 0.2 C between
2.5and 4.4 V for the first cycle. The reversible Li-storage capac-
ities for the samples with high x values (x=0.4, 0.45) faded
slightly while the samples with low Cr content (x=0.3 and
0.35) showed a capacity increase upon cycling. XRD investiga-
tion revealed that the sample of Li[Crg 4Lip2Tig4]O7 shows the
most significant cation mixing. During cycling, the crystalline
structures of the samples of x=0.35 and 0.4 as investigated turn
to low R(003) value. These phenomena indicates that the cation
mixing is an important approach to improve the capacity and
rate capability of Cr-based layered structured cathode materi-
als. The content of cation mixing is related to the local lattice
distortion caused by the short-range ordering between Ti and Li
in the transition metal/lithium layer, which is supposed to help
the Cr® migration upon delithiation. The investigation on fine
structural variation is needed for further clarification on this rela-
tionship between structural feature and electrochemical perfor-
mances.
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