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Al-Doped LiCrTiO4 anode materials are successfully synthesized by a conventional solid-state reaction. Their
structural and electrochemical properties are systematically investigated. With increasing the Al doping level
(x), the lattice parameters of LiAl,Cr;_,TiO4 get smaller. Meanwhile, asymmetric polarization was significantly
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of 123 mA h g™ at 1C for 100 cycles and 109 mA h g~ at 2C. More importantly, the Al-doped
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Introduction

Lithium-ion batteries (LIBs) have been extensively used in
portable electronic devices, and electric and electric hybrid
vehicles. Considering the profound and lasting influence on
human life, the safety and cycle life of LIBs are important, and
largely depend on the electrode materials used.'™* Graphite is
the most widely commercial anode material for LIBs, but suffers
from poor rate capability and serious safety issues related to
lithium dendritic growth especially at low temperature.**®
Therefore, replacing graphite by other alternative anode mate-
rials is urgently required.

Among various candidates, spinel Li,TisO;, is regarded as
one of promising anode materials. It possesses many advan-
tages over graphite. For example, Li,TisO;, has a stable and flat
operating voltage at 1.5 V, which can prevent the growth of
lithium dendrites to achieve safe and reliable high-power
LIBs.'**> Meanwhile, it is a zero-train insertion material,
which results in a brilliant cycling performance.”*** However,
its poor electronic conductivity, low Li-ion diffusion coefficient
and especially the phenomenon of battery bloating seriously
limit the applications at high rate and/or at high temperature.

More recently, LiCrTiO, has been comprehensively investi-
gated due to its similar characteristics to Li TisO4,.>” LiCrTiO,
also gives a similar potential at 1.5 V vs. Li/Li" and a small
volume change (less than 0.7%) during electrochemical cycling.
Compared with Li;TisO,,, LiCrTiO, has a much higher elec-
tronic conductivity of 4 x 107® S em™" and Li-ion diffusion
coefficient of 10~° ecm® s~ '. We can image that LiCrTiO, should
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with a very stable capacity of about 145 mA h g~* at 1C, and is promising as a high-performance anode.

be very promising as a high-rate and long-cycle anode for LIBs.
To date, many efforts have been devoted to improving the
electrochemical performance by using carbon coating, polymer
incorporation and novel microstructure design.>-*” As we know,
cationic doping is an effective method to enhance electro-
chemical performance of electrode materials in LIBs.***° For
example, the Al substitution can significantly increase the
reversible capacity and cycling stability of the LiNi;_,_,Co,
Mn, 0, system due to the stable crystal structure after Al doping.
Introduction of AI*" has been proven to be effective to prevent
the capacity fade.*->

In order to achieve better rate and cycle performance of
LiCrTiO4, we employ Al doping in LiCrTiO, and try to
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Fig. 1 (a) Rietveld refinement of XRD patterns of LiAlg ,Crg gTiO4, (b)

crystallographic arrangement of LiAlg ,Crq g TiO4, (c) lattice parameters
variation with Al doping amount.
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understand its role in electrochemical performance. Al-Doped
LiCrTiO, samples have been successfully synthesized by
a traditional solid-state reaction. The Al-doped LiCrTiO,
exhibits an excellent rate performance and capacity retention.
Comparing the electrochemical performances between Al-
doped and pristine LiCrTiO,, we find that a small amount of
Al doping can significantly improve rate capability and high-
temperature performance of LiCrTiO, anode.

Experimental

In a typical solid-state reaction, stoichiometric starting mate-
rials Li,CO3, TiO,, Al,0; and Cr,0O; were thoroughly mixed,
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Fig. 2 XRD patterns for the prepared LiAlCr;_,TiO4 (0 = x = 0.5)
samples.

Table 1 Lattice parameters obtained by refinement of LIALCr;_,TiO4
0=x=0.5

Sample x=0.1 x=0.2 x=0.3 x=04 x=0.5
a=bh=c/A 83181(3) 8.3195(1) 8.3298(1) 8.3534(2) 8.3405(1)
VIA® 575.53(7) 575.82(3) 577.96(5) 582.89(5) 580.19(2)
R, 11.34% 9.12% 10.26% 10.6% 12.47%
Ryp 8.34% 6.4% 7.36% 7.2% 8.54%

51/nm

Fig. 3 (a) Transmission electron microscopic image of LiAlg1Crgg-
TiOg4, (b) selected area electron diffraction (SAED) pattern of
LiAlo_lcro_gTiO4.
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ground in a mortar and pressed into pellets under a pressure of
20 MPa. Subsequently, the pellets were heated in a box furnace
at 850 °C for 16 h in air and cooled down to room temperature
naturally.

The phases of LiAl,Cr;_,TiO, were determined by X-ray
diffraction (XRD, PANalytical B.V., Holland) with Cu Ko

Fig.4 SEMimages of LiALCr;_,TiO4: (@) x=0.0, (b) x=0.1, (c) x=0.2,
(d)x=0.3,(e)x=04,(f)x =0.5.

Fig. 5 Elemental mapping for the particles of the LiAlg ,Crg gTiO4: (a)
SEM image, (b) AL, (c) Cr, (d) Ti.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Electrochemical properties of LIALCr,_,TiO4: (a) rate perfor-
mance at different current rate from 0.1C to 10C, (b) specific capacity
for 200 cycles at 150 mA h g~2.
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radiation of A = 1.5405 A. Rietveld refinement was carried out
using the GSAS suite of programs with the EXPGUI interface.
The morphology was observed by scanning electron microscopy
(SEM, Nova nanoSEM 450) under 10 KV accelerating voltage.
The high-resolution transmission electron microscopy (HR-
TEM) images and selected area electron diffraction (SAED)
patterns were recorded on a transmission electron microscope
(JEM-2100).

Electrochemical performances were tested on CR2032 coin
cells. The working electrodes were made from a slurry con-
taining 80 wt% active material, 10 wt% C-black and 10 wt%
polyvinylidene difluoride (PVDF) binder mixed in N-methyl
pyrrolidinone (NMP). The slurry was pasted onto a copper foil.
After being dried at 120 °C for 12 h in a vacuum oven, the foil
was roll pressed and punched into round disks with a diameter
of 8 mm. The loading of active material on each disk was
~1.2 mg cm 2. The counter electrode was lithium metal. The
electrolyte was 1 mol L' LiPFq in a mixed solvent of ethylene
carbonate and dimethyl carbonate (1 : 1 volume ratio). A thin
sheet of microporous polyethylene (Celgard 2400) served as
separator. The cells were assembled in an argon-filled glove
box. Cyclic voltammetry (CV) was measured by an electro-
chemical workstation (PARSTAT MC, Princeton Applied
Research, US) at a scan rate of 0.1 mV s~ " within a voltage range
of 1.0-2.5 V. Electrochemical impedance spectroscopy (EIS)
was also carried out on the PARSTAT MC with a potential
amplitude of 5 mV in a frequency range of 10° to 10~ Hz.
Charge/discharge measurement was performed on a battery
testing system (Land CT2001A, China) at 25 °C with various
rates (0.1-5C).
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Fig. 7 Galvanostatic charge and discharge curves of first cycle measured at several rates in the range of 1-2.5V for LiAl,Cr;_,TiO4: (a) x =0, (b) x
=01 ()x=02(d)x=03(e)x=04, (ffx=0.5.
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Results and discussion

Al-Doped LiCrTiO, can be readily synthesized via a conventional
solid-state reaction. The XRD patterns of LiAl,Cr; _,TiO,4 (x = 0-
0.5) are shown in Fig. 2. The diffraction peaks are indexed to the
cubic spinel phase [space group 227, JCPDS no. 47-0139]. At
a low-level Al doping, the difference in XRD patterns is not
obvious. With increasing x, the diffractions slightly shift to high
angles, demonstrating that Al substitution happens in the
crystal lattice. Fig. 1a and c show the Rietveld refinement and
the obtained lattice parameters, respectively. Table 1 lists the
results of the refinements for LiAl,Cr, ,TiO, by assuming that
Al ions are located at Ti sites. The best refinement model is
based on F3m space group. With increasing x, lattice parame-
ters a, b and ¢ shrink while the cell volume becomes smaller.
Since the ionic radius of AlI** is smaller than that of Cr**, it is
reasonable that the lattice parameters enlarged with increasing
x. Corresponding to the Rietveld refinements in Table 1, Fig. 1b
shows that AI**, Cr** and Ti*" ions share the 16¢ position and Li*
ions sit at 8b position, and the spinel structure keeps stable
after the introduction of AI** ions. The reliability factor R, of all
the Rietveld refinements is below 10%, indicating the reliability
of the refinement results. The lattice change of LiAl, ;Cr ¢TiO,
is further identified by TEM and SAED, as shown in Fig. 3. The
results agree well with the above description. The interplanar
spacing of [111] is ~4.95 A, much close to that of pristine
LiCrTiO,.

Fig. 4 and 5 give SEM images of LiAl,Cr; _,TiO, samples. It is
very clear that all the samples present irregular particles.
Elemental mappings in Fig. 5 show that Al, Cr and Ti elements
are uniformly distributed with less Al dispersion due to a small
amount of dopant, which demonstrates that Al exists in the
material proportionately.

Fig. 6a shows the discharge/charge capacities of the
LiAlL,Cr; _,TiO, electrodes at rates of 0.1-10C from 1.0 to 2.5 V.
Apparently all the samples exhibited almost the same specific
capacity close to the theory capacity at lower rate, as an
increasing current, pure samples showed a rapid fading
capacity of 95 mA h g~* at 150 mA g~ '. The specific discharge
capacities are 101, 132, 122, 113 and 109 mA h g~ * for x = 0.1,
0.2, 0.3, 0.4 and 0.5, respectively. All samples deliver extremely
low capacity at 1.5 A g~ owing to the structure collapse. As
shown in Fig. 6b, the LiAly,Cr,sTiO, displays much better
cyclability with a stable and broad charge/discharge plateau
than LiCrTiO,, and its columbic efficiency is nearly 100% at 1C
during 200 cycles. It is obvious that the electrochemical
performances of LiCrTiO, can be remarkably improved by Al
doping.

Fig. 7 displays the initial charge/discharge curves of the
LiAlL Cr,; _,TiO, electrodes measured at different current densi-
ties within a voltage range of 1-2.5 V. Compared with pristine
LiCrTiO,4, the capacities of Al-doped LiCrTiO, are greatly
enhanced, especially at high current densities. The improved
rate capability can be ascribed to a kinetic effect that Al-doped
LiCrTiO4 has a high ionic conductivity as a host for Li-ion
intercalation/extraction.
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In order to investigate the comprehensive performances of
Al-doped LiCrTiO, anodes, the cells were tested in a broad
temperature range from 0 to 60 °C at 1C. As shown in Fig. 8a,
the gap between charge and discharge curves of LiCrTiO,
becomes broader and the voltage plateau becomes shorter
and shorter with decreasing temperature. Both the capacity
and the discharge voltage plateau drop obviously as
temperature decreases, which is ascribed to slow conduc-
tivity and high charge-transfer resistance of the electrode/
electrolyte interface. Compared with LiCrTiO,, LiAly ,Crg -
TiO, delivers a better electrochemical performance at a broad
temperature range (Fig. 8b). A possible mechanism might be
that the Al doping improves the compatibility of the electrode
materials with the organic electrolyte especially at high
temperature and significantly reduces the asymmetric
polarization in charge/discharge process at high rate.’*~>?
What's more, many practical applications require LIBs to be
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Fig. 8 (a) Galvanostatic charge and discharge curves of LIAICITiO4 (b)
LiAlg 2Crg gTiOy4, (c) the electrochemical performance of Al-doped and
pristine samples at different temperature at 1C.
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capable of operating within a lager temperature range even
more than 60 °C.

Fig. 9 shows the CV curves of the pristine LiCrTiO, and the
LiAl,,Cr, ¢TiO, at different scan rates from 0.1 to 1 mV s *
within 1.0-2.5 V. It can be seen obviously that there is one
couple of reversible redox peaks, corresponding to the lithium
insertion/extraction reactions. Fig. 9c displays the relationship
between the cathodic peak current and the square root of the
scan rate. It can be expressed by the classical Randles-Sevick
equation: i, = 2.69 x 10°n*”AC,D"?v'?, where i, is the peak
current, n is the number of electrons per molecule during the
intercalation, A is the surface area of the anode, C, is the
concentration of lithium ions [mol em™?], D is the diffusion
coefficient of lithium ions, and v is the scan rate. Based on the
above equation and the slopes of i, vs. '’ plots, the calculated
Li-ion diffusion coefficients of LiCrTiO, and LiAl, ,Cr, ¢TiO, are
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1.533 x 10 ' and 2.046 x 10 '* ecm?® s, respectively. The
results demonstrate that the Al-doped LiCrTiO, allows a higher
Li-ion diffusion, which is in good agreement with the rate
capabilities in Fig. 6.

We evaluated the internal resistance of lithium-half cells
with EIS. In Fig. 10c. The resistance R;, R, and R; refer to the
electrolyte resistance, charge transfer resistance and ionic
migration through solid electrolyte interface (SEI), respectively.
The CPE,; and CPE, describe the capacitive behaviors between
electrode and SEI, SEI and electrolyte, respectively. The Wy,
represents the Warburg diffusion impedance. In Fig. 10a, the
Nyquist plots reveal that the resistance varies with the Al doping
level. The sloping line in low frequency corresponding to R
indicates that Li-ion diffusion resistance decreases due to
gradual Al substitution, which suggests that the Al doping is
beneficial to Li*-ion diffusion in the LiAlL,Cr,_,TiO, system. The
Fig. 10b shows that the R, reduces gradually after 100 cycles,
which also is in accord with the above results.

Conclusions

Al-Doped LiCrTiO, samples were synthesized by one-step solid-
state reaction. The Rietveld refinement analysis shows that the
Al-doped LiCrTiO, samples maintain the original spinel structure.
The LiAly ,Cr, ¢TiO, exhibits a high capacity of 150 mA h g™ * at
a current density of 25 mA g ', which is close to its theoretical
capacity of 157 mA h g~ . It keeps a discharge capacity of 123 mA h
g ' at 1C and 109 mA h g~ ' at 2C for 200 cycles. The Al-doped

RSC Adv., 2017, 7, 4791-4797 | 4795
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LiCrTiO, electrodes show a stable cycle performance, especially at
high temperature, with less asymmetric polarization. EIS results
demonstrate that both electrode kinetics and ionic transport in
LiCrTiO, are facilitated by Al doping. Consequently, the Al doping
could be responsible for the high rate capacity and outstanding
cycling stability. Our results show that LiCrTiO, is a promising
anode material with high-rate and high-temperature perfor-
mances for lithium-ion batteries.
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