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Spinel Li4TisOq, has been demonstrated as a potential candidate for the anode material in lithium ion
batteries because it has some unique characteristics as compared with carbon based anode materials.
However, LisTisO;; has rather low electronic conductivity and only a moderate Li* diffusion coefficient,
which make it suffer from the problem of poor rate capability. In the present study, novel spherically
porous Zr-doped LisTis_,Zr,O12 (x = 0.05, 0.1 and 0.2) anode materials were synthesized by using a rhe-
ological phase in combination with a spray drying reaction route, and their electrochemical properties
between OV and 3V were investigated. The results reveal that the spherically porous Zr-doped
LisTis_xZry0,, samples have better electrochemical performances than that of the pristine LisTisO1>
without Zr-doping, but too great an amount of Zr-doping is disadvantageous. The LisTi4 9Zro 1012 exhibits
the best rate capability and cycling stability among the Zr-doped samples. At the charge-discharge rate of
0.2C, 5.0C and 10.0 C between 0V and 3V, its initial discharge specific capacities were 308 mA h/g,
229 mA h/g and 210 mA h/g, respectively. After 50 cycles at 3.0 C, it remained at 201 mA h/g. Moreover,
below 1.0 V there are no obviously irreversible reduction peaks in the CV curves of spherically porous
Zr-doped LisTis_xZryOq, electrodes even in the first cycle, which indicates that the electrolyte would
not be reduced on the surfaces of Zr-doped Li4Tis_,Zr,O1> electrodes below 1.0 V. Therefore, there would
be less gas generation of the lithium ion battery while using the Zr-doped LisTis_4ZryO, as the anode
electrode.
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1. Introduction electrodes used in long-life lithium-ion power batteries and

large-scale long-life energy storage batteries [10].

Recently, Spinel LisTis0,, has been demonstrated as a potential
candidate for the anode material of lithium ion batteries for some
of its unique characteristics as compared with carbon based anode
materials [1-3]. It has good structural stability with an almost
negligible volume change during the Li* insertion and extraction
processes, which suggests a virtually unlimited cycle life [4-6].
It features a flat operating voltage plateau at around 1.55V
(vs. Li/Li*), which can effectively prevent safety problems associ-
ated with carbon-based anode materials for the operating voltage
is higher than the reduction potential of most organic electrolyte
solvents [7-9]. These characteristics indicate that Li4TisO;5 is much
safer and more stable than carbon based materials. Spinel Li4TisO1;
has been regarded as a good candidate material for negative
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However, LisTisO,, has rather low electronic conductivity (ca.
10°Scm™") and only a moderate Li* diffusion coefficient
(107°-10"'3 cm? $71) [11-15], which make it suffer from the prob-
lem of poor rate capability. In order to overcome the low electrical
conductivity and further improve the rate capability of the
Li4TisO1,, extensive work has previously been devoted. One ap-
proach is preparation of submicron or nanosized Li4TisO;, because
the smaller particle size can reduce the distance for lithium ion dif-
fusion and provide for a higher electrode/electrolyte contact sur-
face area, which is favorable to improve the electronic
conductivity of this material [16-22]. Another is to synthesize Li4.
TisO1, with ion doping for the doping can increase the amount of
mixing Ti>*/Ti*" as charge compensation and thus enhance the
electronic conductivity of LisTisO12, such as doping LisTisO1, with
Ca%* or AI*>* on the Li* sites [23-25], doping Ni2* or W®" on Ti** sites
[26,27] and doping F~ on 0%~ sites [28]. In addition, via forming
composites of Li4TisO;, and conductive second phases can also im-
prove the surface electronic conductivity and further improve the
rate capability of LisTisO¢,. The conductive second phases include
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Fig. 1. X-ray diffraction patterns of the synthesized Zr-doped LisTis_yZr,O13

(x=0.05, 0.1, 0.2) and the pristine Li4TisO,. The ZrO, impurity peaks are marked
by asterisks.

Table 1

Lattice parameters of synthesized LisTis_xZryOq2 (x =0, 0.05, 0.1, 0.2) samples.
Sample LigTisOq2 LigTig 0521005012 LigTig 0201012 LigTig8Zro2012
a(A) 8.354 8.356 8.360 8.361

nobel metal (Ag, Au) [29,30], carbon [31-39] and graphene [40-
45]. In our previous work, we studied the electrochemical perfor-
mances of Zr-doped LigTisOq, in the form of LigTis_,ZryOq>
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(x=0.05, 0.1 and 0.2) and found that Zr-doping obviously im-
proved the rate capability of Li4TisO;, via the generation of small
particle size and less agglomeration [46]. In that work, however,
the electrochemical performances of the LisTis_,Zr,O.> samples
were investigated only at the cut-off voltage of 1-3 V, and the elec-
trochemical behaviors of the Zr-doped Li4Tis_,Zr,01, discharged to
a low voltage of 0V were not clear. Recently, some researchers
have reported that LisTisO;, can be discharged to 0V, which can
improve the specific capacity and energy density and does not
influence the cycling performance of the material [47-49].

In the present study, the Zr-doped LisTis_,ZryO1, (x = 0.05, 0.1
and 0.2) with spherically porous microstructure was prepared by
a rheological phase in combination with a spray drying reaction
route. The particle size, morphology and electrochemical perfor-
mance of the LisTis_,ZryO12 at the cut-off voltage of 0-3V were
investigated. For comparison, pristine LisTisO;, without Zr-doping
was also investigated at the cut-off voltage of 0-3 V.

2. Experimental

Samples of the spherically porous Zr-doped LisTis_,ZryO;, (x = 0.05, 0.1 and 0.2)
were prepared by using a rheological phase in combination with a spray drying
reaction route from CH3COOLi-2H,0, TiO, and Zr(NO3),-5H,0. A 0.2 mol% excessive
CH3COOLi-2H,0 was provided to compensate for Li volatilization during the high
temperature heating. Firstly, the CH3COOLi-2H,0, TiO, and Zr(NO3)4-5H,0 were
added to distilled water and stirred magnetically to form a well-mixed precursor
slurry. Then, a 1.7-MHz ultrasonic spray generator with six vibrators was used to
turn the precursor slurry into a large amount of droplets, which were carried into
the high temperature tubular reactor by a carrier gas. Finally, the precursor droplets
were calcined in air atmosphere at 800 °C for 8 h to obtain the spherically porous
LisTis_4ZryOq, samples. The pristine LisTisO;, sample without Zr-doping was also
prepared using a similar rheological phase in combination with spray drying
reaction route as mentioned above.
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Fig. 2. SEM pictures of the LisTis_,Zr,O1, (x = 0, 0.05, 0.1, 0.2) samples, from image A to image D is the pristine LisTisO12, LigTis 9521005012, LigTig9Zro 1012 and LisTisgZrg 2012

respectively.
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The X-ray diffraction (XRD) patterns of the Zr-doped LisTis_,ZryO1, (x = 0.05, 0.1
and 0.2) and the pristine Li4TisO;, were recorded using the Philips X’ Pert Pro MPD
DY1219 with a Cu Ko radiation source. Particle morphologies and sizes of the sam-
ples were observed by scanning electronic microscopy (SEM FEI INSPECT-F). Spe-
cific surface areas of the samples were evaluated via nitrogen adsorption/
desorption at —196 °C using a Builder SSA-4200 apparatus. The electrochemical
characterizations were measured by using two electrode coin-type half cells
(CR2032). The Li4Tis_4Zr,Oq3 (x =0, 0.05, 0.1 and 0.2) electrodes were prepared by
mixing 85 wt% of this active material, 10 wt% acetylene black (HaoChem Chemical),
and 5 wt% LA-132 binder (Chengdu Indigo Power Sources Co., Ltd. LA132 is a kind of
aqueous binder for the cathode or anode materials of lithium ion batteries, which
has excellent anti-oxidation ability and anti-reducibility. The major constituents
of the LA132 are acrylonitrile copolymer and water). The prepared paste was then
spread onto copper foil using a doctor blade, with a 100 pm gap. The working
electrodes were then dried at 80 °C in a vacuum for 16 h before cell assembly. Li
metal was used as the counter and reference electrode, and Celgard 2400 was the
separator. The electrolyte was 1 M LiPFg/EC:DEC:DMC (1:1:1 in volume). The cells
were assembled in a glove box filled with high purity argon gas. Galvanostatic
discharge-charge measurements were performed at constant cut-off voltages of
0-3V at room temperature (25 °C) using the Neware automatic batteries tester
(Neware BTS, Shenzhen, China). Cyclic voltammograms were recorded from
OV to 3V with a scan rate of 0.2mV/s by using the Autolab Pgstat302 N
electrochemical workstation.

3. Results and discussion

The XRD patterns of the samples of Zr-doped LisTis_,ZryOq>
(x=0.05, 0.1 and 0.2) and the pristine Li4TisO;; are shown in
Fig. 1. It can be seen from Fig. 1 that the main phase of all investi-
gated samples is Li4TisO¢, with a cubic spinel structure, which sug-
gests that the dopant Zr does not obviously influence the formation
of the spinel Li4TisO;, during heat-treatment. However, from Fig. 1,
it can be observed that the XRD peak intensities of the samples de-
crease with the increase of the amount of Zr, which suggests that
the Zr-doped LisTisO, samples have relatively poor crystallinity.
The lattice parameters of the LisTis_,Zr,O2 (x =0, 0.05, 0.1 and

\

WD | mode
0x|11.0mm| S|

0.2) samples obtained according to the Rietveld method are shown
in Table 1. It can be observed from Table 1 that the lattice param-
eter increases with the increased amount of dopant Zr, which
indicates that some of the dopant Zr has entered the lattice
structure of Li4TisOq;. This should be ascribable to the substitution
of some Zr for Ti sites and to the fact that the size of the Zr*"
(0.080 nm) ion is larger than that of the Ti** (0.068 nm) ion. Fur-
thermore, Fig. 1 shows that ZrO, impurity peaks are detected in
the XRD patterns of the LisTis 9Zro 101, and LisTis gZro 01, samples
and that the peak intensities of ZrO, increase with the increased
amount of doping Zr, which suggests that some Zr cannot enter
the lattice structure of the LisTisO;, as the dopant amount in-
creases. In this article, the ZrO, impurity peaks in the X-ray diffrac-
tion patterns are marked by asterisks.

Fig. 2 shows the SEM pictures of the LisTis_,Zr,O12 (x =0, 0.05,
0.1 and 0.2) samples. Image A is the pristine LisTisO;, sample with-
out Zr-doping, images B, C and D are the Zr-doped LisTis_»ZryOq>
(x=0.05, 0.1, 0.2) samples respectively. From image A to image
D, it can be observed that all the samples that prepared by
rheological phase in combination with spray drying have spheri-
cally porous microstructure. The particles size of the spherically
porous LisTis_»ZryOq2 (x =0, 0.05, 0.1 and 0.2) samples is about
15-20 pum, and there are almost no obviously difference of the
spherically porous particles of the samples with and without
Zr-doping. These suggest that using a rheological phase in combi-
nation with a spray drying reaction route is suitable to prepare
spherical microstructure, and the porous microstructure of the
particle should be due to the pyrolysis of the precursor [50].

Fig. 3 shows close-up SEM pictures of the LisTis_,ZryO1, (x =0,
0.05,0.1,0.2) samples. It can be observed that the spherically porous
particles of the samples (images A-D) are actually constituted
by aggregations of smaller particulates with different size,

Fig. 3. Close-up SEM pictures of the LisTis_,ZryOq, (x =0, 0.05, 0.1, 0.2) samples, from image A to image D is the pristine LisTi5O12, LisTis 0571005012, LigTig9Zro 1012 and

LisTis8Zr9 2012 respectively.
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furthermore, the particulates size of the Li4TisO1, sample (image A)
without Zr-doping is larger than that of the samples (images B-D)
with Zr-doping. The particulates size as shown in image A is more
than 500 nm, while the particulates size shown in images B-D is less
than 300 nm and becomes smaller with the increased doping
amount of Zr. These could be ascribed to the following reasons:
(1) the rheological phase in combination with spray drying reaction
route is favorable to prepare spherically porous microstructure that
consisting of aggregations of smaller particulates; (2) the dopant Zr
that could enter the lattice structure of the Li4Tis 015, resulting in lat-
tice distortion and poor crystallinity, which hindered the particulate
growth during heat-treatment; (3) part of the Zr dopant that could
not enter the lattice structure of the LisTisO1, and constituted an
impurity in the form of ZrO,, which might likewise hindered unde-
sirable particulate growth.

The BET surface areas of the Zr-doped LisTis_,Zr,O1> (x =0.05,
0.1, 0.2) and the pristine Li4TisO1; samples were determined by a
nitrogen adsorption method, as shown in Table 2. It can be observed
that the Zr-doped LisTis_,Zr,O1> samples have larger BET surface
areas than the pristine Li4TisO;, sample without Zr-doping and
the BET surface areas of the Zr-doped samples increase with the
increased doping amount of Zr. This also suggests that the size of
the particulate consisted in the spherically porous microstructure

Table 2
BET surface areas of the LisTis_xZryOq2 (x=0, 0.05, 0.1, 0.2) samples.

LigTisO12 LiaTig95Zro.05012 LigTig0Zro1012 LigTig8Zr02012

BET areas (m?/g) 4.525 4.720 5.240 5.350
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of the pristine LisTisO1p is larger than that of the Zr-doped
LigTis_,ZryO1, and the particulates size of the doped samples
decrease with the increased amount of Zr doping.

The tap densities of the LisTis_,ZryO» (x = 0, 0.05, 0.1, 0.2) sam-
ples are about 1.2 g/cm>. This is a quite high tap density, which
indicates that using rheological phase in combination with spray
drying reaction route to synthesize spherically porous particle is
favorable to improve the tap density of the sample. And in fact,
the high tap density is advantageous in practical application, which
can increase the energy density of the battery.

Cyclic voltammograms of the electrodes of the pristine Li4TisO;5
and the Zr-doped LisTis_,ZryO¢, (x = 0.05, 0.1, 0.2) at a scan rate of
0.2 mV/s between 0V and 3 V are shown in Fig. 4. It is well known
that the cathodic and anodic peaks of the Li4TisO;; at about 1.75V
and 1.45V are attributed to the redox of Ti**/Ti>* and that the
reduction and oxidation peaks below 1.0V are caused by a multi
step restore of Ti** [51]. From Fig. 4, it can be observed that all
the investigated electrodes have similar redox peaks between 1V
and 3V, but that below 1.0V, only the LisTisO,, electrode shows
obviously irreversible peaks that appear at around 0.62 V during
the reduction process. The irreversible reduction peaks of the Liy.
TisOq, electrode can be clearly seen in Fig. 5, which gives the
close-up cyclic voltammograms of Fig. 4 between 0.4V and 0.8 V.
As shown in Fig. 5, moreover, the irreversible peak at around
0.62 V on the CV curves of the LisTisO;; electrode does not disap-
pear from the second cycle. This indicates that the reduction
decomposition reaction of the electrolyte continues to occur on
the LisTisO, electrode after the first cycle, and the SEI film formed
on LisTisO¢, particles which is not like that formed on the carbon
anode cannot suppress the further reduction decomposition of
the electrolyte. He et al. have reported that the reason for the
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Fig. 4. Cyclic voltammograms of the pristine Li4TisO1; electrode, LisTis 95Z1 05012 electrode, LisTis 9Zro 1012 electrode and LisTis gZr¢ 201, electrode between 0 V and 3 V. Scan

rate: 0.2 mV/s.
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Fig. 5. Close-up cyclic voltammograms of the Li4TisO1> electrode, Li4Tis 9521005012 electrode, LisTis9Zro1012 electrode and LisTisgZro2012 electrode between 0.4 V and 0.8 V.

further reduction decomposition of the electrolyte occurred on the
surface of the LisTis0,, particles could be ascribed to the possibility
that the SEI film formed on the LisTisO,, particles may be thin and
have rich pores, which cannot cover the catalytic active sites of Lig
Tis0,, particles and separate the LisTisO4, particles from the elec-
trolyte [52].

As shown in Figs. 4 and 5, below 1.0V, it can be observed that
even in the first cycle there are no obviously irreversible reduc-
tion peaks existing in the CV curves of Zr-doped Li4Tis_xZryOq;
(x=0.05, 0.1, 0.2) electrodes. This indicates that the electrolyte
would not be reduced on the surfaces of Zr-doped LisTis_,ZryOq>
(x=0.05, 0.1, 0.2) electrodes below 1.0V, and there would be less
gas generation of the lithium ion battery while using the Zr-
doped Li4Tis_4Zr,O12 (x=0.05, 0.1, 0.2) as the anode electrode.
He et al also reported that there are no irreversible reduction
peaks below 1.0 V existing in the CV curves of the carbon coated
LisTisOq, electrodes, however, the disappearance of the irrevers-
ible reduction peaks below 1.0V of the carbon coated LisTisO;;
electrode appeared from the second cycle [52]. The reason he
gave for the phenomenon was that the carbon coating layer could
form successive SEI film in the first cycle which covered the cat-
alytic active sites of LisTisOq, particles and prevented the further
reduction decomposition of electrolyte [53]. In our study, the rea-
son that leading to the disappearance of the irreversible reduction
peaks below 1.0V of the Zr-doped LisTis_,ZryO,> (x=0.05, 0.1,
0.2) electrodes is obviously different from the carbon coated Lis.
TisO electrode. In the present work, the reason could be attrib-
uted to the possibility that the part of the Zr dopant that could
not enter the lattice structure of the LisTisO;, and constituted
an impurity in the form of ZrO, which covered the catalytic active
sites of LisTisO, particles and prevented the reduction decompo-
sition of the electrolyte.

Table 3
Potential differences of the first cycle between anodic and cathodic peaks for the
LisTis04; electrode and the spherically porous Zr-doped Li4Tis_,ZryOq, (x = 0.05, 0.1,

0.2) electrodes.

Sample Anodic peak Cathodic peak Potential difference
(V) (V) (V)

LisTisOq, 1.779 1.460 0.319

LisTig95Z1005s012  1.735 1.462 0.273

LigTig9Zrp 1012 1.709 1.451 0.258

LisTig 87192012 1.733 1.433 0.300

The potential differences of the first cycle between anodic and
cathodic peaks of the pristine Li4TisO1; electrode and the Zr-doped
LigTis_,Zr,O15 (x = 0.05, 0.1, 0.2) electrodes are shown in Table 3. It
can be observed that the Zr-doped Li4Tis_Zr,Oq; electrodes have
lower potential differences than that of pristine LisTisO1, electrode,
and the Zr-doped LisTis_,ZryO1, (x = 0.1) electrode has the smallest
potential difference among the doped electrodes. This indicates
that Zr-doping is favorable for reducing the electrodes polarization,
but that too high an amount of doping is disadvantageous. This
could be ascribed to the fact that Zr-doped LisTis_,Zr,0,2 samples
have smaller particulates size, and the smaller particulates could
reduce the distance for lithium ion diffusion and provide for a
higher electrode/electrolyte contact surface area, which would im-
prove the lithium ion conductivity and thus reduce the electrodes
polarization.

Fig. 6 shows the cyclic performances of the pristine LizTisO1>
and the Zr-doped LisTis_,ZryOq> (x=0.05, 0.1, 0.2) samples at
different rates from 0.2 C, 1.0C, 3.0C, 5.0 C to 10.0 C and then in
returned from 10 C to 0.2 C between 0V and 3 V. The charge-dis-
charge processes of the samples were carried out for 5 cycles at
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LisTig9Zr9 1012 and LisTisgZrg,01, samples between 0V and 3V at different rates:
1-5th cycles at 0.2 C, 6-10th at 1.0 C, 11-15th at 3.0 C, 16-20th at 5.0 C, 21-25th at
10.0 C and 26-30th at 0.2 C.

0.2C 1.0C 3.0C, 5.0C, 10.0C and again at 0.2 C, respectively. It
can be observed that the pristine LisTis0,, sample exhibited a low-
er discharge specific capacity as compared with the doped samples
at different rates. At 0.2 C, its initial discharge specific capacity was
249 mA h/g, and at 1.0C, its discharge capacity remained at
202 mA h/g. With the rate increase, however, its discharge specific
capacity quickly decreased. At 3.0 C, its capacity was 165 mA h/g;
at 5.0C, it was 134 mA h/g; and at 10.0 C, its capacity remained
at only about 42 mA h/g. In contrast, the Zr-doped Li4Tis_,ZryO12
(x=0.05, 0.1, 0.2) samples displayed relatively higher discharge
specific capacity at different rates, and the discharge capacities of
the doped samples manifested less capacity degradation with the
rate increase than the pristine LisTisO,. For example, at 0.2 C,
the initial discharge specific capacities of the doped samples
Li4Ti4,95Zr0.05012, Li4Ti4_9Zr0_1012. and Li4Ti4_SZr0_2012 were
308 mA h/g, 301 mA h/g, and 274 mA h/g, respectively; at 3.0 C,
they were 240 mA h/g, 206 mA h/g and 182 mA h/g; and even at
10.0C, they still remained at 210 mAh/g, 159 mAh/g and
115 mA h/g. For clear observation, the initial discharge capacities
of the Samples Li4Ti50]2, Li4Ti4_952r0_05012, Li4Ti4_92r0.1012, and
LisTiggZro2012 as a function of the charge/discharge rates are
shown in Fig. 7. From Fig. 7, it can also be observed that the
Zr-doped LigTis_»ZryO1, samples have higher discharge specific
capacity and less capacity degradation at different rates than the
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Fig. 7. Initial discharge capacities of the samples LisTisOq3, LigTig95Zr005012,
LigTig9Z1r91012, and LigTig gZro>012 as a function of the charge/discharge rates.

pristine LisTisO1, sample. These results indicate that the Zr-doping
could improve the capacity and rate capability of the LisTisO15. This
could be ascribed to the fact that the Zr-doping samples have smal-
ler particulates size than the pristine Li4TisO;,. Smaller particulates
could reduce the distance for lithium-ion diffusion and provide for
a higher electrode/electrolyte contact surface area, which would
improve the lithium ion conductivity of the electrodes, resulting
in good rate capability. Furthermore, the spherically porous micro-
structure of the Zr-doped samples was also favorable for improving
the Li-ion diffusion and the contact surface areas between the elec-
trodes and the electrolyte.

It is worth noting that, as shown in Fig. 6, the LisTiz 9Zr9 1012
sample has the best rate capability of all the doped samples, which
indicates that the x = 0.1 amount of dopant is appropriate. This re-
sult is in good agreement with the cyclic voltammograms of the Zr-
doped LisTis_,ZryO> (x=0, 0.05, 0.1, 0.2) electrodes mentioned
above, in which the LisTig9Zro 101, electrode has the smallest po-
tential difference. When returning to 0.2 C after the progressive
rate tests, moreover, all the samples could recover their initial
discharge capacity, which means that there was also almost no
volume change during the lithium ion intercalation and de-
intercalation process between OV and 3 V.

Figs. 8 and 9 show the initial charge-discharge curves of the Liy
Tis9Zr9 1012 and LisTisOq, electrodes at the rate of 0.2C, 1.0C,
3.0C, 5.0C and 10.0 C respectively. There, it can be seen that the
LigTig9Zr01012 and LisTisO¢, electrodes have similar charge-dis-
charge plateaus, which also indicates that the Zr-doping did not af-
fect the electrochemical reaction process of the LisTisO;,. From
Figs. 8 and 9, it can been observed that the LisTiz9Zrg 101> and
LisTisO1 electrodes both have two discharge plateaus at about
1.5V and 0.6 V between 0 V and 3 V respectively, which indicates
that the discharge specific capacities of the two electrodes are
the result of two different electrochemical reaction processes. Fur-
thermore, the margins between the charge and discharge plateau
potentials of LisTis9Zrg 01 and LisTisOq; electrodes both become
large with the increase of the charge-discharge rate. However,
the margins of the LisTiseZro 1015 electrode are obviously smaller
than those of the Li4Ti;0¢, electrode at different rate. This means
that the polarization of Li;Tis9Zro 01, electrode is lower than that
of LisTisO1,, which should be ascribed to the smaller particulates
size of the LigTig9Zrg 101, sample.

For evaluating the cycling stability of the Li4Tis ¢Zro.101, sample,
it was further charge-discharged at a current rate of 3 C for an-
other 50 cycles after the 30 cycles electrochemical tests performed
at 0.2C 1.0C, 3.0C, 5.0C, 10.0 C and again at 0.2 C. For compari-
son, the pristine LisTisO1, sample was also tested under the same

pa— 50C3.0C T0C
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Voltage (V)

1 n 1 n 1 L 1 n 1 L 1 n 1 1 It
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Fig. 8. Initial charge-discharge curves of the LisTis9Zro 101, sample at the rate of
0.2C 1.0C, 3.0C,5.0C and 10.0 C between 0V and 3V, respectively.
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Fig. 9. Initial charge-discharge curves of the pristine Li4TisO;, sample at the rate of
0.2C 1.0C, 3.0C, 5.0C and 10.0 C between 0V and 3V, respectively.

300 T T T T T T T T T T T ] 105 Py
280 713::”‘““‘”.“;“‘ 4 Absd - 283 100 c\=
B 200f — 1% g
2 240 . 10 3
gummEEE LLLT o -85 <
; 220 .““T"'I-- ] 80 EE)
=200 - ] @
g 150 17 ’?&D

8 L )
S 160 1 %
g ) Jes 2

80 )
g Morh, Jeo =
S 120[ Ttaasasaasst | Maaay,, 155 8
& 100 | = Li4Tig 9Zr9 1012 150 %ﬂ
801 o LigTisO12 14 &

60 1 n 1 n 1 n 1 n 1 n 1 n 1 L 1 L 1 L 1 L 1 40
0 5 10 15 20 25 30 35 40 45 50
Cycle number
Fig. 10. Cyclic performances and charge-discharge efficiencies of the

LigTiz9Zro 1012 and pristine Li4TisO, samples at 3.0 C.

conditions. The results are shown in Fig. 10, where it can be
observed that the LisTiz9Zro 101> sample shows a stable cycle life.
The initial discharge specific capacity of the LigTizoZrg 1012 Was
227 mAh/g, and after 50 charge-discharge cycles, its discharge
capacity remained at 201 mAh/g. However, the pristine LisTisO15
sample shows a poor cycle life as compared with the LisTizoZrg 4
01, sample. Its initial discharge specific capacity was 143 mAh/g,
and after 50 cycles, its discharge capacity remained at only
114 mAh/g. Furthermore, as shown in Fig. 10, the charge and dis-
charge efficiency of the LisTis9Zro1012 sample is also better than
that of pristine LizTisOq>.

4. Conclusions

The Zr-doped LisTis_,ZryO> (x=0.05, 0.1, 0.2) samples were
synthesized by using a rheological phase in combination with a
spray drying reaction route and their structures and electrochem-
ical characteristics between 0V and 3 V were investigated in the
present study. For comparison, the pristine Li4TisO1> synthesized
using a similar method was also investigated. The results show
that all of the Zr-doped Li4Tis_,Zr,O1> and the pristine LisTisOq;
have spherically porous microstructures, and the spherically por-
ous microstructures of the samples are actually constituted by
aggregations of smaller particulates. However, the particulates of
the Zr-doped Li4Tis_,ZryO1, samples are much smaller than that
of the pristine Li4TisO;, sample, and the particulates size of the

Zr-doped samples gets smaller with the increase of Zr-doping.
The smaller particulates could reduce the distance for lithium ion
diffusion and provide for a higher electrode/electrolyte contact
surface area, which resulted in the Zr-doped LisTis_,Zr,0,, samples
have better electrochemical performances than that of pristine
Li4TisOq,. Furthermore, the spherically porous microstructure of
the samples have a quite high tap density of about 1.2 g/cm?®,
which is advantageous in practical application because the high
tap density can increase the energy density of the battery. More-
over, the cyclic voltammograms of the Zr-doped LisTis_xZryOq3
electrodes show that there are no obviously irreversible reduction
peaks existing below 1.0 V even in the first cycle, which indicates
that the Zr-doped LisTis_,Zr,O1> samples have a high practical
application value for the electrolyte would not be reduced on the
surfaces of the samples below 1.0 V.
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